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Preface

In this book, we focus on the cationic, anionic and transient receptor potential channels. Cat‐
ionic channels that are present in the plasma membrane allow positively charged ions (cati‐
ons) such as sodium, potassium and calcium to pass through them to generate an action
potential. Whereas, anionic channels present on the membranes of both plasma and intracel‐
lular organelles let negatively charged ions such as chlorides move through them. Anionic
channels are very important in the regulation of the cell volume, trans-epithelial transport
and electrical excitability. Similarly, transient receptor potential (TRP) channels are non-se‐
lective channels for cations such as sodium, potassium and magnesium and are involved in
the regulation of sensory reception such as pain, temperature, pressure and light.

After the introductory chapter, this book is divided into four sections. Two sections focus on
the cationic channels for monovalent (Na+, K+) and divalent (Ca++) ions. The third segment is
allocated to the transient receptor potential channels, which are non-selectively permeable
to cations. The fourth section is for anionic (Cl-) channels.

In the monovalent cation section, there are three very interesting chapters on voltage gated
sodium channels, discussing their role in health and sickness and the challenges and limita‐
tions during the development of drugs targeting these voltage gated sodium channels. A fasci‐
nating chapter on the role of potassium channels in hearing loss is also included in this section.
The divalent cation section focuses on the structure function of calcium channels and their
contribution in the painful states. The transient receptor potential section is based on a fascinat‐
ing chapter discussing the distribution and assembly of TRP ion channels. The anionic section
is created for an intriguing chapter on the role of chloride channels in the mitochondria.

This book is meant to be accessible for a broad range of readers from undergraduates, grad‐
uates, researchers and teachers in all biological disciplines and others who are interested in
ion channels.

Production of this book would not have been possible without the contribution of the ex‐
perts in their field and the continuous hard work of the author service manager from Intech
Publication.

Professor Kaneez Fatima Shad
School of Life Sciences

Faculty of Science
Centre for Health Technologies

University of Technology Sydney, Australia
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1. Introduction

Ion channels are remarkable proteins, present in the lipid bilayer membrane of both animal 
and plant cells and their organelles, such as nucleus, endoplasmic reticulum, Golgi apparatus, 
mitochondria, chloroplasts, and lysosomes.

When we google the word “ion channel,” about 80,000,000 results pop up within 0.45 s. 
Scientists have been working on these amazing transmembrane proteins since the beginning 
of the last century, which has resulted in three sets of Nobel prizes in 1963, 1991, and 2003.

Sir John Carew Eccles, Alan Lloyd Hodgkin, and Andrew Fielding Huxley in 1963 received 
Nobel Prize for Physiology and Medicine for their discoveries concerning the ionic mecha-
nisms involved in excitation and inhibition in the peripheral and central portions of the nerve 
cell membrane [1, 2]. Similarly, Erwin Neher and Bert Sakmann in 1991 proved that cell mem-
branes have individual ion channels through which tiny currents can pass, which are big 
enough to generate communications between pre- and postsynaptic neurons by converting 
chemical or mechanical events into electrical signals [3, 4]. The Nobel Prize in Chemistry for 
2003 was shared between two scientists Agre [5] and Roderick MacKinnon [6] who have made 
fundamental discoveries concerning how water and ions move through cell membranes.

In this book, we have nine very diverse and informative chapters including this introductory 
chapter on the importance of both cations and anions passing through these ion channels.

First chapter is the introductory chapter which briefly overview the other eight chapters 
included in this book, as well as discusses the diversity and classification of ion channels, 
nature and number of gating for these ion channels along with shedding some light on 
Channellopathies. Second chapter deals with the voltage-gated sodium channels in drug dis-
covery. Sodium channels are the very first one to be discovered when Hodgkin and Katz were 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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performing their experiments on squid axons showing that there would be no action potential 
if sodium ions are not present in the extracellular fluid. In this chapter, genetic evolution and 
subtype distribution of this super family of voltage-gated sodium (Nav) channels are intro-
duced, and there is a discussion about how the changes in the structure alter their functions. 
Third chapter argues the modulation of Nav by small and large molecules, along with the 
discussion on the major challenges for the Nav-targeted drug discoveries. Fourth chapter is 
taking us to a striking journey about how the genetic mutations bring change in their product 
proteins and resultant disorders such as Dravet syndrome. SCN1A gene is responsible for this 
condition and there is a word of caution for the medical practitioners to not prescribe sodium 
channel blockers for the epileptic patients with this mutation, as the medicine will aggravate 
their condition. Fifth chapter is about potassium channels: there are many different types of 
the potassium channels (many more than sodium ion channels). In this chapter, authors have 
discussed the role of two gap junction proteins—connexins and pannexins—in maintaining the 
homeostasis of potassium ions, taking cochlea as an example. Mutation in gap junction gene 
results in 50% of prelingual, recessive deafness. Authors developed a novel method for the 
early detection of the genetic mutations for the inner ear impairment. Sixth chapter is dealing 
with the structure and function of L-type calcium channels and how voltage-gated calcium 
channels (VGCCs) manage the electrical signaling of cells by allowing the selective-diffusion 
of calcium ions in response to the changes in the cellular membrane potential. Among the 
different VGCCs, the long-lasting or the L-type calcium channels (LTCCs) are prevalently 
expressed in a variety of cells, such as skeletal muscles, ventricular myocytes, smooth muscles, 
and dendritic cells and form the largest family of the VGCCs. Their wide expression pattern 
and significant role in diverse cellular events have made these channels the major targets for 
drug development. Seventh chapter is about the regulation of pain through calcium channels. 
In this chapter, authors present a large body of clinical, biochemical, biophysical, pharmaco-
logical, and genetic evidences pointing toward calcium-permeable channels as the key players 
in pain conditions. The primary goal of this chapter is to present an overview of the different 
classes of calcium-permeable channels and how they change to modulate the sensation of pain 
in acute and chronic states. Eighth chapter deals with the transient receptor potential (TRP) ion 
channels, from their distribution to their assembly. TRP ion channel superfamily is widely dis-
tributed from neuronal to nonneuronal tissues by serving as cellular sensors. TRP subunits can 
form both homomeric and heteromeric channels which are present either in the same subfam-
ily or in the different subfamilies and diversify TRP channel functions. Ninth chapter discusses 
about the types of anionic and chloride channels present in the mitochondria. There are many 
types of chloride channels present in mitochondria, but two types are of major interest, i.e., 
one which is present in the inner mitochondrial membrane, responsible for the oscillations of 
membrane potential and the chloride intracellular ion channel (CLIC) localized in the cardiac 
mitochondrial membranes. These anion channels are very important both in health and dis-
eased conditions. These channels are important for the regulation of PH and ROS along with 
the synchronization of the mitochondrial membrane potential.

In the following pages of Chapter 1, we will be looking at the role of gating in ion channels for 
the maintenance of normal physiology and how any of these alterations in the gating result 
in the channelopathies.

Ion Channels in Health and Sickness4

Before going any further, we would like to acknowledge the sculpture called the birth of 
an idea. It is a 1.5-m tall figurine of KcsA potassium channel, made up of wires and blown 
glass, representing the channel’s lumen [7, 8]. This statue was commissioned to Julian Voss-
Andreae by Nobel Prize winner Roderick Mackinnon.

There are three main types of ion channels, i.e., voltage-gated, extracellular ligand-gated, and 
intracellular ligand-gated along with two groups of miscellaneous ion channels. These ion 
channels are responsible for the transmission of signals between nerve and other types of 
electrically active cells [9, 10] through synapses and gap junctions [11, 12]. Alterations in the 
electrical potential of presynaptic neurons initiate the release of neurotransmitters from the 
vesicles in the synaptic cleft [13]. These chemicals move toward the postsynaptic cells through 
the diffusion and occupy their specific receptor sites on membranes and generate the electrical 
potential by opening ion channels [14]. Removal of neurotransmitters from the synaptic cleft 
is essential to avoid any effect on the nearby cells [14–16]. Cell signaling by neurotransmitters 
is far more adaptable and versatile as compared to the gap junctions [17].

2. Distinctive features of ion channels and ion transporter proteins

More than 106 ions are transported in a second through the ion channels without the help of 
metabolic energy like ATP, cotransport, or the active transport mechanism [18]. There are two 
types ion channels, nonselective or large pore and selective (archetypal) or small pores [19, 20].  
Ions typically pass through the channel pores in the form of a single file almost as fast as 
they move through a free solution. In most of the ion channels, the passage across the pores 
is governed by a “gate.” The gate may be opened or closed in response to different factors 
such as: electrical signals, chemical signals, temperature, and the mechanical force [14, 15, 18]. 
In summary, ion channels are the integral membrane proteins which are usually present as 
assemblies of many subunit proteins [16, 19]. In most voltage-gated ion channels, α subunit is 
the pore-forming subunit, while β and γ are the auxiliary subunits [21].

2.1. Diversity and classification of ion channels

There are many different types of ion channels distributed in each cell of our body; for exam-
ple, in the cells of inner ear alone, there are about 300 ion channels [22]. Ion channels are 
mainly classified [23, 24] on the basis of the following:

1. The nature of gating;

2. The types of ions passing through the said gates;

3. The number of the gates.

2.1.1. Classification by gating

Ion channels could be classified on the basis of gating, i.e., type of stimuli responsible for their 
opening and closing. Electrical gradient across the plasma membrane are responsible for the 
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opening and closing of voltage-gated ion channels [25, 26]; however, binding of the ligands to the 
channels is responsible for the activation and deactivation of ligand-gated ion channels [29].

2.1.1.1. Voltage-gated

The opening and closing of the voltage-gated ion channels are dependent on the membrane 
potential, which can be divided into the following subtypes [25–28].

2.1.1.2. Ligand-gated

These channels are also known as the ionotropic receptors and get opened in response to 
specific ligand molecules binding to the extracellular domain of the receptor proteins [28–30]. 
Binding of the ligand causes a conformational change in the channel protein that ultimately 
leads to the opening of the channel gate and subsequent ion flux across the plasma membrane 
occurs [31, 32]. Cation-permeable “nicotinic” acetylcholine receptors, ionotropic glutamate-
gated receptors, acid-sensing ion channels (ASICs), ATP-gated P2X receptors, and the anion- 
permeable γ-aminobutyric acid-gated GABA receptors are a few examples of ligand-gated 
channels [29, 31, 33].

2.1.1.3. Other gating

Activation and inactivation of ion channels by second messengers are included under this 
heading. Some examples are:

Photon-mediated light-gated channels are activated and deactivated in response to light and 
are synthesized in the laboratory. Some light-sensitive channels are present in nature such as 
channelrhodopsin. Photoreceptor proteins are also sensitive to light and are G protein gated too.

Cyclic nucleotide-gated channels are activated by hyperpolarization and are permeable to 
monovalent and divalent cations such as K+, Na+, and Ca2+.

Temperature-gated channels are the members of the transient receptor potential ion channel 
superfamily and are opened by hot or cold temperatures.

3. Channelopathies

Genetic and autoimmune disorders of the ion channels cause channelopathies. If a mutant 
gene encodes an ion channel protein that is present on the cell membrane of heart, muscles, or 
brain, it results in the development of diseases in these organs [34, 35]. For example, if a gene 
encoding Na+ channel is mutated, then the protein for that channel will be defected and will 
be incapable to function properly; for example, in myotonia, there is delayed muscle relax-
ation after voluntary contraction. The abnormal Na+ channels are not able to deactivate, thus 
initiating repeated membrane depolarizations and resultant muscle contractions. Similarly, 
abnormality of the K+ and Ca2+ channels in the brain can cause epilepsy. The repeated 
nerve firings result in convulsions and fits, known as epileptic seizures [36]. Generally, the 
cell repolarization is effected due to a defect in the voltage-gated ion channels such as K+, 
Ca2+, Cl−, and Na+. Similarly, any impediment in the Nav can lead to hyperkalemic periodic 
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paralysis [36, 37]. Stress, alarm, or strenuous activity can stimulate paramyotonia congeni-
tal (PC), potassium-aggravated myotonia (PAM), generalized epilepsy with febrile seizures 
plus (GEFS₊), and episodic ataxia (EA), marked by acute bouts of extreme discoordination 
with or without myokymia [36, 37]. Similarly, familial hemiplegic migraine (FHM) and spi-
nocerebellar ataxia are due to mutation in one or more of the 10 different genes encoding the 
potassium channels, which also causes a ventricular arrhythmia syndrome called the Long 
QT syndrome. This mutation ultimately affects the cardiac repolarization [38]. Another type 
of ventricular arrhythmia is caused by the mutations in genes coding for the voltage-gated 
sodium channels, and is known as the Brugada syndrome. Likewise, a mutation in the CFTR 
gene, which encodes for the chloride channel, causes cystic fibrosis [39].

Defect in the transient receptor potential cation channel, mucolipin subfamily (TRPML1) 
channel, due to a mutation in any of its genes results in mucolipidosis type IV [34, 40, 41]. 
Some very vital events occur in the cancer cells due to the mutations and overexpression 
of genes encoding the ion channels; for example, glioblastoma multiform is marked by an 
increase in the number of receptors for glioma big potassium (gBK) channels and the CIC-3 
chloride channels enabling the glioblastoma cells to move within the brain causing the diffuse 
growth patterns of these tumors.
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Abstract

Voltage-gated sodium channels (Nav) control the initiation and propagation of action
potential, and thus mediate a broad spectrum of physiological processes, including central
and peripheral nervous systems’ function, skeletal muscle contraction, and heart rhythm.
Recent advances in elucidating the molecular basis of channelopathies implicating Nav
channels are the most appealing druggable targets for pain and many other pathology
conditions. This chapter overviews Nav super family from genetic evolution, distribution,
human diseases/pathology association, highlighting the most recent structure function
breakthrough. The second section will discuss current small and large Nav modulators,
including traditional nonselective pore blockers, intracellular modulators, and extracellu-
lar modulators.

Keywords: voltage-gated sodium channel, Nav1.7, drug discovery

1. Introduction

Voltage-gated sodium channels (Nav) are large transmembrane proteins that conduct the flow
of sodium ions down the electrochemical gradient through cell membranes. In excitable and
nonexcitable cells, these channels control action potential initiation/propagation, cell motility,
and proliferation. Na+ currents were firstly discovered in 1949 by Hodgkin and Huxley in their
study of action potentials in squid giant axon [1, 2]. This early work demonstrated that the
resting membrane potential mostly depends on potassium permeability, whereas action poten-
tial is directly shaped by sodium permeability, which allows transient influx of Na+ to raise
membrane potentials and is followed by rapid inactivation within milliseconds. From 1950s to
1970s, studies from many laboratories established conceptual models and equations conceptu-
alizing sodium channel function [3].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78256

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 2

Voltage-Gated Sodium Channels in Drug Discovery

Tianbo Li and Jun Chen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78256

Provisional chapter

Voltage-Gated Sodium Channels in Drug Discovery

Tianbo Li and Jun Chen

Additional information is available at the end of the chapter

Abstract

Voltage-gated sodium channels (Nav) control the initiation and propagation of action
potential, and thus mediate a broad spectrum of physiological processes, including central
and peripheral nervous systems’ function, skeletal muscle contraction, and heart rhythm.
Recent advances in elucidating the molecular basis of channelopathies implicating Nav
channels are the most appealing druggable targets for pain and many other pathology
conditions. This chapter overviews Nav super family from genetic evolution, distribution,
human diseases/pathology association, highlighting the most recent structure function
breakthrough. The second section will discuss current small and large Nav modulators,
including traditional nonselective pore blockers, intracellular modulators, and extracellu-
lar modulators.

Keywords: voltage-gated sodium channel, Nav1.7, drug discovery

1. Introduction

Voltage-gated sodium channels (Nav) are large transmembrane proteins that conduct the flow
of sodium ions down the electrochemical gradient through cell membranes. In excitable and
nonexcitable cells, these channels control action potential initiation/propagation, cell motility,
and proliferation. Na+ currents were firstly discovered in 1949 by Hodgkin and Huxley in their
study of action potentials in squid giant axon [1, 2]. This early work demonstrated that the
resting membrane potential mostly depends on potassium permeability, whereas action poten-
tial is directly shaped by sodium permeability, which allows transient influx of Na+ to raise
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1.1. Membrane potential, Nernst and Goldman equations

In a typical cell, sodium, potassium, chloride, and other membrane permeable ions are in
unequal distribution across plasma membrane, Figure 1A. This unequal distribution and its
resultant electrical gradient can be explained by Donnan equilibrium. For a specific ion, the
electrical potential difference that exactly counterbalances diffusion due to the concentration
difference is called the equilibrium potential for that specific ion. To use Na+ as an example, at
equilibrium, the chemical force moving Na+ into the cell is balanced by the electrical force
moving Na+ out of the cell (Figure 1B).

For each ion, the equilibrium (or reversal) potential, Eion, can be calculated by the Nernst
equation (Eq. (1)), where R = gas constant, 8.135 J K�1 mol�1; T = temperature in K (273 + temp
in oC); z = valency of ion (Na+ = 1, Ca2+ = 2, and Cl� =�1); F = Faraday’s constant, 9.684� 104 C
mol�1. In a typical mammalian neuron with [Na+], [K+], and [Cl�] described in Figure 1A,
based on Nernst equation, we can calculate ENa = 67 mV, EK = �83 mV, and ECl = �61 mV. In
cell resting state, the experimental measured membrane potential Em = �65 mV. As indicated
in Figure 2, Na+ has a tendency to flow into the cell due to Em < ENa, while K+ flow out of the
cell (Em > EK), and Cl� near equilibrium (Em ≈ECl). These concentration and electrical gradi-
ents are maintained by the dynamic equilibrium of ion channels and active ion transporters,
most importantly by sodium pump (Na/K-ATPase).

Eion ¼ RT
zF

ln
Ion½ �out
Ion½ �in

¼ 58:2Log10
Ion½ �out
Ion½ �in

when at 20
�
C

� � (1)

The whole cell membrane potential Em can be calculated by all permeable ions’ equilibrium
potentials Eion and their relative permeability P, which is described by Goldman-Hodgkin-
Katz equation (GHK equation) (Eq. (2)). This equation explained the experimental finding that
resting membrane potential is more depending on PK, which is about 25-folds to PNa.

Figure 1. (A) Unequal distribution of ions in a typical mammalian neuron and (B) Donnan equilibrium scheme shows that
the balance of concentration gradient and electrical gradient drives Na+ movement toward inside or outside of the cell.
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1.2. Hodgkin-Huxley model

The Hodgkin-Huxley model describes how action potentials in neurons are initiated and
propagated [4]. Originally developed to fit action potential dynamics of squid giant axon, this
model has been successfully applied to a wide range of neurons. It describes the electrical
properties of excitable membranes as typical electrical circuit components. For instance, the
cell membrane is modeled as a capacitor with capacitance (Cm) and ion channels are resistors
with conductance of Na channel (gNaÞ, K channel (gKÞ, and leak channel (gLÞ.
From Hodgkin-Huxley model, the total cell membrane current, I, can be calculated by Eq. (4),
where membrane potential Vm, ion conductances gNa and gK, sodium activation variable m,
sodium inactivation variable h, potassium activation variable n are variable functions of time,
whereas ENa, EK, EL, CM, and gL are constants.

gNa ¼ gNam
3
∞h0 1� exp � t

τm

� �� �3
exp � t

τh

� �
(3)

I ¼ Cm
dVm

dt
þ gNam

3h Vm � VNað Þ þ gKn
4 Vm � VKð Þ þ gL Vm � VLð Þ (4)

Hodgkin-Huxley model provides a relatively simple and experimentally testable equation to
deduce Na+ conductance change with time and voltages (Figure 2B), and nerve action poten-
tial (Figure 2C). It also embodies the three key features of Nav channels: voltage-dependent
activation (submillisecond scale), rapid inactivation (millisecond scale), and selective Na+

conductance.

Figure 2. (A) Hodgkin-Huxley model, modified from Wikipedia. (B) Changes of sodium conductance associated with
different depolarization voltages at 10, 51, and 100 mV. The circles are experimental sodium conductance, and the smooth
curves are theoretical curves. (C) Calculated gNa, gK components of total membrane conductance (g) during propagated
action potential (dV). Modified from [4].
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1.3. History and basic concepts of electrophysiology

Electrophysiology was originated by Luigi Galvani in studying “animal electricity” in 1780s.
In 1903, an extracellular recording technique, electrocardiography, was invented by Willem
Einthoven (1924 Nobel Laureate); in 1952, intracellular recording technique was developed by
Alan Hodgkin and Andrew Huxley (1963 Nobel Laureates); and in 1976, Erwin Neher and
Bert Sackmann (1991 Noble Laureates) succeeded in measuring the ionic current of single
channels in the cell membrane by developing patch clamp technique. These works were
fundamental in revealing the physiological function of ion channels. Since then, the field of
electrophysiology had undergone rapid evolution, especially after the introduction of auto-
mated patch clamp in the early 2000s.

Manual patch clamp technique employs glass microelectrode(s) with desired filling solution
and tip diameter to perform either voltage or current clamp. For larger cells, such as Xenopus
oocytes, two-electrode voltage clamp (TEVC) is performed using two electrodes: one to mea-
sure membrane potential and the other to apply the current, with each tip diameter <1 μm
resulting in 10–100 MΩ resistances. For most other circumstances, a single electrode with an
open tip diameter 1–3 μm (1–3 MΩ resistances) is used for whole cells or small patches of cell
membrane recording. A typical patch-clamp recording starts with cell attaching procedures
including: placing glass tip next to a cell, using gentle suction, drawing a piece of the cell
membrane to the microelectrode tip, and then letting glass tip to form a high-resistance seal
with the cell membrane (ideally >1GΩ, so-called “gigaseal”). By applying different following-
up manipulations, the patch-clamp can be achieved in four configurations: cell-attached patch,
whole-cell patch, inside-out patch, and outside-out patch, as shown in Figure 3.

Figure 3. Manual patch clamp configurations and procedures. After a cell is approached by a pipette (A), a high-
resistance seal is achieved through application of negative pressure, resulting in the cell-attached configuration (B).
Further application of negative pressure ruptures the membrane, resulting in the whole-cell configuration, i.e., electrical
contact with the inside of the cell (C). Inside-out and outside-out configurations are achieved by pulling the pipette away
from the cell (D and E). (F) An equivalent electrical circuit of a cell in whole-cell configuration during acquisition of data.
VM = membrane potential, I = whole current, Rseal = seal resistance, Rs = series resistance, RM = membrane resistance,
CP = pipette capacitance, CM = membrane capacitance. Modified from [5].
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Many other electrophysiological techniques have been developed for various applications,
including extracellular recordings such as electroencephalography (EEG), electrocardiography
(ECG or EKG), and electromyography (EMG) for clinical diagnosis; artificial lipid bilayer
recording for studying activities of reconstituted ion channel proteins; automated patch clamp
recording to enable high-throughput recordings; and optogenetics to employ light to switch on
and off ion channel activities. The technology evolution has brought the ion channel research
and drug discovery to a new era, which will be discussed in later part of this chapter.

2. Nav channel general physiology

Nav channels were the first ion channel family discovered back in 1952 [1, 4] and cloned in
1984 [6]. Its pedigree spans across prokaryotic and eukaryotic kingdoms [7]. To date, �500
Nav channels from bacteria (BacNavs) [8–10], and even more Nav channels from other
species including fly [11], jellyfish [8], electric eel [12], cockroach [13], teleost fishes [8],
and mammals have been cloned [14]. The BacNavs regulate the survival response to
extreme pH, electrophiles, and hypoosmotic shock. Despite their markedly difference in
physiology function, voltage dependence and kinetics, BacNavs share common features of
mammalian Nav channels, thus serving as surrogates in the study of molecular evolution
and channel architecture. Eukaryotic Navs display ultrafast kinetics, with milliseconds
activation to inactivation, and high sodium ion selectivity, Na+ (l): K+ (0.14): Rb+ (0.02): Cs+

(0.005), which together enable them being responsible to initiate and transduce fast action
potential firing in the vast electrical signaling pathways throughout the cardiovascular and
nervous systems.

Nav family belongs to the voltage-gated ion channel (VGIC) superfamily, with less intrafamily
variation comparing to the other two VGIC families, voltage-gated potassium channels (Kvs)
and voltage-gated calcium channels (Cavs). The core functional unit of Nav channel is a
tetrameric complex composed of four homologous domains (DI/II/III/IV), with each domain
containing six transmembrane segments (S1–S6), an intracellular N-terminus and C-terminus.
The first four transmembrane segments form a voltage-sensing domain (VSD) and the last two
form the pore domain (PD). The central PD is responsible for ion-transduction through the
structural top funnel, selectivity filter and gate, and all other domains are served as regulatory
modlues for activation, fast and slow inactivation, albeit with different natures and structures.

Each eukaryotic Nav channel is composed of a single macromolecular α subunit (�2000 amino
acid residues, �260 kDa), forming a pseudoheterotetrameric core functional unit, in associa-
tion with one or more auxiliary β subunits (β1, β2, β3, and/or β4, �35 kDa) [15] (Figure 4).
While the prokaryotic Navs are formed by four separate α subunit, similar to Kv channels,
representing a simpler construction than eukaryotic Navs. A typical Nav channel has at least
three distinct states, resting (closed), activated (open), inactivated (closed), which itself
includes fast-inactivated (within milliseconds) and slow-inactivated (seconds), and recovering
from inactivation (repriming), which is a period in which the channel is not available to open
in response to a depolarization. Each Nav channel can be characterized by these different
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voltage-dependent biophysiological preporties, and pharmacological perporties according to
its expression pattern and modulation.

In human, there are 9 Nav channels (Nav1.1-1.9), which are encoded by the genes SCN1A,
SCN2A, SCN3A, SCN4A, SCN5A, SCN8A, SCN9A, SCN10A, and SCN11A, respectively.
A tenth isoform, Nax, is considered as atypical, as it contains key difference in DI/III/IV S4 VSDs
and DIII-IV inactivation linker, also it is activated by augmentation of extracellular sodium (over
150 mM) instead of voltage. Thus, Nax was classified as a different Nav subfamily (type 2)
[16, 17]. Based on the timeline of gene cloining, each α subunit gene was assigned as SCN1A to
SCN11A, and likewise, auxiliary β subunit genes were assigned as SCN1B to SCN4B, respec-
tively (Table 1).

Due to their fundamental role in regulating central and peripheral nervous systems function,
skeletal muscle contraction and heart rhythm, much of the early works on Navs involved
characterizing their expression patterns, biophysiological properties, structure-function, and
molecular pharmacology.

Figure 4. Structures of voltage-gated sodium channels. Modified from [12, 15]. (A) Schematic representation of BacNav.
(B) Schematic representation of eukaryotic Navs. (C and D) The top and side views of the cryo-EM structure of EeNav1.4-
β1 complex (PDB 5XSY). The α-subunit domains DI-IV are colored orange, yellow, cyan, and blue, respectively, and the β1
subunit is colored red. (E) The pore domain sodium permeation path including selectivity filter, central cavity, and
intracellular activation gate are colored in brown and annotated with pore radius.
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2.1. Genetic evolution and expression

Compared to Cav and Kv channel family, the rise of Nav family is relatively recent [18].
The study of intron/exon organization suggested that Navs were evolved from the similarly
structured Cav channels. This is supported by the finding that the four domains of Navs have
higher similarity to their corresponding domains in the Cav channels than to each other.
The ancestral Navs and Cavs genes might have evolved by two rounds of gene duplication,
i.e., from an ancestral, single-domain Kv-like gene to a two-domain protein, then from a
two-domain protein to a four-domain protein. This hypothesis is also in line with the observa-
tion that among the four domians of Navs, DI shares higher similarity with DIII, and DII
shares higher similarity to DIV [19].

hNav
isoform

Gene Variant(s) Human
chromosome
locus

UniProt Homology* TTX
IC50

(nM)

Primary tissue
location

Therapeutic
relevance

Nine voltage-gated α subunits

Nav1.1 SCN1A 3 2q24 P35498 90.0% 6 CNS, PNS Epilepsy

Nav1.2 SCN2A 2 2q23–24 Q99250 90.8% 12 CNS, glia Epilepsy, autism

Nav1.3 SCN3A 4 2q24 Q9NY46 90.0% 4 CNS, glia Epilepsy

Nav1.4 SCN4A 1 17q23–25 P35499 76.8% 5 Skeletal muscle Myotonia

Nav1.5 SCN5A 6 3p21 Q14524 79.4% 2000 Cardiac muscle Cardiac rhythm
disorders

Nav1.6 SCN8A 5 12q13 Q9UQD0 85.9% 1 CNS, PNS, glia Ataxia, motor
neuron disease

Nav1.7 SCN9A 4 2q24 Q15858 100% 4 Sensory neurons Pain

Nav1.8 SCN10A 1 3p21–24 Q9Y5Y9 77.0% 60,000 Sensory neurons Pain

Nav1.9 SCN11A 3 3p21–24 Q9UI33 70.4% 40,000 Sensory neurons Pain

One nonvoltage-gated α subunits

Navx SCN7A** 1 2p21-23 Q01118 71.2% PNS, DRG, epithelia

Four β subunits

Navβ1 SCN1B 2 19q13 Q07699 100% CNS, PNS, muscle Epilepsy

Navβ2 SCN2B 1 11q23 O60939 53.1% CNS

Navβ3 SCN3B 1 11q23 Q9NY72 72.0% CNS

Navβ4 SCN4B 3 11q23 Q8IWT1 57.9% CNS, thyroid

Data from Universal Protein Resource (UniProt, http://www.uniprot.org).
*α-subunit homology is calculated as the similarity between the most abundant isoform variant to Nav1.7 variant 3, which
is the canonical sequence and position reference.
**SCN6A and SCN7A are orthologs of a single atypical Nax gene (SCN7A in mouse, the same gene was denoted as
SCN6A in human).

Table 1. Human Nav channel subunits’ gene information.
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In choanoflagellate (the sister group of animals), the rapid long-distance communication
among excitable cells is achieved at the emergence of Metazoa (represented by bilaterian
animals and cnidarians) through the use of Nav channel [20, 21]. The gene organization,
biophysical, and pharmacological properties of invertebrate sodium channels are largely sim-
ilar to their mammalian counterparts, suggesting that the primordial Nav channels were
established before the evolutionary separation of the invertebrates from the vertebrates, and
evolution of Navs played a critical role in the emergence of nervous systems in animals
[19, 22]. Of note, sodium selectivity might be acquired independently in BacNav and mamma-
lian Nav channels as indicated by phylogenetic analysis [23]. Therefore, BacNav channels can
serve as models for studying Navs structure function, but evolutionary variation should be
taken into consideration.

Historically, the tissue distribution of mammalian Nav isoforms was obtained by methods
such as quantitative PCR, expressed sequence tag (EST) profiling, and pharmacology study
using isoform selective toxins. The more precise expression data were recently obtained by
microarray [24, 25] and mRNA sequencing from Genotype-Tissue Expression (GTEx) project
[26] (Figure 5). Now, we know that Nav1.1, Nav1.2, and Nav1.3 are predominantly expressed
in central nervous system (CNS). Nav1.1 is the predominant channel in the caudal regions and
the spinal cord, though relatively low-level expression of Nav1.1 has been shown in the
peripheral nervous system (PNS). Nav1.2 is the highest expression isoform in the rostral
regions. Nav1.3 peaks at birth but remains detectable at a lower level in adulthood. Interest-
ingly, all of these CNS-enriched isoforms are sensitive to tetrodotoxin (TTX) at nanomolar
concentrations, and their genes are clustered on chromosome 2 in both mice and humans.

Nav1.4 and Nav1.5 exhibit strikingly high-level expression in muscle and heart, respectively.
More sensitive approaches have detected Nav1.5 in the piriform cortex and limbic regions of
the brain but at relatively low level [27]. These two Nav isoforms can be distinguished from
each other and from the CNS isoforms on the basis of toxin sensitivity. Adult skeletal
muscle-enriched Nav1.4 is sensitive to TTX and μ conotoxin GIIIA at nanomolar concentra-
tions, while the CNS-enriched channels are only sensitive to TTX, and heart-specific Nav1.5
is resistant to TTX. In addition, Nav1.4 is inhibited by nanomolar concentrations of μ
conotoxin PIIIA, whereas Nav1.2 is approximately 15-fold less sensitive, and Nav1.7 is
resistant [28–30].

Nav1.6 appears to be abundantly expressed in both PNS and CNS tissues. Nav1.7, Nav1.8, and
Nav1.9 are primarily expressed in PNS, including nociceptive neurons, Aβ-fibers, C-fibers, and
both large and small diameter dorsal root ganglion (DRG) [31]. This PNS-specific localization
of Nav1.7, Nav1.8, and Nav1.9 make them attractive targets for developing isoform selective
modulators to treat many PNS-related diseases and pathologic conditions.

2.2. Nav channel structure-function

The core functional unit of Nav channels is α subunit. Each α subtype is composed of a single
polypeptide chain with �2000 amino acid residues forming four pseudoheteromeric domains
designated as DI to DIV. Nine α subunits’ protein sequence homology is greater than 70%
(Table 1). The structure complexity and high-sequence homology make it difficult to design
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Figure 5. Sodium channel body atlas in human. (A and B) Human Nav α and β subunits tissue expression level from
GTEx RNA-seq database (https://www.gtexportal.org). Gene expression level is presented as averaged tissue transcripts
per million (TPM) value from 570 donors’ 8555 samples. (C) Nav α and β subunits’ expression level in human DRG. Gene
expression level is presented as averaged cDNA microrray indensity number from 214 human DRG samples [56].
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subtype-selective drugs. In 2011, the first X-ray crystal structure of bacterial Arcobacter
butzleri Nav channels (NavAb) was determined [32]. Subsequently, structures for several
BacNavs and a BacNav-human Nav chimeric channel have been resolved, representing closed
[33, 34], open [34, 35], and potentially inactive states of the channels [36, 37]. In 2017, the first
two eukaryotic Nav structures for American cockroach and electric eel (Ee) Nav1.4-β1 complex
were determined by using cryogenic electron microscopy (CryoEM) [12]. Findings from crystal
and cryo-EM structures are mostly consistent, and collectively provided important insights
into Nav channel structure-function and structure-based drug design.

Voltage-sensing domains (VSDs). The S1 to S4 segments form voltage-sensing domain. There
are four VSDs in a sodium channel. Each VSD is featured by repetitively occurring positively
charged Lys or Arg residues at every third position in S4. These charge clusters move toward
the extracellular surface upon membrane depolarization and return to their resting positions
upon membrane repolarization. Each VSD is connected to an intracellular S4-S5 linker, which
transfers the movement of S4 segment to the central pore domain formed by S5-S6. Thus, the
outward and inward movements of S4 result in channel opening and closing, respectively.
Unlike homotetrameric Kvs and BacNavs, mammalian Nav channel’s four VSDs possess
distinctive sequence signature, conformation, and role in channel gating [12, 13]. For examples,
the four VSDs have nonconserved intra- and extracellular loops, and the different charge
clusters in S4, i.e., RRRR in DI, RRRRK in DII, KRRRR in DIII, and RRRRR in DIV. Also, the
S2 in each VSD also makes asymmetric functional contributions to Nav channel activation and
inactivation [38].

Pore domain (PD): the S5 to S6 segments from the four domains of the α subunits enclose the
central pore of the channel. The extracellular linker connecting S5-S6 is defined as pore-loop
(P-loop), which can be separated into two α helices named P1 and P2. The functional entities
along the ion permeation pathway in PD include the selectivity filter (SF), the central cavity,
and the intracellular activation gate, as shown in Figure 4E.

The outer vestibule and selectivity filter are formed in P-loop reentering membrane segments,
designated as P1-SF-P2 funnel. Early study by comparing Navs with Cavs found that one
residue, Asp/Glu/Lys/Ala (DEKA), at the corresponding locus in the middle of P1-P2 deter-
mines Na+ selectivity [39]. Structure studies confirmed that the asymmetric selectivity filter
vestibule is constituted by the side chains of the signature DEKA residues and the carbonyl
oxygens atoms of the two preceding residues in each domain, Thr/Gln (DI), Cys/Gly (DII), Thr/
Phe (DIII), and The/Ser (DIV). Mutational study identified an additional outer ring above the
selectivity filter, Glu/Glu/Met/Asp (EEMD), which significantly interfered the tetrodotoxin
(TTX) binding [40, 41]. The outer vestibule and SF structures were further discerned by using
bacteria KcsA channel X-ray structure as template and guanidinium toxins (TTX and saxitoxin,
STX), which successfully defined the first pharmacological relevant site on Nav channels, site 1
[42]. After that, local anesthetic binding site was determined within the four fenestrations in
PD, each with distinct shape and size [13, 43]. From studying a group of activators, including
batrachotoxin (BTX), veratridine (VTD), grayanotoxin (GTX), and aconitine (ACD), the neuro-
toxin site 2 was determined in the inner cavity of PD [44, 45].
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Activation gate: the activation gate of Nav channels was originally predicted to be at the inner
end of the pore based on the study of local anesthetics, which exhibit usage-dependent block-
age [46, 47]. From thiol-modifying reagent accessibility study, a �3.8 Å diameter constriction
formed by a ring of conserved hydrophobic residues at the end of S6 (represented as DI-V440,
DII-L795, DIII-I1287, DIV-I1590 in Nav1.4 and DI-Y405, DII-F960, DIII-F1449, DIV-F1752 in
Nav1.7) was found to occlude only the pore at closed state but not at open state [48]. Recent
cryo-EM structures confirmed that this activation gate is located at the cytoplasmic boundary
level of the membrane [12]. Channelopathy study found that Nav1.7 DII S6 L955 deletion
cause F960 side change conformational change in the activation gate. This mutation produces
radial shift of the channel open at 25 mV more hyperpolarizing voltage, which renders
hyperexcitability of DRG neurons to cause inherited erythromelalgia (IEM) [48].

Fast inactivation: while the channel opening is controlled by VSD and activation gate, the fast
inactivation is regulated by a highly conserved Ile/Phe/Met (IFM) motif, which is localized in
an intracellular loop connecting the domain DIII and DIV [49]. The IFM motif was originally
discovered as a particle segment attached to the inner end of the pore. Study showed that
pronase and N-bromoacetamide removed inactivation only when applied from intracellular
side [50], and acetyl-KIFMK-amide peptides restored fast inactivation [51]. In the eukaryotic
EeNav1.4-β1 structure at open and resting states, the LFM motif (equivalent to IFM) in DIII-IV
linker is plugged into the corner enclosed by the outer S4-S5 and inner S6 segments in DIII and
DIV. Once the channel opens, the LFMmotif acts as a hinged lid and folds into the intracellular
mouth of the open pore to produce fast inactivation.

Slow inactivation: in contrast to fast inactivation (milliseconds scale), slow inactivation occurs
in seconds during prolonged depolarization or rapid repetitive stimulations. Slow inactivation
determines channel availability for action potential generation; thus, it endows neuronal tis-
sues with memory of previous excitation, prevents excitation of skeletal muscle by mild
hyperkalemia, and affects the conduction velocity and excitability of cardiac tissue. For the
cardiac Nav1.5 channel, two putative proton sensor residuals in P-loop, C373 and H880, were
responsible of tissue-acidification-induced slow inactivation underlying cardiac arrhythmia
[52]. Other mutations, including DII S4-S5 linker L689I in Nav1.4, DII S6 Del-L955 in Nav1.7,
have also been identified to impair slow inactivation, causing hyperkalemic periodic paralysis
and inherited erythromelalgia, respectively [53, 54]. Voltage-clamp fluorimetry (VCF) study of
Nav1.4 channels showed that that immobilization of DI and DII VSDs is involved in the
development of slow inactivation, while DIII VSD is involved in the recovery from slow
inactivation [55]. However, the structural basis for slow inactivation remains undefined.

2.3. Nav β subunits

In vertebrates, five Nav auxiliary β subunits, β1, β1B, β2, β3, and β4, have been identified
(SCN1B to SCN4B), with molecular weight ranging from 30 to 40 kD (Table 1) [57–60]. In
invertebrates, auxiliary subunits such as tipE and Vssc β in drosophila bear no homology to
vertebrate β subunits, suggesting a separate evolutionary pathway [61–63]. All β subunits
comprise an amino terminal immunoglobulin (Ig) domain, a single transmembrane (TM)
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segment, and an intracellular carboxyl-terminal, except for β 1B (previously named β1A),
which is a β1 splice variant that lacks TM segment [64]. β1 and β3 interact with α subunit
noncovalently, whereas β2 and β4 bind to the α subunit via a disulfide bond. All β isoforms are
expressed in CNS, PNS, and cardiovascular systems, including excitable and nonexcitable
cells, where they are part of the V-set immunoglobulin superfamily of cell adhesion molecules
facilitating cell adhesion and cell migration. β1 is highly expressed in skeletal and cardiac
muscles, and the expression patterns of all β isoforms vary during development [65]. β sub-
units play broad role in modulating Nav function. They regulate expression and membrane
trafficking of α subunits, modulate channel activation and inactivation, and interfere with
toxin binding [66–68].

In 2017, the cryo-EM strucutre for EeNav1.4 in complex with the β1 subunit was determined
[12]. This structure provided a first glimpse into the interaction between α and β subunits. The
β1 subunit interacts with the α subunits as an ax, wherein its TM interacts with VSDIII within
the membrane as the handle, while its Ig domain as the head interacts with DI-L5 and DIV-L6
extracellular loops and the intervening segment between DIII S1 and S2 (Figure 4C and D).
Mutations in β subunits have been linked to many human diseases, including epilepsy, and
cardiac arrhythmia, and sudden death syndromes. Although β subunit-specific drugs have not
yet been developed, the Nav β subunit family remains a potential therapeutic target [68].

3. Channelopathy and therapeutic relevance

Nav channels are fundamentally important in a broad spectrum of physiological processes.
Not surprisingly, genetic mutations of Nav channels result in many debilitating to severe
phenotypes in CNS, PNS, cardiac, and neuromuscular systems. To date, at least �50 human
diseases have been attributed to aberrant activities of Nav channels; and hundreds of diseased
related mutations of α and the β subunits have been identified. These mutations lead to
channel dysfunctions called channelopathies (summarized in Table 2) and suggest the disease
association of respective channels.

3.1. Pain

Nav1.7, 1.8, and 1.9 are highly expressed in sensory neurons. They control the excitability of
nociceptive neurons, and thus are considered as therapeutic targets for pain relief [31, 71–74].
Among them, Nav1.7 was the first gene linked to human pain. In 2004, two missense muta-
tions, I848T and L858H in SCN9A (Nav1.7), were associated with edema, redness, warmth,
and bilateral pain in human inherited erythromelalgia (IEM) patients [75]. In 2006, three
nonsense mutations, S459X, I767X, and W897X, were identified in congenital insensitivity to
pain (CIP) patients [76]. Since then, additional gain-of-function mutations are associated with
IEM, paroxysmal extreme pain disorder (PEPD), small fiber neuropathy (SFN), and additional
loss-of-function mutations that are associated with CIP (Figure 6). The mechanism underlying
these conditions was unraveled by characterizing biophysical properties of disease mutations
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Isoform Channelopathies Discovered mutant
number

Discovery publication
number

SCN1A GEFS+2 Generalized epilepsy with febrile seizures plus 2 37 30

EIEE6 Epileptic encephalopathy, early infantile, 6 317 41

ICEGTC Intractable childhood epilepsy with generalized
tonic-clonic seizures

23 5

FHM3 Migraine, familial hemiplegic, 3 5 4

FEB3A Febrile seizures, familial, 3A 2 2

SCN2A BFIS3 Seizures, benign familial infantile 3 18 13

EIEE11 Epileptic encephalopathy, early infantile, 11 50 21

ASD Autism spectrum disorders 16 1

SCN3A CPE Cryptogenic partial epilepsy 4 1

ID Intellectual disability 1 1

AUTISM Autism 2 1

ADNSHL Autosomal dominant nonsyndromic hearing loss 14 1

SCN4A PMC Paramyotonia congenita of von Eulenburg 16 16

HOKPP2 Periodic paralysis hypokalemic 2 10 12

HYPP Periodic paralysis hyperkalemic 13 4

NKPP Periodic paralysis normokalemic 3 3

MYOSCN4A Myotonia SCN4A-related CMS16 14 13

CMS16 Myasthenic syndrome, congenital, 16 3 3

PAM Potassium-aggravated myotonias 6 1

SCN5A PFHB1A Progressive familial heart block 1A 4 6

LQT3 Long QT syndrome 3 123 30

BRGDA1 Brugada syndrome 1 197 33

SSS1 Sick sinus syndrome 1 VF1 2 3

VF1 Familial paroxysmal ventricular fibrillation 1 1 1

SIDS Sudden infant death syndrome 2 1

ATRST1 Atrial standstill 1 1 2

CMD1E Cardiomyopathy, dilated 1E 1 2

ATFB10 Atrial fibrillation, familial, 10 9 2

MEPPC Multifocal ectopic Purkinje-related premature
contractions

3 4

SCN8A EIEE13 Epileptic encephalopathy, early infantile, 13 44 15

BFIS5 Seizures, benign familial infantile, 5 1 2

SCN9A IEM Inherited erythermalgia (primary erythermalgia)
pain

23 11

CIP Congenital insensitivity to pain 13 1

PEPD Paroxysmal extreme pain disorder 9 3

GEFS+7 Generalized epilepsy with febrile seizures plus 7 2 1
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facilitating cell adhesion and cell migration. β1 is highly expressed in skeletal and cardiac
muscles, and the expression patterns of all β isoforms vary during development [65]. β sub-
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Among them, Nav1.7 was the first gene linked to human pain. In 2004, two missense muta-
tions, I848T and L858H in SCN9A (Nav1.7), were associated with edema, redness, warmth,
and bilateral pain in human inherited erythromelalgia (IEM) patients [75]. In 2006, three
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Isoform Channelopathies Discovered mutant
number

Discovery publication
number

SCN1A GEFS+2 Generalized epilepsy with febrile seizures plus 2 37 30

EIEE6 Epileptic encephalopathy, early infantile, 6 317 41

ICEGTC Intractable childhood epilepsy with generalized
tonic-clonic seizures

23 5

FHM3 Migraine, familial hemiplegic, 3 5 4

FEB3A Febrile seizures, familial, 3A 2 2

SCN2A BFIS3 Seizures, benign familial infantile 3 18 13

EIEE11 Epileptic encephalopathy, early infantile, 11 50 21

ASD Autism spectrum disorders 16 1

SCN3A CPE Cryptogenic partial epilepsy 4 1

ID Intellectual disability 1 1

AUTISM Autism 2 1

ADNSHL Autosomal dominant nonsyndromic hearing loss 14 1

SCN4A PMC Paramyotonia congenita of von Eulenburg 16 16

HOKPP2 Periodic paralysis hypokalemic 2 10 12

HYPP Periodic paralysis hyperkalemic 13 4

NKPP Periodic paralysis normokalemic 3 3

MYOSCN4A Myotonia SCN4A-related CMS16 14 13

CMS16 Myasthenic syndrome, congenital, 16 3 3

PAM Potassium-aggravated myotonias 6 1

SCN5A PFHB1A Progressive familial heart block 1A 4 6

LQT3 Long QT syndrome 3 123 30

BRGDA1 Brugada syndrome 1 197 33

SSS1 Sick sinus syndrome 1 VF1 2 3

VF1 Familial paroxysmal ventricular fibrillation 1 1 1

SIDS Sudden infant death syndrome 2 1

ATRST1 Atrial standstill 1 1 2

CMD1E Cardiomyopathy, dilated 1E 1 2

ATFB10 Atrial fibrillation, familial, 10 9 2

MEPPC Multifocal ectopic Purkinje-related premature
contractions

3 4

SCN8A EIEE13 Epileptic encephalopathy, early infantile, 13 44 15

BFIS5 Seizures, benign familial infantile, 5 1 2

SCN9A IEM Inherited erythermalgia (primary erythermalgia)
pain

23 11

CIP Congenital insensitivity to pain 13 1

PEPD Paroxysmal extreme pain disorder 9 3

GEFS+7 Generalized epilepsy with febrile seizures plus 7 2 1
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[76] and nociceptor-specific Nav1.7 knockout [77]. Together, these studies have established
that Nav1.7 is an essential and nonredundant requirement for nociception in humans.

While Nav1.7 is responsible for setting threshold for generation of action potentials, Nav1.8
and Nav1.9 contribute to the rising phase of action potentials in nociceptive neurons. Both
channels are expressed in small-diameter DRG neurons, which include the C fibers that
transmit nociceptive impulses [78]. Four gain-of-function Nav1.8 mutations (L554P, I1706V,
A1304T, G1662S) have been identified, which lead to an increase in excitability in small-
diameter neurons, underlying pain in small fiber neuropathy (SFN) [79–81]. In Nav1.9, gain-
of-function mutations were recently reported to be associated with pain, albeit with opposing
effects [82]. So far, naturally occurring loss-of-function mutations of Nav1.8 and Nav1.9 are yet
to be described in humans; Nav1.8 and 1.9 are clearly important in the pain pathology and
worth exploring as potential pain targets.

3.2. Epilepsy

Nav channel dysfunction is central to the pathophysiology of epileptic seizures, andmany of the
most widely used antiepileptic drugs, including phenytoin, carbamazepine, and lamotrigine,

Isoform Channelopathies Discovered mutant
number

Discovery publication
number

FEB3B Febrile seizures, familial, 3B 2 1

SFN Small fiber neuropathy 7 1

DS (SMEI) Dravet syndrome (severe myoclonic epilepsy of
infancy)

13 1

SCN10A FEPS2 Episodic pain syndrome, familial, 2 2 1

SFN Small fiber neuropathy 4 3

SCN11A HSAN7 Neuropathy, hereditary sensory, and autonomic, 7 2 2

FEPS3 Episodic pain syndrome, familial, 3 7 4

SFN Small fiber neuropathy 4 4

SCN1B ATFB13 Atrial fibrillation, familial, 13 2 1

BRGDA5 Brugada syndrome 5 1 1

EIEE52 Epileptic encephalopathy, early infantile, 52 2 2

GEFS+1 Generalized epilepsy with febrile seizures plus 1 2 3

SCN2B ATFB14 Atrial fibrillation, familial, 14 2 1

BRGDA Brugada syndrome 1 1

SCN3B ATFB16 Atrial fibrillation, familial, 16 4 2

BRGDA7 Brugada syndrome 7 1 1

SCN4B ATFB17 Atrial fibrillation, familial, 17 2 1

LQT10 Long QT syndrome 10 1 1

Table 2. Nav α and β subunits’ channelopathies data (updated in June, 2018 from database in http://www.uniprot.org).
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are Nav inhibitors. Many types of general epilepsy are resulted from mutations primarily
in Nav1.1, and also in other Nav α isoforms, including Nav1.2, Nav1.3, Nav1.6, Nav1.7, and
Nav β1. GEFS+ type 1 results from Nav β1 mutation C387G, which destroys extracellular
immunoglobulin domain and thus indirectly decreases rate of channel inactivation [83]. GEFS+
type 2 results from Nav1.1 mutations, such as T875 M (in DII-S4) and R1648H (in DIV-S4),
which decrease Nav1.1 inactivation rate directly [84]. Worth noting, some epilepsy-assicated
Nav1.2 and Nav1.6 mutations cause a gain-of-function when characterized in transfected cells
[85, 86]. Better understanding of clinical genetics and channel structure-function will facilitate
the drug development for Nav-associated neurological diseases.

3.3. Cardiac arrhythmias

Mutations of Nav1.5 have been linked to long QT syndrome (LQTS). Recent study suggests
that even modest depression of Nav1.5 expression may promote pathologic cardiac
remodeling and progression of heart failure [87]. Since the first LQT-related Nav1.5 mutation
being discovered in 1995 [88], more than a hundred Nav1.5 mutations that associate with
distinct cardiac rhythm disorders, such as LQT syndrome subtype 3, Brugada syndrome, and
cardiac conduction disease, have been identified [89]. These Nav1.5 mutations are spread out
the whole protein. Most Nav1.5 mutations change biophysical property by increasing persistent

Figure 6. Amino acid locations of Nav1.7 disease-related mutations on the Nav1.7 structure model. Modified from
[12, 31, 69–71].
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[76] and nociceptor-specific Nav1.7 knockout [77]. Together, these studies have established
that Nav1.7 is an essential and nonredundant requirement for nociception in humans.
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Na+ current or gain-of-function, while in Brugada syndrome and cardiac conduction disease,
most of the mutations are missense loss-of-function mutations. Because many mutations pro-
duce overlapping clinical phenotypes, it is crucial to understand genotype-phenotype correla-
tions in Nav1.5 channelopathies for drug development.

3.4. Neuromuscular diseases

Mutations of Nav1.4 channel are associated with inherited neuromuscular diseases. For exam-
ples, the M1592V mutation causes hyperkalemic periodic paralysis (HYPP), in which increased
levels of serum potassium lead to muscle hypoexcitability and paralysis; the R1448C mutation
causes paramyotonia congenita (PMC), which is induced by cold and aggravated by increased
muscle activity; and the G1306A mutation causes potassium-aggravated myotonias (PAM).
These mutations affect either voltage-dependent activation or inactivation of Nav1.4, and are
inherited in an autosomal dominant manner [90]. In contrast, most Nav1.6 mutations are
recessive. An allelic mutation A107T in DIII S4-S5 caused ataxic phenotype by shifting Nav1.6
activation and inactivation to about 14 mV in the depolarizing direction, suggesting Nav1.6 is
required for the complex spiking of cerebellar Purkinje cells and for persistent sodium current
in several classes of neurons [91–93].

4. Nav modulation with small and large molecules

Nav channels have long been recognized as targets for treating pain, neurological disorders,
and cardiac arrhythmias. In nature, Nav channels are the molecular targets of a broad range of
neurotoxins including tetrodotoxin (TTX), saxitoxin (STX), veratridine (VTD), and batracho-
toxin (BTX) from marine bacteria and plants, as well as peptide toxins such as ProToxin
(ProTX), Huwentoxin (HwTX and α-ScTxs) from the venoms of scorpions, spiders, sea anem-
ones, and cone snails. Additionally, many Nav-targeting drugs have been developed, includ-
ing local anesthesia (LA), antiarrhythmics (e.g., lidocaine, mexiletine), anticonvulsants (e.g.,
carbamazepine), and antidepressants (e.g., amitriptyline). In general, these drugs do not have
subtype selectivity and have small therapeutic index. Recently, two series of highly isoform-
selective compounds, aryl sulfonamides for Nav1.7 and phenyl imidazole for Nav1.8, have
been reported [94, 95]. Besides small molecules, monoclonal antibody has also been proposed
as an alternative strategy. Nonetheless, due to the high-sequence homology among all Nav
isoforms, subtype selective targeting remains a challenge.

All nature or synthesized small and large modulators for Nav channels can be classified as pore
blockers or gating modifiers. Pore blockers (e.g., TTX) physically occlude the pore, thereby
inhibiting channel conductance. Often the blockade is tonic, or independent of states of the
channels. Gating modifiers (aryl sulfonamides as example) preferentially modify activated or
inactivated states, thus reducing currents progressively with increased stimulation duration and
frequency.

Ion Channels in Health and Sickness28

Based on their drug binding sites, Nav inhibitors can be classified into different groups
(Figure 7 and Table 3).

Site 1: extracellular pore blocker. This site is formed by the four P-loops and represents the
binding site of two known groups of pore blockers, including small molecular guanidinium
toxins frommarine bacteria (TTX and STX), and 17–25 amino acids’ peptide μ-conotoxins from
marine cone snail toxins [96–98]. These toxins physically plug the pore and thereby inhibit the
sodium conductance.

Site 2: intracellular pore gating activator (state dependent). The binding site is the fenestra-
tion site formed between DI-S6 and DIV-S6, which binds to many small lipid-soluble toxins
including batrachotoxin (BTX) from frog, antillatoxin (ATX) from marine species, and veratri-
dine (VTD), aconitine (ACT), and grayanotoxin (GTX) from plants. These modulators facilitate
channel activation or prevent inactivation, thereby increasing channel conductance. They often
have much higher affinity to the open and inactivated states of Nav channel as the binding
fenestration exposed.

Site 3: extracellular gating activator. The binding site is localized in the DIV S3-S4 extracellu-
lar loop for two groups of peptide toxin activators: scorpion α-toxins (α-ScTxs) and sea. Upon
binding, these modulators prevent the movement of DIV-S4, thus inhibiting transition to fast
inactivation.

Site 4: extracellular gating blocker. The binding site is the DII S1-S2 and S3-S4 extracellular
loop, which binds to four groups of peptide toxin blockers, including β-scorpion toxins
(β-ScTxs), β-spider toxins, μO-conotoxins, and ι-conotoxins. In general, these toxins block the
DII-VSD conformational change and shift the voltage dependence of activation toward more
hyperpolarized potentials, though the structural-based mechanism of action is not clear.

Figure 7. Nav channel structural topology with drug binding sites. Domain DI/II/III/IV is colored orange, yellow, cyan,
and blue, respectively. The IFM fast inactivation gate is shown in red sphere format. All currently identified eight Nav
binding sites are labeled corresponding to its visibility. Binding sites leading to channel activation are in green, and
binding sites leading to channel blockage are in gray. Seven natural toxin binding sites are labeled with oval, while local
anesthetic, aryl sulfonamide, and phenyl imidazole binding sites are labeled with diamonds.
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Na+ current or gain-of-function, while in Brugada syndrome and cardiac conduction disease,
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blockers or gating modifiers. Pore blockers (e.g., TTX) physically occlude the pore, thereby
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Binding
site

Molecule group Effect and
application

Molecule
examples

Structure or peptide
PDB

Reference

Site 1. DI–
IV P-loop

Marine bacteria toxin Block Na+
conduction

Tetrodotoxin (TTX) [96]

Saxitoxin (STX) [97]

μ-Conotoxin KIIIA 17 aa, 2LXG [98]

PIIIA, PIIIB 22 aa, 1R9I [98]

GIIIA, GIIIB 23 aa, 1TCG [98]

BuIIIB 25 aa, 2LOC [98]

SmIIIA 22 aa, 1Q2J [98]

Site 2. DI
DIV S6

Small lipid-soluble toxins Prevent
inactivation Nav
agonist

Batrachotoxin
(BTX)

[102]

Veratridine (VTD) [103]

Aconitine (ACT) [104]

Antillatoxin (ATX) [105]

Grayanotoxin
(GTX)

[106]

Site 3.
DIV-S3-S4

α-Scorpion toxins Prevent
inactivation

Aah 2 64 aa, 1SEG [107]

Nav agonist LqhaIT 65 aa, 1LQH [107]

LqhIT2 62 aa, 2I61 [107]

BMK MI 64 aa, 1SN1 [107]

Sea anemone toxins Type I: ATXI, etc. 46 aa, 1ATX [108]

Type II: Rp2, etc. 48 aa [108]

Type III: ATX3, etc. 27 aa, 1ANS [108]

Site 4. DII
S3–S4

β-Scorpion toxins (β-ScTxs) Prevent
activation

Cn2 67 aa, 1CN2 [109]
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Binding
site

Molecule group Effect and
application

Molecule
examples

Structure or peptide
PDB

Reference

Ts1 (=Ts7, TsVII,
Tsγ)

61 aa, 1B7D [109]

Bj-xtrIT 77 aa, 1BCG [109]

LqhIT2 62 aa, 2I61 [109]

β-Spider toxins ProTXI 35 aa, 2M9L [110]

ProTX II 30 aa, 2N9T [110]

HwTX-IV 35 aa, 1MB6 [111]

Magi 5 29 aa, 2GX1 [112]

μO-conotoxins μO-MrVIB 31 aa, 1RMK [113]

ι-conotoxins ι-RxIA 38 aa, 2JTU [113]

Site 5. DI
S6

Cyclic polyethers
(dinoflagellate toxin)

Prevent
inactivation, Nav
agonist

Brevetoxins (PbTx) [114]

Ciguatoxins
(CTX1)

[101]

Site 6.
DIV S4

Cysteine knot 3 disulfide
bridges

Conotoxins Nav
agonist

δ-TxVIA 27 aa, 1FU3 [115]

δ-EVIA 33 aa, 1G1P [113]

Site 7.
(LA) DIV
S6

Local anesthetics Local anesthetics
Class Ib
antiarryhythmic
Neoropathic pain

Lidocaine [116]

State-dependent
nonselective Na+ conduction
blockers

Antidepressant Carbamazepine [116]

Antidepressant Amitriptyline [117]

Anticonvulsant Lamotrigine [118]

Local anesthetic Tetracaine [119]

Class Ia
antiarrhythmic

Quinidine [120]

Class Ic
antiarrhythmic

Flecainide [121]
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Site 5: intracellular pore gating activator (state dependent). The fenestration site between DI-
S6 and DIV-S5 binds two classes of cyclic polyether toxins from dinoflagellate: brevetoxins
(PbTx) and ciguatoxins (CTX). These modulators have higher affinity to activated channel.
Upon binding, they shift the activation and inactivation both to more hyperpolarizing voltage,
thus keeping the channel hyperactive.

Site 6: extracellular gating activator. The DIV-S4 fenestration binds to δ-conotoxins causing
similar effects as site 3 toxins by slowing or inhibiting inactivation. Although sites 6 and 3 are
structurally close to each other, however, the two categories activators do not compete with
each other [99]. Site 6 activators trap DIV-S4 in outward conformation, thus leading to a
persistent activation and prolongation of action potential.

Site 7: local anesthetic (LA) binding site. The inner cavity of channel pore, consisting of amino
acid residues in S6 of DI, DIII, and DIV, forms the LA binding site. The LA binding site is
highly conserved across Nav channels and accounts for the lack of subtype selectivity for most
clinically used sodium channel blockers.

Binding
site

Molecule group Effect and
application

Molecule
examples

Structure or peptide
PDB

Reference

Site 8. DII
S2

Cysteine knot Conotoxins Nav
antagonist

μO§-GVIIJ 35 aa, 2N8H [100]

Site 9.
DIV S4

Aryl sulfonamides Nav1.7 selective
blockers

ICA-121431
(Icagen)

[101]

PF-04856264
(Pfizer)

[101]

PF-05089771
(Pfizer)

[122]

GX-936 [123]

Site 10 Phenyl imidazole Nav1.8 selective
blockers

A-803467 [124]

PF-04531083
(Pfizer)

[95]

Table 3. Small molecules and toxin modulators for Nav channels.
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Site 8: extracellular gating blocker. The site was identified by studying a class of cone snail
μO§-conotoxins blockers, such as μO§-GVIIJ. The putative binding site is close to a cysteine
near DII P-loop (C910 in rNav1.2), which is responsible of the antagonist effect [100].

Site 9: aryl sulfonamide site. The unique Nav1.7 VSD4 binding site for the new series of aryl
sulfonamide compounds, such as ICA-121431, PF-04856264 [101].

Site 10: phenyl imidazole site. The unique fenestration-selectivity filter site in Nav1.8 for the
new series of phenyl imidazole compounds, such as A-803467, PF-04531083 [95].

5. Concluding remarks

Voltage-gated sodium channels play essential roles in physiological function, and historically,
sodium channel blockers have been developed as local anesthetics and anticonvulsants. How-
ever, these early generation of sodium channel drugs were developed decades ago without the
exact understanding of their molecular targets and mechanisms of action; their general lack of
on-target potency and off-target selectivity renders narrow therapeutic windows. In recent
years, several scientific frontiers have been rapidly evolving. First, the physiological functions
of each sodium channel have been determined. Second, their associations to human diseases
have been revealed in the form of “channelopathies.” Often both gain-of-function and loss-of-
function mutations have been linked to human diseases, therefore pinpointing exactly the
molecular targets. Third, the structural determination of sodium channels provides opportu-
nities for structural-based drug design. Together, these progresses have ushered in a new,
exciting era of sodium channel drug discovery.
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Abstract

Voltage-gated sodium (Nav) channels represent an important class of drug target for 
pain and many other pathology conditions. Despite the recent advances in channelopa-
thies and structure-function studies, the discovery of Nav channel therapeutics is still 
facing a major challenge from the limitation of assay technologies. This chapter will focus 
on advancement and challenge of Nav drug discovery technologies including nonelec-
trophysiological assays, extracellular electrophysiological assays, and the newly evolved 
high-throughput automated patch clamp (APC) technologies.

Keywords: voltage-gated sodium channel, drug discovery, uHTS, APC

1. Introduction

Nav channels are among the most well-characterized drug targets for pain, epilepsy, cardiac 
arrhythmias, and neuromuscular diseases. Current Nav drugs were developed empirically, 
in most cases without knowing their precise molecular targets. Even though new clinical indi-
cations have been found for these early-generation Nav modulators, their lack of sufficient 
isoform selectivity significantly limits the therapeutic outcomes. For example, when lidocaine 
is used to treat neuropathic pain, it causes cardiac toxicity due to inhibition of Nav1.5 and 
causes sedation, convulsion, and cardiac arrhythmias due to inhibition of CNS Nav channels.

Subtype-selective modulation of Nav channels is essential for target drug development but 
extremely difficult to achieve due to high sequence homology in the Nav family. The prob-
lem is further confounded by the current screening assays. Several assay platforms, such 
as radioligand binding, ion flux, and fluorescence membrane potential assays, have existed 
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isoform selectivity significantly limits the therapeutic outcomes. For example, when lidocaine 
is used to treat neuropathic pain, it causes cardiac toxicity due to inhibition of Nav1.5 and 
causes sedation, convulsion, and cardiac arrhythmias due to inhibition of CNS Nav channels.

Subtype-selective modulation of Nav channels is essential for target drug development but 
extremely difficult to achieve due to high sequence homology in the Nav family. The prob-
lem is further confounded by the current screening assays. Several assay platforms, such 
as radioligand binding, ion flux, and fluorescence membrane potential assays, have existed 
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for several decades. They are cost-effective and amenable to high-throughput screening. 
However these assays have significant limitations. For instance, the ligand binding assays 
could not provide functional effects (e.g., agonism vs. antagonism). Ion flux and membrane 
potential assays only measure channel function indirectly and are prone to artifacts such 
as autofluorescence, ionophore, and cellular toxicity. Electrophysiology is considered as 
the gold standard. However, traditional electrophysiology is significantly limited by its low 
throughput and labor intense. In the past decade, the emergence of automated electrophysi-
ology has significantly increased the throughput, making it feasible to screen compounds 
using electrophysiology.

Same as any other drug targets, ion channel drug discovery refers to the process by which 
new candidate medications are discovered. This is a drug early development process lying 
between target validation biology research and drug clinic development. The process of ion 
channel drug discovery can be arbitrarily divided to three stages: primary screening, hit con-
firmation, and lead optimization (Figure 1). At the stage of primary screening, a large number 
(up to millions) of compounds are screened using various non- or indirect functional high-
throughput assay, such as radioligand binding, ion flux, or membrane potential assays. Often, 
a small set of tool compounds are used to validate the assay. After obtaining correlation to 
electrophysiology, the assay is chosen for ultra high-throughput screening (uHTS) develop-
ment and used for primary screening. Companion assays are also developed for counter 
screening to reduce assay artifacts or assess selectivity against other irrelevant targets. The 
uHTS assay performance is evaluated by assay stability, assay window, and hit rate, which 
is usually around 0.1% resulting in tens of thousands of potential hits. At the hit confirma-
tion stage, often automated patch clamp (APC) platforms are used to test HTS hits. Hits are 
conformed, and their selectivity is confirmed by counter screening against other relevant iso-
forms. At the lead optimization stage, compounds are optimized on multiple fronts, including 
potency, selectivity, DMPK properties, efficacy, and toxicity.

Figure 1. Ion channel drug discovery strategy. Strategies for the implementation of multiple assay platforms in Nav 
channel drug discovery in the three stages of drug early development: SAR, structure-action relation; MOA, mechanism 
of action; DMPK, drug metabolism and pharmacokinetics.
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2. Nonelectrophysiological technologies

Nonelectrophysiological assays include nonfunctional assays and indirect functional assays. 
Under nonfunctional assay category, there are radioligand binding, fluorescence polariza-
tion (FP), fluorescence resonance energy transfer (FRET), and a series of fragment-based lead 
discovery assays. These assays can detect high-affinity binding, which makes them useful 
for kinetic studies and lead optimization. However, their major limitation is that the ligand 
binding sometimes does not translate into functional effects.

Indirect functional assays include ion flux assay and fluorescence membrane potential assays. 
These assays do not have precise voltage control and do not directly measure channel con-
ductance. Hence, these assays are prone to false positives from autofluorescence, ionophore, 
off-target effect, and cellular toxicity and in many cases cannot detect state-dependent modu-
lators, thus needing to be redesigned [1] and validated using tool compounds in early assay 
development stage. Overall, these indirect functional assays have been commonly used for 
Nav channel drug discovery primary screening, due to their functional correlation and uHTS 
amenable assay properties.

2.1. Radioligand binding assays

Radioligand binding assays have been extensively employed for various targets. These assays 
are cost-efficient, amenable for automation, and relatively easy to perform. Due to the lack 
of functional information, this assay format is usually not used for primary screening, but 
often employed during lead optimization stage to determine binding affinity, kinetics, and 
mechanism of action.

Ligand binding assays address the affinity between a ligand and its target:  K = 1 /  K  
d
   , which can 

be measured from kinetic experiments. In association experiments, multiple   K  
obs

    are measured 
at different ligand concentrations [C]. And   K  

off
    is measured in dissociation experiment at equi-

librium condition. Then the association   K  
on

    and dissociation   K  
off

    rate constants can be calculated 
from Eq. 1, and   K  

d
    can be calculated from Eq. 2:

   K  ob   =  K  off   +  K  on   ×  [C]   (1)

   K  d   =  K  off   /  K  on    (2)

Binding experiments are relatively easy to perform and achieve high throughput. The assay 
development needs to avoid multiple issues, such as non-equilibrium dissociation and ligand 
depletions, which can be exacerbated by undetected impurities in the ligands studied.

Based on the nature of binding assays, the major limitation of this assay is that the studying 
subject compound needs to bind to the same or allosterically linked site of the ligand. This is 
particularly the case for Nav channels’ target, due to Nav channels’ high complexity and the 
high homology between intra-α subunit four domains and nine inter-Nav subtypes.
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for several decades. They are cost-effective and amenable to high-throughput screening. 
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potential assays only measure channel function indirectly and are prone to artifacts such 
as autofluorescence, ionophore, and cellular toxicity. Electrophysiology is considered as 
the gold standard. However, traditional electrophysiology is significantly limited by its low 
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Same as any other drug targets, ion channel drug discovery refers to the process by which 
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between target validation biology research and drug clinic development. The process of ion 
channel drug discovery can be arbitrarily divided to three stages: primary screening, hit con-
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tion stage, often automated patch clamp (APC) platforms are used to test HTS hits. Hits are 
conformed, and their selectivity is confirmed by counter screening against other relevant iso-
forms. At the lead optimization stage, compounds are optimized on multiple fronts, including 
potency, selectivity, DMPK properties, efficacy, and toxicity.

Figure 1. Ion channel drug discovery strategy. Strategies for the implementation of multiple assay platforms in Nav 
channel drug discovery in the three stages of drug early development: SAR, structure-action relation; MOA, mechanism 
of action; DMPK, drug metabolism and pharmacokinetics.
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2. Nonelectrophysiological technologies

Nonelectrophysiological assays include nonfunctional assays and indirect functional assays. 
Under nonfunctional assay category, there are radioligand binding, fluorescence polariza-
tion (FP), fluorescence resonance energy transfer (FRET), and a series of fragment-based lead 
discovery assays. These assays can detect high-affinity binding, which makes them useful 
for kinetic studies and lead optimization. However, their major limitation is that the ligand 
binding sometimes does not translate into functional effects.

Indirect functional assays include ion flux assay and fluorescence membrane potential assays. 
These assays do not have precise voltage control and do not directly measure channel con-
ductance. Hence, these assays are prone to false positives from autofluorescence, ionophore, 
off-target effect, and cellular toxicity and in many cases cannot detect state-dependent modu-
lators, thus needing to be redesigned [1] and validated using tool compounds in early assay 
development stage. Overall, these indirect functional assays have been commonly used for 
Nav channel drug discovery primary screening, due to their functional correlation and uHTS 
amenable assay properties.

2.1. Radioligand binding assays

Radioligand binding assays have been extensively employed for various targets. These assays 
are cost-efficient, amenable for automation, and relatively easy to perform. Due to the lack 
of functional information, this assay format is usually not used for primary screening, but 
often employed during lead optimization stage to determine binding affinity, kinetics, and 
mechanism of action.

Ligand binding assays address the affinity between a ligand and its target:  K = 1 /  K  
d
   , which can 

be measured from kinetic experiments. In association experiments, multiple   K  
obs

    are measured 
at different ligand concentrations [C]. And   K  

off
    is measured in dissociation experiment at equi-

librium condition. Then the association   K  
on

    and dissociation   K  
off

    rate constants can be calculated 
from Eq. 1, and   K  

d
    can be calculated from Eq. 2:

   K  ob   =  K  off   +  K  on   ×  [C]   (1)

   K  d   =  K  off   /  K  on    (2)

Binding experiments are relatively easy to perform and achieve high throughput. The assay 
development needs to avoid multiple issues, such as non-equilibrium dissociation and ligand 
depletions, which can be exacerbated by undetected impurities in the ligands studied.

Based on the nature of binding assays, the major limitation of this assay is that the studying 
subject compound needs to bind to the same or allosterically linked site of the ligand. This is 
particularly the case for Nav channels’ target, due to Nav channels’ high complexity and the 
high homology between intra-α subunit four domains and nine inter-Nav subtypes.

Voltage-Gated Sodium Channel Drug Discovery Technologies and Challenges
http://dx.doi.org/10.5772/intechopen.80370

47



2.2. Nonradioligand binding assays

Traditional nonradioligand binding assays use fluorescence labeling to detect binding, 
including fluorescence polarization (FP) to measure the change in the rotational speed of a 
fluorescent-labeled ligand once it is bound; total internal reflection fluorescence (TIRF) labels 
target instead of ligand to measure fluorescence rotational change upon ligand binding; fluo-
rescence resonance energy transfer (FRET) labels both ligand and target with a pair of donor 
and acceptor fluorescent molecules to measure fluorescent energy transfer. All these methods 
require that fluorescence labeling should not interfere with target-ligand interaction.

Another category of nonradioligand drug binding assays is fragment-based lead discov-
ery (FBLD) technologies. Among them, nuclear magnetic resonance (NMR) spectroscopy 
is considered as the gold standard, as it measures chemical shift between free and bound 
targets in 15N/1H, 13C/1H, and/or other labeled atom’s two-dimensional correlation spectra 
to provide molecular interaction information [2]. In the past decade, many label-free tech-
nologies emerged to provide new options (Table 1). Isothermal titration calorimetry (ITC) 
and microscale thermophoresis (MST) technologies measure thermodynamic change 
associated with ligand binding in solution. A quartz crystal microbalance (QCM) mea-
sures a mass variation per unit area via the change in frequency of a quartz crystal resona-
tor. Surface plasmon resonance (SPR), second harmonic generation (SHG), and biolayer 
interferometry (BLI) measure optical change through a sensor, which usually requires 
immobilizing one binding reaction component on the sensor surface. Typical applications 
of these FBLD technologies include fragment-based screening, binding studies for tar-
get engagement, Kd measurements, and protein conformational changes. Many of these 
methods, such as surface plasmon resonance (SPR), can provide insights to enzymatic 
reactions by directly monitoring and quantifying the binding and depletion of the reaction 
components in real time. The advancement of increased sensitivity and implementation 
of automated systems have broadened the use of FBLD technologies in drug discovery, 
especially in lead optimization drug discovery stage mechanism-of-action studies.

2.3. Membrane potential assays

Membrane potential assays have been widely used in Nav channel drug discovery. Two types 
of membrane potential assays have been developed [3, 4]. One uses membrane potential dye 
and fluorescence imaging plate reader (FLIPR) (Molecular Devices, Sunnyvale, CA). Another 
measures fluorescence resonance energy transfer (FRET) between a voltage-sensing oxonol 
acceptor and a fluorescent membrane-bound coumarin dye. Both methods have been used to 
identify modulators for Nav1.6, Nav1.7, and Nav1.8.

The major drawback for these assays is their reliance on using nonphysiological relevant toxin 
openers (e.g., veratridine, deltamethrin, or batrachotoxin) to elicit channel response. These 
toxins remove inactivation and causes persistent channel opening through its binding to the 
intracellular pore domain (Site 2). The assay can successfully detect inhibition by TTX and 
tetracaine, but it fails to detect Nav1.7-selective aryl sulfonamides, such as PF-05089771 and 
GX-936. A new strategy of eliminating key LA binding site mutation N1742 K in Nav1.7, 
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2.2. Nonradioligand binding assays

Traditional nonradioligand binding assays use fluorescence labeling to detect binding, 
including fluorescence polarization (FP) to measure the change in the rotational speed of a 
fluorescent-labeled ligand once it is bound; total internal reflection fluorescence (TIRF) labels 
target instead of ligand to measure fluorescence rotational change upon ligand binding; fluo-
rescence resonance energy transfer (FRET) labels both ligand and target with a pair of donor 
and acceptor fluorescent molecules to measure fluorescent energy transfer. All these methods 
require that fluorescence labeling should not interfere with target-ligand interaction.

Another category of nonradioligand drug binding assays is fragment-based lead discov-
ery (FBLD) technologies. Among them, nuclear magnetic resonance (NMR) spectroscopy 
is considered as the gold standard, as it measures chemical shift between free and bound 
targets in 15N/1H, 13C/1H, and/or other labeled atom’s two-dimensional correlation spectra 
to provide molecular interaction information [2]. In the past decade, many label-free tech-
nologies emerged to provide new options (Table 1). Isothermal titration calorimetry (ITC) 
and microscale thermophoresis (MST) technologies measure thermodynamic change 
associated with ligand binding in solution. A quartz crystal microbalance (QCM) mea-
sures a mass variation per unit area via the change in frequency of a quartz crystal resona-
tor. Surface plasmon resonance (SPR), second harmonic generation (SHG), and biolayer 
interferometry (BLI) measure optical change through a sensor, which usually requires 
immobilizing one binding reaction component on the sensor surface. Typical applications 
of these FBLD technologies include fragment-based screening, binding studies for tar-
get engagement, Kd measurements, and protein conformational changes. Many of these 
methods, such as surface plasmon resonance (SPR), can provide insights to enzymatic 
reactions by directly monitoring and quantifying the binding and depletion of the reaction 
components in real time. The advancement of increased sensitivity and implementation 
of automated systems have broadened the use of FBLD technologies in drug discovery, 
especially in lead optimization drug discovery stage mechanism-of-action studies.

2.3. Membrane potential assays

Membrane potential assays have been widely used in Nav channel drug discovery. Two types 
of membrane potential assays have been developed [3, 4]. One uses membrane potential dye 
and fluorescence imaging plate reader (FLIPR) (Molecular Devices, Sunnyvale, CA). Another 
measures fluorescence resonance energy transfer (FRET) between a voltage-sensing oxonol 
acceptor and a fluorescent membrane-bound coumarin dye. Both methods have been used to 
identify modulators for Nav1.6, Nav1.7, and Nav1.8.

The major drawback for these assays is their reliance on using nonphysiological relevant toxin 
openers (e.g., veratridine, deltamethrin, or batrachotoxin) to elicit channel response. These 
toxins remove inactivation and causes persistent channel opening through its binding to the 
intracellular pore domain (Site 2). The assay can successfully detect inhibition by TTX and 
tetracaine, but it fails to detect Nav1.7-selective aryl sulfonamides, such as PF-05089771 and 
GX-936. A new strategy of eliminating key LA binding site mutation N1742 K in Nav1.7, 
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combined with using a new activator 1KαPMTX, was recently reported [1]. This new assay 
was able to detect aryl sulfonamides, with significantly reduced sensitivity to LAs, hence 
shifting the assay toward non–pore-binding mechanism. Such a mechanism-specific assay 
design can be applied to other ion channels to facilitate discovering subtype-selective drug.

2.4. Ion flux assays

Early ion flux assays were primarily developed on radionuclide ions such as 45Ca2+ and 22Na+. 
However, in the 1980s the development of ion-selective fluorescent dye-based indicators rev-
olutionized the measurement of ion flux assay. This method provides an indirect functional 
detection for ion channel activity, especially for calcium and potassium channels due to the 
robust signals of calcium dye and thallium dye. Unfortunately, fluorescent Na+ dyes have rel-
atively weak signals and are not amenable to reporting Na+ concentration. However, Na+ con-
centration can be quantitated by using atomic absorption spectroscopy (AAS). Additionally, 
radioisotopic 22Na+ still can be used as a tracer for Nav flux assay [5].

3. Extracellular electrophysiological technologies

Extracellular electrophysiological recording technologies employ direct or indirect electrical 
stimuli to a population of cell, in most cases a whole well confluent cell, and record target 
ion channel activity either from direct electrical signal or indirect fluorescent dye methods. 
These methods provide electrophysiological-involved functional assays at extracellular level, 
which usually represent a more physiological relevant environment, thus different from 
non-electrophysiological assays and typical single-cell and subcell-level electrophysiological 
patch clamp assays.

3.1. Optogenetics assay

The integration of optogenetics tools with membrane potential assays provides a powerful 
approach for Nav channel research and drug discovery [6]. Instead of using nonphysiologi-
cal stimuli, optogenetics controls membrane potential by using light-activated channelrho-
dopsins (ChR2, ChR1, VChR1, and SFOs); therefore, channels can be populated to specific 
state, and state-dependent modulators can be identified. After optimizing the performance of 
channelrhodopsins and voltage reporters, this technique may contribute to Nav channel drug 
discovery. One potential drawback could be the introduction of false positives derived from 
interferences with channelrhodopsins and membrane potential dyes.

3.2. Electric field stimulation (EFS) assay

Recently, electric field stimulation (EFS) assay has been reported in studying Nav1.7 function 
in cultured rat sensory neurons. This method utilizes electrical field stimulation to evoke action 
potential and record action potential-driven calcium transients in the neurons through live cell 
imaging. This method provides a novel functional phenotypic assay platform to study voltage-
gated ion channels in the network of excitable primary cell and induced pluripotent stem cell [7].
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3.3. Multielectrode arrays (MEA)

Multielectrode arrays (MEAs) are a useful tool for monitoring the functional activity of sev-
eral individual, electrically excitable cells within a larger population. MEA platforms enable 
noninvasive, longitudinal monitoring of cellular networks over weeks and months, so activity 
patterns during development and functional effects of acute and chronic treatment paradigms 
could be determined [8–10]. Recently, the availability of multiwell MEA plates has allowed 
for increased throughput, offering the ability to perform complete concentration-effect curves 
on cell populations.

4. Classical electrophysiological technologies

Single-cell-based electrophysiology remains the gold standard assay for Nav channel research, 
since it controls membrane voltage and measures ionic current directly, therefore assessing 
channel activities at distinct states. Despite the high information content, the utility of manual 
patch clamp electrophysiology is significantly limited by high demand for labor and skills. 
Therefore, automated patch clamp (APC) platforms have emerged to meet this challenge.

4.1. APC development and advancement

Many automated patch clamp (APC) technology platforms have been developed in the past 
decade [11, 12]. These include lipid bilayer recording (e.g., Orbit, from Nanion Technologies), 
Xenopus oocytes’ two-electrode recording (e.g., OpusXpress, from Molecular Devices), glass 
pipette electrode recording (e.g., FlyScreen 8500, from Flyion), continuous microfluidic-based 
recording (e.g., IonFlux, Mercury, from Fluxion), and most notably chip- or plate-based pla-
nar recording technologies (Table 2, IonWorks HT, Quattro, PatchXpress 7000A, IonWorks 
Quattro, and Barracuda from Molecular Devices; QPatch16, QPatch HT, Qube from Sophion; 
Port-a-Patch, Patchliner SyncroPatch 96, 384PE, 768PE from Nanion). Among the planar plat-
forms, the third-generation IonWorks Barracuda, Qube, and SyncroPatch 384PE/768PE have 
gained the most attention due to their high throughput, i.e., recording 384 or more cells in 
parallel.

IonWorks Barracuda was launched in 2010 and was applied for compound screening on 
hERG, CaV2.2, and Nav channels [13–15]. Barracuda uses perforated-patch configuration; 
the seal resistance was ~120 MΩ for single-hole mode and ~35 MΩ for population patch mode 
(64 holes). In 2014, Qube (Biolin Scientific, Sweden) and SyncroPatch (Nanion Technologies, 
German) were introduced with promised giga-seal data quality. Both platforms use 384 chan-
nel digital amplifier and 384 pipetting robot, borosilicate glass-based single- or multi-hole 
chips, and programmable negative pressure to achieve whole-cell configuration. However, 
they also differ in many regards. For example, Qube adopts an in-chip microfluid design 
to enable solution exchange, while SyncroPatch uses a liquid handler (e.g., BiomeK) so the 
system can be integrated for automation. SyncroPatch also can integrate two 384 modules into 
one robot platform, so 768 well parallel recording is feasible.
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combined with using a new activator 1KαPMTX, was recently reported [1]. This new assay 
was able to detect aryl sulfonamides, with significantly reduced sensitivity to LAs, hence 
shifting the assay toward non–pore-binding mechanism. Such a mechanism-specific assay 
design can be applied to other ion channels to facilitate discovering subtype-selective drug.

2.4. Ion flux assays

Early ion flux assays were primarily developed on radionuclide ions such as 45Ca2+ and 22Na+. 
However, in the 1980s the development of ion-selective fluorescent dye-based indicators rev-
olutionized the measurement of ion flux assay. This method provides an indirect functional 
detection for ion channel activity, especially for calcium and potassium channels due to the 
robust signals of calcium dye and thallium dye. Unfortunately, fluorescent Na+ dyes have rel-
atively weak signals and are not amenable to reporting Na+ concentration. However, Na+ con-
centration can be quantitated by using atomic absorption spectroscopy (AAS). Additionally, 
radioisotopic 22Na+ still can be used as a tracer for Nav flux assay [5].

3. Extracellular electrophysiological technologies

Extracellular electrophysiological recording technologies employ direct or indirect electrical 
stimuli to a population of cell, in most cases a whole well confluent cell, and record target 
ion channel activity either from direct electrical signal or indirect fluorescent dye methods. 
These methods provide electrophysiological-involved functional assays at extracellular level, 
which usually represent a more physiological relevant environment, thus different from 
non-electrophysiological assays and typical single-cell and subcell-level electrophysiological 
patch clamp assays.

3.1. Optogenetics assay

The integration of optogenetics tools with membrane potential assays provides a powerful 
approach for Nav channel research and drug discovery [6]. Instead of using nonphysiologi-
cal stimuli, optogenetics controls membrane potential by using light-activated channelrho-
dopsins (ChR2, ChR1, VChR1, and SFOs); therefore, channels can be populated to specific 
state, and state-dependent modulators can be identified. After optimizing the performance of 
channelrhodopsins and voltage reporters, this technique may contribute to Nav channel drug 
discovery. One potential drawback could be the introduction of false positives derived from 
interferences with channelrhodopsins and membrane potential dyes.

3.2. Electric field stimulation (EFS) assay

Recently, electric field stimulation (EFS) assay has been reported in studying Nav1.7 function 
in cultured rat sensory neurons. This method utilizes electrical field stimulation to evoke action 
potential and record action potential-driven calcium transients in the neurons through live cell 
imaging. This method provides a novel functional phenotypic assay platform to study voltage-
gated ion channels in the network of excitable primary cell and induced pluripotent stem cell [7].
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3.3. Multielectrode arrays (MEA)

Multielectrode arrays (MEAs) are a useful tool for monitoring the functional activity of sev-
eral individual, electrically excitable cells within a larger population. MEA platforms enable 
noninvasive, longitudinal monitoring of cellular networks over weeks and months, so activity 
patterns during development and functional effects of acute and chronic treatment paradigms 
could be determined [8–10]. Recently, the availability of multiwell MEA plates has allowed 
for increased throughput, offering the ability to perform complete concentration-effect curves 
on cell populations.

4. Classical electrophysiological technologies

Single-cell-based electrophysiology remains the gold standard assay for Nav channel research, 
since it controls membrane voltage and measures ionic current directly, therefore assessing 
channel activities at distinct states. Despite the high information content, the utility of manual 
patch clamp electrophysiology is significantly limited by high demand for labor and skills. 
Therefore, automated patch clamp (APC) platforms have emerged to meet this challenge.

4.1. APC development and advancement

Many automated patch clamp (APC) technology platforms have been developed in the past 
decade [11, 12]. These include lipid bilayer recording (e.g., Orbit, from Nanion Technologies), 
Xenopus oocytes’ two-electrode recording (e.g., OpusXpress, from Molecular Devices), glass 
pipette electrode recording (e.g., FlyScreen 8500, from Flyion), continuous microfluidic-based 
recording (e.g., IonFlux, Mercury, from Fluxion), and most notably chip- or plate-based pla-
nar recording technologies (Table 2, IonWorks HT, Quattro, PatchXpress 7000A, IonWorks 
Quattro, and Barracuda from Molecular Devices; QPatch16, QPatch HT, Qube from Sophion; 
Port-a-Patch, Patchliner SyncroPatch 96, 384PE, 768PE from Nanion). Among the planar plat-
forms, the third-generation IonWorks Barracuda, Qube, and SyncroPatch 384PE/768PE have 
gained the most attention due to their high throughput, i.e., recording 384 or more cells in 
parallel.

IonWorks Barracuda was launched in 2010 and was applied for compound screening on 
hERG, CaV2.2, and Nav channels [13–15]. Barracuda uses perforated-patch configuration; 
the seal resistance was ~120 MΩ for single-hole mode and ~35 MΩ for population patch mode 
(64 holes). In 2014, Qube (Biolin Scientific, Sweden) and SyncroPatch (Nanion Technologies, 
German) were introduced with promised giga-seal data quality. Both platforms use 384 chan-
nel digital amplifier and 384 pipetting robot, borosilicate glass-based single- or multi-hole 
chips, and programmable negative pressure to achieve whole-cell configuration. However, 
they also differ in many regards. For example, Qube adopts an in-chip microfluid design 
to enable solution exchange, while SyncroPatch uses a liquid handler (e.g., BiomeK) so the 
system can be integrated for automation. SyncroPatch also can integrate two 384 modules into 
one robot platform, so 768 well parallel recording is feasible.
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4.2. APC assay challenges

Even though the APC platform is superior to other nonfunctional or indirect functional assay 
methods by offering precise control of voltage-gated ion channels’ physiological condition 
and direct measurement of channel activity, this technology faces many challenges including 
throughput, success rate, stability, integrating high-throughput data analysis, and lowering 
the equipment and consumable costs. The recently launched third-generation APC systems 
are intended to meet these challenges as a “primary screener” to perform both robust high-
throughput screening and high-quality recording to support drug discovery and ion channel 
research. In order to bring out the best APC performance for each ion channel assay, there 
are many parameters that can be considered for optimization which will be discussed in the 
following section.

4.2.1. Cell line development and cell preparation

Since APC patches cell randomly from the cell suspension solution added into the system, 
the cell quality is critical for every APC assay. If it’s possible, researcher should always pur-
sue the best cell membrane electrophysiological property which includes homogeneous and 
high-target ion channel expression for good recording signal, high cell capacitance for easier 
cell catching, and good membrane property to facilitate achieving whole-cell configuration 
and stable recording. There are many methods that can be used to improve target expression 
such as choosing high expression host cell and expression system and test different medium 
and culture conditions. It is reported that using a gentle cell dissociation method followed 
by a thorough cell debris-removing protocol and adjusting cell solution density will improve 
APC success rate [16]. Also keeping the cell in serum-free medium and at lower temperature 
may improve current [17]. In cell line development and preparation optimization, it is vital to 
validate the target channel response by characterizing its electrophysiological and pharmaco-
logical properties by using reference compounds.

4.2.2. APC cell catching and forming whole-cell protocol

Two important parameters have to be optimized for APC recording, which are cell catching 
and breaking in pressure protocols and intracellular and extracellular solution compositions. 
Many APC systems allow programming advanced pressure protocol including holding, 
ramping, and rupturing steps to achieve best whole-cell configuration success rate. And some 
target and cell may be more sensitive to intracellular cesium and extracellular calcium ion con-
centrations, which usually help to achieve giga-seal. Since each target and cell line is different, 
one optimized pressure and solution protocol may not work well for other targets and cells.

4.2.3. Drug applications

Different APC systems utilize either vail (in lower-throughput platform) or plate (in higher-
throughput platform) format source to deliver compound mostly by using automated liquid 
handler. Compound application usually is executed after recording signal reaching stable. 
Based on the APC system compound adding and washing capability and recording stability, 
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4.2. APC assay challenges

Even though the APC platform is superior to other nonfunctional or indirect functional assay 
methods by offering precise control of voltage-gated ion channels’ physiological condition 
and direct measurement of channel activity, this technology faces many challenges including 
throughput, success rate, stability, integrating high-throughput data analysis, and lowering 
the equipment and consumable costs. The recently launched third-generation APC systems 
are intended to meet these challenges as a “primary screener” to perform both robust high-
throughput screening and high-quality recording to support drug discovery and ion channel 
research. In order to bring out the best APC performance for each ion channel assay, there 
are many parameters that can be considered for optimization which will be discussed in the 
following section.

4.2.1. Cell line development and cell preparation

Since APC patches cell randomly from the cell suspension solution added into the system, 
the cell quality is critical for every APC assay. If it’s possible, researcher should always pur-
sue the best cell membrane electrophysiological property which includes homogeneous and 
high-target ion channel expression for good recording signal, high cell capacitance for easier 
cell catching, and good membrane property to facilitate achieving whole-cell configuration 
and stable recording. There are many methods that can be used to improve target expression 
such as choosing high expression host cell and expression system and test different medium 
and culture conditions. It is reported that using a gentle cell dissociation method followed 
by a thorough cell debris-removing protocol and adjusting cell solution density will improve 
APC success rate [16]. Also keeping the cell in serum-free medium and at lower temperature 
may improve current [17]. In cell line development and preparation optimization, it is vital to 
validate the target channel response by characterizing its electrophysiological and pharmaco-
logical properties by using reference compounds.

4.2.2. APC cell catching and forming whole-cell protocol

Two important parameters have to be optimized for APC recording, which are cell catching 
and breaking in pressure protocols and intracellular and extracellular solution compositions. 
Many APC systems allow programming advanced pressure protocol including holding, 
ramping, and rupturing steps to achieve best whole-cell configuration success rate. And some 
target and cell may be more sensitive to intracellular cesium and extracellular calcium ion con-
centrations, which usually help to achieve giga-seal. Since each target and cell line is different, 
one optimized pressure and solution protocol may not work well for other targets and cells.

4.2.3. Drug applications

Different APC systems utilize either vail (in lower-throughput platform) or plate (in higher-
throughput platform) format source to deliver compound mostly by using automated liquid 
handler. Compound application usually is executed after recording signal reaching stable. 
Based on the APC system compound adding and washing capability and recording stability, 
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researchers chose to apply multiple concentrations of a compound to one recording, which 
usually decrease recording success rate but increase throughput comparing to single-dose 
application per recording. Also in order to avoid compound sticking to its container or pipette, 
the siliconizing reagent for glass and other surfaces can be included in the compound buffer 
after being validated using reference compounds.

4.2.4. Recording stability

In order to validate the pharmaceutical effect from adding compound, it’s important to 
include positive and negative controls to monitor recording stability. In the ideal condition, 
the negative control recording should remain stable throughout the whole experiment, which 
requires cell membrane seal resistance, cell capacitance, and series resistance to remain stable. 
To achieve this, each APC assay usually needs to be optimized with various conditions, 
including intracellular and extracellular solution compositions, voltage protocol, pressure 
protocol, and experimental procedure design. Many times, the current decrease independent 
of any compound application can be observed, which is called “rundown.” For Nav channel, 
rundown is usually caused by the holding membrane voltage (Vm), in which the closer Vm to 
half inactivation, the stronger slow inactivation-inducing effect will occur. So in order to exam 
inactive state-dependent modulator, the Nav assay voltage protocol has to be well designed 
and validated.

4.2.5. High-throughput data analysis

High-throughput data analysis is another major challenge in developing APC assay, espe-
cially in performing high-throughput screening. It is essential to build a robust high-through-
put data analysis method in the assay development stage. To achieve this, two issues need to 
be overcome. One is data reduction strategy, which means extracting key parameters from 
each current sweep, such as peak current amplitude for signal change analysis, and three 
recording quality control (QC) parameters including seal resistance, cell capacitance, and 
series resistance. Another issue is to develop a robust and reliable data QC strategy to exclude 
poor-quality recordings, which can be achieved by using self-developed script program or 
commercial available software by setting proper QC criteria for the three QC parameters’ 
value and stabilities at the desired time points of the experiment.

5. Concluding remarks

The advancement of technologies has made significant impact on Nav channel research and 
drug discovery in the past decade. As true for all drug screenings, no universal screening 
strategy can fit for all needs. Currently, primary uHTS is usually performed by using a vali-
dated non-electrophysiological functional assay and followed up by APC assay for potential 
hits’ confirmation and characterization. Overall, the advancement of high-throughput APC 
coupled with rational assay designs has offered unprecedented capacity for Nav channel 
drug discovery.
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researchers chose to apply multiple concentrations of a compound to one recording, which 
usually decrease recording success rate but increase throughput comparing to single-dose 
application per recording. Also in order to avoid compound sticking to its container or pipette, 
the siliconizing reagent for glass and other surfaces can be included in the compound buffer 
after being validated using reference compounds.

4.2.4. Recording stability

In order to validate the pharmaceutical effect from adding compound, it’s important to 
include positive and negative controls to monitor recording stability. In the ideal condition, 
the negative control recording should remain stable throughout the whole experiment, which 
requires cell membrane seal resistance, cell capacitance, and series resistance to remain stable. 
To achieve this, each APC assay usually needs to be optimized with various conditions, 
including intracellular and extracellular solution compositions, voltage protocol, pressure 
protocol, and experimental procedure design. Many times, the current decrease independent 
of any compound application can be observed, which is called “rundown.” For Nav channel, 
rundown is usually caused by the holding membrane voltage (Vm), in which the closer Vm to 
half inactivation, the stronger slow inactivation-inducing effect will occur. So in order to exam 
inactive state-dependent modulator, the Nav assay voltage protocol has to be well designed 
and validated.

4.2.5. High-throughput data analysis

High-throughput data analysis is another major challenge in developing APC assay, espe-
cially in performing high-throughput screening. It is essential to build a robust high-through-
put data analysis method in the assay development stage. To achieve this, two issues need to 
be overcome. One is data reduction strategy, which means extracting key parameters from 
each current sweep, such as peak current amplitude for signal change analysis, and three 
recording quality control (QC) parameters including seal resistance, cell capacitance, and 
series resistance. Another issue is to develop a robust and reliable data QC strategy to exclude 
poor-quality recordings, which can be achieved by using self-developed script program or 
commercial available software by setting proper QC criteria for the three QC parameters’ 
value and stabilities at the desired time points of the experiment.

5. Concluding remarks

The advancement of technologies has made significant impact on Nav channel research and 
drug discovery in the past decade. As true for all drug screenings, no universal screening 
strategy can fit for all needs. Currently, primary uHTS is usually performed by using a vali-
dated non-electrophysiological functional assay and followed up by APC assay for potential 
hits’ confirmation and characterization. Overall, the advancement of high-throughput APC 
coupled with rational assay designs has offered unprecedented capacity for Nav channel 
drug discovery.
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Abstract

In the past decade, hundreds of mutations have been found in the SCN1A (sodium 
voltage-gated channel α subunit 1) gene in the epileptic patients. The functioning of the 
SCN1A gene products is intensively studied in the neuroscience field. The loss-of-function 
mutations of the SCN1A gene are the causative factor of Dravet syndrome, an intractable 
epilepsy syndrome. With the loss-of-function Nav1.1 (the protein encoded by SCN1A 
gene), the selective dysfunction of the inhibitory parvalbumin (PV) interneurons impairs 
the balance of excitatory and inhibitory synaptic inputs to the downstream neurons, and 
causes the hyperexcitability of the neuronal network. The underlying mechanism is that 
the axon initial segments (AISs) of inhibitory parvalbumin interneurons predominantly 
express Nav1.1, particularly in the proximal end of the AISs. The deficiency of Nav1.1 
weakens the excitability of the inhibitory parvalbumin neurons and leads to the hyper-
excitability of the neuronal network. The sodium channel blockers, one category of the 
antiepileptic drugs (AEDs) that specifically block the activity of VGSCs, may potentially 
worsen the defect of Nav1.1 of the PV interneurons in the patients with the SCN1A gene 
loss-of-function mutations, aggravate the clinical manifestation, and increase the seizure 
frequency of those patients.

Keywords: epilepsy, Dravet syndrome, voltage-gated sodium channel, axon initial 
segment, interneuron

1. Introduction

Voltage-gated sodium channels (VGSCs) play an essential role in the generation of the action 
potentials, which are the primary way for the communication between the excitable cells, 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[6] Zhang H, Cohen AE. Optogenetic approaches to drug discovery in neuroscience and 
beyond. Trends in Biotechnology. 2017;35:625-639. DOI: 10.1016/j.tibtech.2017.04.002

[7] Yuste R, MacLean J, Vogelstein J, Paninski L. Imaging action potentials with calcium 
indicators. Cold Spring Harbor Protocols. 2011;2011:985-989. DOI: 10.1101/pdb.prot5650

[8] McConnell ER, McClain MA, Ross J, LeFew WR, Shafer TJ. Evaluation of multi-well 
microelectrode arrays for neurotoxicity screening using a chemical training set. Neuro-
toxicology. 2012;33:1048-1057. DOI: 10.1016/j.neuro.2012.05.001

[9] Newberry K, Wang S, Hoque N, Kiss L, Ahlijanian MK, Herrington J, Graef JD.Develop-
ment of a spontaneously active dorsal root ganglia assay using multiwell multielectrode 
arrays. Journal of Neurophysiology. 2016;115:3217-3228. DOI: 10.1152/jn.01122.2015

[10] Massobrio P, Tessadori J, Chiappalone M, Ghirardi M. In Vitro studies of neuronal net-
works and synaptic plasticity in invertebrates and in mammals using multielectrode 
arrays. Neural Plasticity. 2015;2015:1-18. DOI: 10.1155/2015/196195

[11] Picones A, Loza-Huerta A, Segura-Chama P, Lara-Figueroa CO. Contribution of Auto 
mated Technologies to Ion Channel Drug Discovery. Advances in Protein Chemistry 
and Structural Biology. 2016;104:357-378. DOI: 10.1016/bs.apcsb.2016.01.002. Epub 2016 
Mar 3

[12] Comley J. Automated patch clamping finally achieves high throughput! Drug Discovery 
World. 2014;4:45-56

[13] Mannikko R, Bridgland-Taylor MH, Pye H, Swallow S, Abi-Gerges N, et al. Pharmaco-
logical and electrophysiological characterization of AZSMO-23, an activator of the hERG 
K(+) channel. British Journal of Pharmacology. 2015. DOI: 10.1111/bph.13115

[14] Cerne R, Wakulchik M, Li B, Burris KD, Priest BT. Optimization of a high-through-
put assay for calcium channel modulators on IonWorks Barracuda. Assay and Drug 
Development Technologies. 2016;14:75-83. DOI: 10.1089/adt.2015.678

[15] Cerne R, Wakulchik M, Krambis MJ, Burris KD, Priest BT. IonWorks Barracuda assay for 
assessment of state-dependent sodium channel modulators. Assay and Drug Develop-
ment Technologies. 2016;14:84-92. DOI: 10.1089/adt.2015.677

[16] Li T, Lu G, Chiang EY, Chernov-Rogan T, Grogan JL, Chen J. High-throughput electro-
physiological assays for voltage gated ion channels using SyncroPatch 768PE. PLoS One. 
2017;12:e0180154. DOI: 10.1371/journal.pone.0180154

[17] Danker T, Möller C. Early identification of hERG liability in drug discovery programs 
by automated patch clamp. Frontiers in Pharmacology. 2014;5:203. DOI: 10.3389/fphar. 
2014.00203

Ion Channels in Health and Sickness56

Chapter 4

Genetic Defects of Voltage-Gated Sodium Channel α
Subunit 1 in Dravet Syndrome and the Patients’
Response to Antiepileptic Drugs

Tian Li

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76390

Provisional chapter

DOI: 10.5772/intechopen.76390

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Genetic Defects of Voltage-Gated Sodium Channel 
α Subunit 1 in Dravet Syndrome and the Patients’ 
Response to Antiepileptic Drugs

Tian Li

Additional information is available at the end of the chapter

Abstract

In the past decade, hundreds of mutations have been found in the SCN1A (sodium 
voltage-gated channel α subunit 1) gene in the epileptic patients. The functioning of the 
SCN1A gene products is intensively studied in the neuroscience field. The loss-of-function 
mutations of the SCN1A gene are the causative factor of Dravet syndrome, an intractable 
epilepsy syndrome. With the loss-of-function Nav1.1 (the protein encoded by SCN1A 
gene), the selective dysfunction of the inhibitory parvalbumin (PV) interneurons impairs 
the balance of excitatory and inhibitory synaptic inputs to the downstream neurons, and 
causes the hyperexcitability of the neuronal network. The underlying mechanism is that 
the axon initial segments (AISs) of inhibitory parvalbumin interneurons predominantly 
express Nav1.1, particularly in the proximal end of the AISs. The deficiency of Nav1.1 
weakens the excitability of the inhibitory parvalbumin neurons and leads to the hyper-
excitability of the neuronal network. The sodium channel blockers, one category of the 
antiepileptic drugs (AEDs) that specifically block the activity of VGSCs, may potentially 
worsen the defect of Nav1.1 of the PV interneurons in the patients with the SCN1A gene 
loss-of-function mutations, aggravate the clinical manifestation, and increase the seizure 
frequency of those patients.

Keywords: epilepsy, Dravet syndrome, voltage-gated sodium channel, axon initial 
segment, interneuron

1. Introduction

Voltage-gated sodium channels (VGSCs) play an essential role in the generation of the action 
potentials, which are the primary way for the communication between the excitable cells, 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



particularly the neurons. The action potential is the fast method to collect the afferent sensory 
information and to relay the efferent motor commands in the nervous system. The pathways 
to transfer the action potentials rely on the organized expression and the proper functioning 
of VGSCs [1]. The genetic mutations that cause the defected expression of VGSCs or the mal-
function of the altered VGSC gene products impair the physiological function of conduction 
pathway [2], nerve nuclei [3], and cortical neurons [4]. Epilepsy is a common multifactorial 
neurological disease that is caused by both environmental and genetic factors [5]. Several 
ion-channel genes are evidently associated with epilepsy, such as SCN1A [6], SCN2A (sodium 
voltage-gated channel α subunit 2) [7], SCN8A (sodium voltage-gated channel α subunit 8) 
[8], GABRA1 (gamma-aminobutyric acid type A receptor α 1 subunit), GABRG2 (gamma- 
aminobutyric acid type A receptor γ2 subunit) [9], and KCNA2 (potassium voltage-gated 
channel subfamily A member 2) [10]. Those genes predominantly control at least one critical 
event in a specific neuron type or/and a particular subcellular region during the physiological 
functioning of the neurons. The irreversible dysfunction of those gene products leads to the 
permanent pathological alteration of the targeted neurons and increases the susceptibility to 
seizures.

2. VGSC α subunit 1 and Dravet syndrome

Nav1.1 existing in the majority in the brain and was labeled at the soma and dendrites 
of the neurons in the early studies, referred as Na + channel subtype RI, or Type I Na(+) 
channel alpha-subunit [11, 12]. Nowadays, more than 1000 mutations [13] have been found 
in the SCN1A genes. They have been believed as the causative factors of generalized epi-
lepsy with febrile seizure plus (GEFS+) [14], Dravet syndrome (severe myoclonic epilepsy 
of infancy—SMEI) [15], and migraine [16]. The SCN1A gene could be called as “an epilepsy 
gene” because of its close relationship with febrile seizures and the epilepsies with ante-
cedent febrile seizures [13]. Dravet syndrome has been intensively studied within SCN1A 
gene mutations, the related functional analysis [6, 17], and the high phenotype-genotype 
correlations to SCN1A gene [18]. It is a rare disease of 1-to-40,000 incidence in the USA at 
estimate and 1-per-15,700 incidence in northern California with evidence [19]. The debili-
tating clinical progress goes from the “febrile stage” in the first year of life, the “worsening 
stage” until the age of 6 years, to the “stabilization stage” in the rest of life [20]. The clinical 
case may have the family history of epilepsy or febrile seizures, no previous medical history 
(an apparently normal baby), and the generalized or unilateral febrile seizures beginning 
in the first year followed by myoclonic jerks, partial seizures, atypical absence, and status 
epilepticus. The patients progressively lose the neurological functioning, such as retarded 
psychomotor development, ataxia, pyramidal signs, interictal myoclonus, intellectual defi-
ciency or cognitive impairment, and personality disorders [21]. A French pediatrician, Dr. 
Charlotte Dravet, first described the rare disease in 1978 [22], and in 2001, Lieve Claes team 
in Belgium found seven SCN1A gene mutations in SMEI patients, including four frame-
shift and truncation mutations (c.657-658delAG, c.3299-3300insAA, c.5010-5013delGTTT, 
and c.5536-5539delAAAC), one nonsense mutation (c.664C>T), one splice donor mutation 
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(IVS22+1G>A), and one missense mutation (c.2956C>T) [15]. The subsequent genotyping 
studies indicated that the SCN1A gene truncation mutations appeared with the higher 
frequency in Dravet syndrome than in the milder phenotype of febrile seizure-related 
epilepsy, and furthermore, the cognitive function impairment of the SCN1A-positive epi-
lepsy patients also associated with the truncation variants, regardless of age at seizure 
onset [23]. Those truncation mutations severely alter the molecular structure of sodium 
channel, reduce the expression amount of the SCN1A gene products, and hence severely 
impact the Nav1.1-VGSC functioning in the neurons. The underlying pathogenic mecha-
nism of one-allele truncation could be due to the haploinsufficiency (the loss of the half 
amount of Nav1.1) [24] or a dominant-negative effect that represents the mutated proteins 
(truncated Nav1.1) negatively affect wild-type products (normal allele-expressed Nav1.1) 
[25]. However, the truncated Nav1.1 protein in the human brain sample of a patient with 
Dravet syndrome was not detected, while the mRNA of both the wild-type and the trun-
cation mutations was equally expressed. It was explained as the endoplasmic reticulum-
associated degradation of the misfolded or misassembled protein caused the absence of 
the truncated Nav1.1 protein [26]. Therefore, the lower expression of the Nav1.1 protein, 
the haploinsufficiency of SCN1A gene, should be the main pathogenesis of SCN1A trunca-
tion mutations. The remaining mutations of SCN1A gene causing Dravet syndrome are 
the missense and splice-site mutations that mistakenly code the amino acids building the 
pore-forming region of VGSC [27] and cause the severe impairment of the function and 
electrophysiological properties of the Nav1.1 protein (VGSC α subunit 1) [28–30].

Both the haploinsufficiency and the pore-forming mutations of SCN1A gene impact the VGSC 
function severely because structurally the Nav1.1 protein constructs the main part of VGSC 
complex. This type of sodium channel is made up of a large pore-forming glycosylated α 
subunit and one or two small β subunits non-covalently (β1 or β3) or covalently (β2 or β4) 
associated with the large α subunit. The α subunit is coded by SCN1A-SCN11A gene (Nav1.1-
Nav1.9 protein) and responsible for the generation of transmembrane sodium current. The β 
subunits regulate the electrophysiological properties of sodium current (the gating and kinet-
ics of α subunits) and the subcellular location or expression of α subunit [31]. Those muta-
tions disable the main part of VGSC, α subunit, by either the insufficient amount of subunit 
for the complex resembling or the structurally altered subunit to make the malfunctioning 
complex. The primary structure of the VGSC α subunit contains four internally repeated 
transmembrane domains (I–IV). Each domain includes six α-helical transmembrane segments 
(S1–S6). The S1–S4 segments are the voltage-sensing module, and the S5–S6 segments are the 
pore-forming module (D400, E755, K1237, and A1529 in each of four homologous domains, 
forming part of the selectivity filter [32]). Nine members of VGSC α subunits (Nav1.1–Nav1.9) 
have been identified with similar complex structure and functional properties [33]. Nav1.1 is 
tetrodotoxin (TTX)-sensitive and could be blocked by nanomolar concentrations of TTX [34]. 
Nav1.1, Nav1.2 (SCN2A), Nav1.3 (SCN3A), and Nav1.6 (SCN8A) primarily locate in central ner-
vous system and are the primary subtypes of VGSCs in the neurons of brain and spinal cord 
[35]. Four subtypes of VGSC α subunits in the central nervous system express in the specific 
neuron types and the specific subcellular location [36, 37].
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3. Animal models and pathogenic mechanism of Dravet syndrome

Based on the genotyping results that the SCN1A-gene truncation mutations are found in the 
large percentage of patients with Dravet syndrome [18], the scientists produce the genetic mod-
els to disrupt the SCN1A gene by truncation mutations. They successfully duplicate the clini-
cal features in mouse models of Dravet syndrome, such as spontaneous and frequent seizures, 
impaired neurological function, and premature death [4, 38, 39]. Yu et al. at the University of 
Washington, USA, first replaced the last exon (Exon 26) of SCN1A gene of 129/SvJ and C57BL/6 
mice with neomycin-resistance gene cassette to make the truncation at the domain IV, S3 seg-
ment of Nav1.1 protein. By measuring whole-cell sodium currents of the dissociated neurons, 
the authors found a substantial decrease in the sodium current amplitude and other significant 
alteration of electrophysiological features, which indicated the reduced amount of the functional 
VGSCs in Scn1a−/− and Scn1a+/− interneurons. They also confirmed that in those GABAergic 
inhibitory interneurons the VGSC subtype Nav1.3 was upregulated to compensate the reduced 
functional Nav1.1 protein, without the apparent increase of Nav1.2 and Nav1.6 [4]. The group 
of Mistry at the Vanderbilt University, USA, generated another SCN1A gene truncation mice 
in 2014 by disrupting Exon 1 of the SCN1A gene. They measured the electrophysiological fea-
tures of acutely dissociated hippocampal neurons and found that the sodium channel density 
was lower in GABAergic interneurons of the Scn1a+/− mice. Furthermore, the sodium channel 
density in excitatory pyramidal neurons of Scn1a+/− mice was also elevated, which potentially 
correlated with age-dependent lethality. Although the phenotype severity was variable due to 
the factors of strain and age of mice with Dravet syndrome, the findings first emphasized the 
contribution of pyramidal neuron hyperexcitability during the pathological process in the study 
of animal model [38]. Both of the studies point out that the imbalance of electrophysiological 
activities of the excitatory (pyramidal neurons) and the inhibitory neurons (GABAergic inter-
neurons) is the fundamental pathogenesis to cause the intractable seizures in mice with Dravet 
syndrome that had the SCN1A gene truncation mutations.

Furthermore, the Ogiwara group in Japan provided the results from an SCN1A truncation 
knock-in mouse model, which displayed the specific subcellular region of Nav1.1 deficiency 
in those dysfunctional inhibitory neurons. By inserting the nonsense mutation R1407X into 
mouse SCN1A gene, the authors found that the truncated Nav1.1 protein was not detectable 
in either Scn1aRX/RX or Scn1a+/RX knock-in mice. In the neocortex of those developing mouse 
brain, only a subpopulation of the neocortical neurons, the parvalbumin-positive interneu-
rons (PV neurons), had the Nav1.1 immunostaining signals, predominantly at the axon initial 
segments (AISs). Consequently, the Scn1a+/RX neocortical PV interneuron (GAD67+), fast-spik-
ing interneurons, displayed the spike amplitude decrement during prolonged spike trains 
[6, 39]. That important study proved the specific functional defect of the PV neurons and the 
critical pathophysiological role of the PV neurons in Dravet syndrome. Moreover, in an in-
vivo animal study, using the advanced techniques, such as optogenetics, local field potential, 
and multiunit activity signals recording, the authors surprisingly found that the spontaneous 
cortical activity of Scn1a+/− mice did not alter in vivo. Although after sacrificing those mice, 
they could recognize the seizure-related pathological changes in the brain slices, such as the 
hypoexcitability of the parvalbumin and somatostatin interneurons, the rapid propagation of 
epileptiform activity, and the pathogenic synaptic adaptions [40]. Therefore, we could reason 
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that the interneuron hypoexcitability should exist much earlier than the electroencephalogra-
phy (EEG)-positive findings in the patients with Dravet syndrome.

The other type of SCN1A gene mutations causing Dravet syndrome is the missense muta-
tion in the pore-forming region of VGSC. Another group in Japan, using gene-driven ENU  
mutagenesis technique, generated Scn1a-targeted rats carrying a missense mutation N1417H 
miscoding the amino acid in the third pore region of VGSC [29]. The clinical feature of the 
N1417H rat was milder than that of truncation Scn1a mouse models. The rat had neither spon-
taneous seizures nor apparent pathological abnormality in the brain in the earlier life, but at 
postnatal week 5, after a hot water bath about 3.5 min, the rats exhibited clonic seizures. The sus-
ceptibility to hyperthermia-induced seizures increased with age. The hippocampal GABAergic 
interneurons of the N1417H rats were hypoexcitable with the reduced action potential ampli-
tude. The authors believed that the clinical phenotype of the N1417H rat was close to that of 
generalized epilepsy with febrile seizure plus (GEFS+) [41]. However, the common pathogenic 
mechanism of the truncation mutations and the pore-forming region mutations of Nav1.1 is 
the selective interneuron dysfunction and hypoexcitability due to the Nav1.1 deficiency or mal-
function. The results from the study of the N1417H rat enhance the hypothesis that the selec-
tive impairment of the PV interneurons is the primary pathogenesis of febrile seizure–related 
epilepsy syndrome, the clinical spectrum from GEFS+ to Dravet syndrome [18].

4. Inhibitory interneurons and the features for their specialties

During the processing of the neuronal activities in the central nervous system, the simul-
taneous excitation and inhibition assure the proper excitability of the neuronal network 
and the precise control of the neuronal functions. Inhibition in the cortex is generated by 
the GABAergic neurons, which make up about 20% of the cortical neuronal population. 
Compared with the pyramidal cells (excitatory neurons), they have the smaller size and much 
shorter-range projects of the axon to form the local circuit with the nearby neurons and layers 
[42]. The interneurons could generate the long-lasting currents, the faster reaction to stimuli, 
and the higher-frequency signal transmission. The inhibition in a neuronal microcircuit could 
apply at the right millisecond (timing) and with the precise amount (dosing) exactly matching 
the inhibitory demand [42, 43]. The defects of GABAergic neuronal function have been identi-
fied as the contributive factors to the neuronal diseases, such as epilepsy, schizophrenia, and 
autism spectrum disorders [44, 45]. The cell therapy strategy of the GABAergic neurons for 
epilepsy was applied in several significant studies of epileptic model and stem cells [44, 46]. In 
the studies of animal models of Dravet syndrome, the constitutive Na1.1 knockout selectively 
impacted the functioning of the inhibitory parvalbumin interneurons, spared the detectable 
dysfunction of the excitatory neurons, and caused by the imbalance of excitation and inhibi-
tion, which led to the spontaneous and intractable seizures [4, 38, 39]. On the background of 
the Nav1.1 knockout specifically in the PV neurons, the addition of Nav1.1 knockout specifi-
cally in the excitatory neurons could alleviate the clinical manifestation of Dravet syndrome 
[6] and potentially re-balance the excitatory and inhibitory neuronal activity. Based on those 
results, we can understand that the balancing status of inhibitory neurons and excitatory neu-
rons functioning is the determinant of the clinical phenotypes of Drave syndrome.
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apply at the right millisecond (timing) and with the precise amount (dosing) exactly matching 
the inhibitory demand [42, 43]. The defects of GABAergic neuronal function have been identi-
fied as the contributive factors to the neuronal diseases, such as epilepsy, schizophrenia, and 
autism spectrum disorders [44, 45]. The cell therapy strategy of the GABAergic neurons for 
epilepsy was applied in several significant studies of epileptic model and stem cells [44, 46]. In 
the studies of animal models of Dravet syndrome, the constitutive Na1.1 knockout selectively 
impacted the functioning of the inhibitory parvalbumin interneurons, spared the detectable 
dysfunction of the excitatory neurons, and caused by the imbalance of excitation and inhibi-
tion, which led to the spontaneous and intractable seizures [4, 38, 39]. On the background of 
the Nav1.1 knockout specifically in the PV neurons, the addition of Nav1.1 knockout specifi-
cally in the excitatory neurons could alleviate the clinical manifestation of Dravet syndrome 
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The several types of inhibitory interneurons are called as “basket” cells, “chandelier” cells, 
and “Martinotti” cells due to their morphological features. Because of their morphological 
advantages, they connect and inhibit the particular compartment of principal neurons [42]. 
The “basket” cells have the highly branched axons that innervate the target somas and the 
proximal dendrites of pyramidal neurons, as the axonal branches appear like baskets sur-
rounding the pyramidal neurons. In hippocampus CA1, the parvalbumin-expressing bas-
ket cells (PVBCs, 26% of CA1 interneurons) are more than the cholecystokinin-expressing 
basket cells (CCKBCs, 12% of CA1 interneurons) [47]. The PVBCs place 99% output to 
connect the pyramidal cells and the rest 1% output to form the gap junctions and reciprocal 
synaptic connections onto themselves or other interneurons generating gamma oscillation 
[48, 49]. The “chandelier” cells that are also parvalbumin positive have the “cartridges” 
shape of the axonal arbors that selectively inhibit the AISs of pyramidal cells, and hence 
they are also called the axon-axonic cells providing precise control of the action potential 
generation of pyramidal cells [48, 50, 51]. The axon-axonic cells represent about 15% of 
all PV hippocampal interneurons [47]. The “Martinotti” cells target the apical dendritic 
tuft and express the somatostatin and calbindin but not parvalbumin or vasoactive intes-
tinal peptide (VIP) [52]. In the hippocampus, the rest of PV cells is “Bistratified” cells, 
which represent about 25% of PV hippocampal interneurons with the PV-immunosignal 
on the somatodendritic compartments. In the PVBCs, the Na+ channels are sparse in the 
dendrites where K+ channels predominate. The Na+ channels cluster at the AIS of PVBCs. 
In fact, 99% of PVBC Na+ channels are located in the axonal compartment [53]. The unique 
feature of the high-density distribution of Na+ channels at the PVBC AISs determines the 
fast-spiking pattern of the PVBCs, which typically generate uniform, non-changing, and 
high-frequency discharge [54].

5. AIS and VGSC

Axon initial segment (AIS) contains the high density of sodium and potassium channels; the 
scaffolding protein ankyrin G (AnkG), βIV spectrin, and extracellular matrix–binding pro-
tein neurofascin; and the ion channel–associated protein FGF14 (fibroblast growth factor 14). 
Those are necessary to help the sodium channels locate and cluster at the AIS [55]. The AIS has 
the lowest threshold for action potential initiation because of the highest density of sodium 
channels when compared with somatodendritic compartment [53]. The proper functioning 
of AIS is essential for action potential initiation and adaptive cell excitability of both pyrami-
dal cells (excitatory neurons) and GABAergic interneurons (inhibitory neurons). Many factors 
regulate the function of the sodium channels at the AIS [55, 56]. First, the distinctive VGSC 
α subunit types express in specific neuronal types and the particular regions of AIS. In the 
human brain tissue, the fluorescence signals of Nav1.1 have been found at the thinly AnkG-
labeled AIS, which putatively belongs to the interneurons, while Nav1.2 and Nav1.6 are located 
at the AISs of human cortical pyramidal cells [51]. Nav1.6, the low-threshold sodium channel 
subtype, accumulates at the distal end of AIS of cortical pyramidal cells, which is responsible 
for generating the action potentials. The high-threshold Nav1.2 locates at the proximal end of 
AIS of cortical pyramidal cells, which regulates the action potential backpropagation [57]. The 
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Nav1.1 has been found at the proximal end of AIS of cortical and cerebellar interneurons and 
the axons of main olfactory bulb neurons. The Nav1.1 immunosignals predominantly outline 
the axons of the parvalbumin-positive neurons [58]. The action potential threshold of Nav1.6 
is more hyperpolarized (15–25 mV lower) than that of both Nav1.2 and Nav1.1. Unlike Nav1.6 
more likely producing a persistent current, Nav1.1 and Nav1.2 show the apparent use-depen-
dent inactivation (higher than 20 Hz) [59, 60]. Therefore, the accumulated Nav1.6 at the distal 
end of the AIS facilitates the action potential initiation, while Nav1.2 and Nav1.1 subunits gath-
ering at the proximal end of AIS prevent the high-frequency firing of nerve cells backward.

Second, the molecule complex at AIS, composed of the ion channels (Kv1, T-type Ca2+ channel) 
and ligands (FGF14, VGSC β subunit 1, and βIV spectrin), directly or indirectly cooperates 
with Na+ channel and regulates the neuronal excitability. FGF14 could directly interact with 
the C-terminal of VGSC α subunit (Nav1.1, Nav1.2, Nav1.6) in the transfected HEK293 cells [61]. 
The fgf14−/− mice showed the significantly reduced number of the PV interneurons, but the 
pyramidal neuron number was unchanged in the CA1 hippocampus region. This change coop-
erated with the reduced GAD67 immunosignals in PV cell soma, the reduced gamma oscilla-
tions in CA1 stratum radiatum layer, and the deficits in spatial working memory, which was 
displayed by the eight-arm maze test [62]. Because the FGF14 is a complementary protein of 
Nav1.1, Nav1.2, and Nav1.6 at the AIS [61, 63, 64], the pyramidal cells of the fgf14−/− mice should 
have been affected as well due to the loss of FGF14:Nav1.6 and FGF14:Nav1.2 complex. Why are 
the PV cells the first or most to be affected by FGF14 protein defect or the FGF14:Nav1.1 com-
plex deficiency? What makes the FGF14:Nav1.1 critical for the excitability of the PV cells and 
finally impact on the number of the live PV cells? Similarly, the Nav1.1-predominant proximal 
end of the AIS only occupies a small part of the AIS of the PV cells, and why the Nav1.1 defi-
ciency impairs the PV cell functions dramatically and causes the Dravet syndrome? We expect 
the promising studies and explanation in future. Other molecules in the AIS complex, such as 
VGSC β subunit and AnkG, have been recognized as the ligand or the anchoring protein to 
stabilize the VGSC α subunit and regulate their functions at the AIS [65, 66].

Third, the location and the size of the AIS can be adapted for the neuronal activity and the 
long-term plasticity. The longer AIS, the higher excitability of the neuron. The more proxi-
mal location of the AIS, the higher excitability of the neuron. The chronic depolarization of 
the dissociated neurons moved the AIS distally and then decreased the neuronal excitability. 
The dynamic regulation of the AIS location through activity-dependent structural reorgani-
zation relied on the activation of T-type voltage-gated calcium channels and the elevation of 
intracellular [Ca2+] [67]. On the other hand, the experiments to eliminate the sensory stimuli 
made the AIS longer with little change in Na+ channel density and ion channel composition at 
the AIS, which increased the whole cell Na+ current, and the neuronal excitability. However, 
those adaptive responses also depend on the neuronal types due to the distinctions of the 
AIS location of different neurons under the standard conditions [67]. In the PV interneu-
rons, the action potentials are generated at 20 μm away from the soma at the AIS [53], which 
means the proximal part of the AIS of the PV neurons locates even closer than 20 μm since 
the action potential generates at the beginning of the distal part of the AIS. The AIS of the 
PV neurons locates more proximal than the AIS of pyramidal cells that has been observed at 
20–60 μm from the soma by ankyrin G staining [68]. Using specific neuronal marker labeling, 
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mal location of the AIS, the higher excitability of the neuron. The chronic depolarization of 
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intracellular [Ca2+] [67]. On the other hand, the experiments to eliminate the sensory stimuli 
made the AIS longer with little change in Na+ channel density and ion channel composition at 
the AIS, which increased the whole cell Na+ current, and the neuronal excitability. However, 
those adaptive responses also depend on the neuronal types due to the distinctions of the 
AIS location of different neurons under the standard conditions [67]. In the PV interneu-
rons, the action potentials are generated at 20 μm away from the soma at the AIS [53], which 
means the proximal part of the AIS of the PV neurons locates even closer than 20 μm since 
the action potential generates at the beginning of the distal part of the AIS. The AIS of the 
PV neurons locates more proximal than the AIS of pyramidal cells that has been observed at 
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Höfflin et al. saw the AISs of the pyramidal neurons were significantly longer than that of the 
interneurons [69]. Based on those findings of the PV interneurons and their AISs, neuroscien-
tists may have many interests in the regulatory mechanisms of Nav1.1 cooperative function-
ing and adaptive response to the neuronal activity, coupling with the dynamic plasticity of 
the PV interneuron AIS.

With the specialized output structures of PV interneurons (“basket” or “chandelier car-
tridge”), the interactions of the PV interneurons (PVBCs or chandelier cells) and the pyrami-
dal cells, inhibitory synapses, are accordingly subject to the dynamic regulation of adaptive 
neuronal functioning and the AIS plasticity. The chandelier cell axon terminals only contact 
the AISs of pyramidal cells and have three to five boutons per cartridge. The innervation pat-
terns are similar at different postnatal age. Multiple chandelier cells (four at estimate) connect 
one pyramidal cell, while one chandelier cell contacts 35–50% of pyramidal cells in the tra-
versed area by its axonal arbor [70]. The inhibitory synapses exist in the innervation of a chan-
delier cell to the pyramidal cell by nature. The innervation could be visible by labeling the 
chandelier cells (pre-synaptic component) with the marker of GABA membrane transporter 1 
(GAT1) or parvalbumin (PV) and labeling the post-synaptic pyramidal cell AIS with GABAA 
receptor α2 subunit. The structures and functioning status of those synapses keep updated to 
meet the dynamic developmental demands [71, 72] and are impacted in the specific areas by 
pathological conditions, such as epilepsy and schizophrenia [73, 74].

6. Treatment to Dravet syndrome and therapeutic response

Dravet syndrome is an intractable epileptic encephalopathy with the unfavorable outcome. 
The most commonly used AEDs for patients with Dravet syndrome include valproate, topira-
mate, benzodiazepines, stiripentol, and potassium bromide [22]. Because the high percentage 
of patients with Dravet syndrome have the SCN1A gene mutations [18], some AEDs should 
be avoided, such as the sodium channel blockers (lamotrigine [75] and carbamazepine [76]), 
to prevent the inhibition of the rest Nav1.1 functioning in PV interneurons. Guerrini et al. 
retrospectively reviewed 21 Dravet syndrome cases and found that 80% (17) patients with 
lamotrigine treatment showed >50% increase in seizure frequency for 2 months and then 
ceased the lamotrigine treatment [75]. In a large-sized (276 patients) study, Shi et al. showed 
the evidence that the treatment of carbamazepine to Dravet syndrome was either not effective 
(<50% seizure reduction) or worsening the clinical condition (>25% increase in seizure fre-
quency) [76]. Considering the high percentage of SCN1A gene mutations in Dravet syndrome 
and the potential risk of worsening seizures by AEDs, the clinicians recommend a screening 
test to detect the SCN1A gene mutations for the suspected patients with Dravet syndrome (the 
initially normal infants suffering from prolonged, recurrent, febrile, and hemiclonic seizures 
induced by bathing). The purpose of the screening test is to optimize AEDs and rehabilita-
tion therapy [77, 78] at the earlier stage of the disease. The test can be done with the direct 
sequencing of the coding exons of SCN1A gene or multiplex ligation-dependent probe ampli-
fication [79]. There are an increasing number of the adult patients with the intractable sei-
zures, who finally are diagnosed with Dravet syndrome. They may retain the partial seizures, 

Ion Channels in Health and Sickness64

secondary generalized clonic-tonic seizures [80], and intellectual disability, which are all not 
the characteristic symptoms for the diagnosis of Dravet syndrome. It is not occasional that 
those underdiagnosed patients with Dravet syndrome have been treated with sodium chan-
nel blockers, such as carbamazepine and oxcarbazepine, for years. However, the attempt to 
withdraw the treatment of carbamazepine or oxcarbazepine from those adult patients is still 
risky for seizure frequency rebound, withdrawal-related seizure, and sudden death [81].

Valproate is the most frequently used AED to treat Dravet syndrome. Shi et al. found that 
87% of SCN1A mutation patients and 78% of SCN1A negative patients were using valpro-
ate. About 52% of SCN1A mutation patients and 41% SCN1A negative patients responded to 
the valproate treatment (>50% reduction in seizure frequency). Bromide (potassium bromide 
and sodium bromide) was the most effective AED. About 41% SCN1A mutation patients and 
21% SCN1A negative patients used bromide with 71% and 94% responder rate, respectively. 
The SCN1A negative patients had the significantly higher responder rate to bromide, when 
compared with SCN1A mutation patients [76]. Bromide therapy was usually used in combi-
nation with valproate (100%), topiramate (91%), clobazam (75%), levetiracetam (66%), and 
so on. After 3 months of treatment, 81% of patients (26/32) had >50% reduction in seizure 
frequency, and after 12 months of treatment, 47% of patients (15/32) still maintained >50% 
seizure reduction [82]. Verapamil add-on treatment was reported in two pediatric patients 
with Dravet syndrome. They gained the long-period (13 months and 20 months) seizure free 
with the verapamil dosage of 1.5 mg/kg/day. As a result of a long period of seizure free, the 
patient’s neurological and cognitive function improved significantly [83]. Levetiracetam add-
on treatment was proved as an effective therapy to Dravet syndrome by an open-label clinical 
trial. The dose was titrated up to 50–60 mg/kg/day within 5- to 6-week up-titration phase and 
maintained in a 12-week evaluation phase. The responder rate ranged from 44.4 to 64.2% var-
ied by the distinctive seizure types [84]. Stiripentol is one of the commonly used medications 
for Dravet syndrome. Because of its fair tolerability profile, stiripentol is frequently added 
within valproate and clobazam and maintained in the triple long-term therapy remedy (96% 
patients). However, the effectiveness of stiripentol is not ideal for seizure control. De Liso 
et al. evaluated 54 patients with Dravet syndrome after stiripentol maintenance at the dose 
of 35–50 mg/kg/day. They found that 96% of patients continued to have clonic or tonic-clonic 
seizures (38% of patients had the seizure frequency more than three times per month, 40% of 
patients remained seizure frequency once to three times per month, and the rest of patients 
remained yearly seizures) [85]. Balestrini and Sisodiya observed stiripentol add-on treatment 
in 13 patients with Dravet syndrome. Only 23% of patients (3/13) gained >50% reduction in 
seizure frequency, 23% of patients (3/13) showed seizure worsening, 23% of patients (3/13) 
showed no change, and 15% of patients (2/13) showed <50% reduction in seizure frequency 
[86]. Obviously, the responder rate or effectiveness of the pharmacological treatment of 
Dravet syndrome is not ideal. The clinicians also assessed the vagus nerve stimulation for 
Dravet syndrome treatment. Fulton et al. placed the vagus nerve stimulation for 12 patients 
with Dravet syndrome and assessed the seizure control after 6 months. Nine of them showed 
>50% reduction in generalized tonic-clonic seizures, and four of them showed the cognitive 
function improvement [87]. Neuroscientist screened the potential therapeutic agents and 
tested their effectiveness in vivo in the experimental setting. Scn1Lab zebrafish model was 
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Höfflin et al. saw the AISs of the pyramidal neurons were significantly longer than that of the 
interneurons [69]. Based on those findings of the PV interneurons and their AISs, neuroscien-
tists may have many interests in the regulatory mechanisms of Nav1.1 cooperative function-
ing and adaptive response to the neuronal activity, coupling with the dynamic plasticity of 
the PV interneuron AIS.
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the AISs of pyramidal cells and have three to five boutons per cartridge. The innervation pat-
terns are similar at different postnatal age. Multiple chandelier cells (four at estimate) connect 
one pyramidal cell, while one chandelier cell contacts 35–50% of pyramidal cells in the tra-
versed area by its axonal arbor [70]. The inhibitory synapses exist in the innervation of a chan-
delier cell to the pyramidal cell by nature. The innervation could be visible by labeling the 
chandelier cells (pre-synaptic component) with the marker of GABA membrane transporter 1 
(GAT1) or parvalbumin (PV) and labeling the post-synaptic pyramidal cell AIS with GABAA 
receptor α2 subunit. The structures and functioning status of those synapses keep updated to 
meet the dynamic developmental demands [71, 72] and are impacted in the specific areas by 
pathological conditions, such as epilepsy and schizophrenia [73, 74].

6. Treatment to Dravet syndrome and therapeutic response

Dravet syndrome is an intractable epileptic encephalopathy with the unfavorable outcome. 
The most commonly used AEDs for patients with Dravet syndrome include valproate, topira-
mate, benzodiazepines, stiripentol, and potassium bromide [22]. Because the high percentage 
of patients with Dravet syndrome have the SCN1A gene mutations [18], some AEDs should 
be avoided, such as the sodium channel blockers (lamotrigine [75] and carbamazepine [76]), 
to prevent the inhibition of the rest Nav1.1 functioning in PV interneurons. Guerrini et al. 
retrospectively reviewed 21 Dravet syndrome cases and found that 80% (17) patients with 
lamotrigine treatment showed >50% increase in seizure frequency for 2 months and then 
ceased the lamotrigine treatment [75]. In a large-sized (276 patients) study, Shi et al. showed 
the evidence that the treatment of carbamazepine to Dravet syndrome was either not effective 
(<50% seizure reduction) or worsening the clinical condition (>25% increase in seizure fre-
quency) [76]. Considering the high percentage of SCN1A gene mutations in Dravet syndrome 
and the potential risk of worsening seizures by AEDs, the clinicians recommend a screening 
test to detect the SCN1A gene mutations for the suspected patients with Dravet syndrome (the 
initially normal infants suffering from prolonged, recurrent, febrile, and hemiclonic seizures 
induced by bathing). The purpose of the screening test is to optimize AEDs and rehabilita-
tion therapy [77, 78] at the earlier stage of the disease. The test can be done with the direct 
sequencing of the coding exons of SCN1A gene or multiplex ligation-dependent probe ampli-
fication [79]. There are an increasing number of the adult patients with the intractable sei-
zures, who finally are diagnosed with Dravet syndrome. They may retain the partial seizures, 
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secondary generalized clonic-tonic seizures [80], and intellectual disability, which are all not 
the characteristic symptoms for the diagnosis of Dravet syndrome. It is not occasional that 
those underdiagnosed patients with Dravet syndrome have been treated with sodium chan-
nel blockers, such as carbamazepine and oxcarbazepine, for years. However, the attempt to 
withdraw the treatment of carbamazepine or oxcarbazepine from those adult patients is still 
risky for seizure frequency rebound, withdrawal-related seizure, and sudden death [81].

Valproate is the most frequently used AED to treat Dravet syndrome. Shi et al. found that 
87% of SCN1A mutation patients and 78% of SCN1A negative patients were using valpro-
ate. About 52% of SCN1A mutation patients and 41% SCN1A negative patients responded to 
the valproate treatment (>50% reduction in seizure frequency). Bromide (potassium bromide 
and sodium bromide) was the most effective AED. About 41% SCN1A mutation patients and 
21% SCN1A negative patients used bromide with 71% and 94% responder rate, respectively. 
The SCN1A negative patients had the significantly higher responder rate to bromide, when 
compared with SCN1A mutation patients [76]. Bromide therapy was usually used in combi-
nation with valproate (100%), topiramate (91%), clobazam (75%), levetiracetam (66%), and 
so on. After 3 months of treatment, 81% of patients (26/32) had >50% reduction in seizure 
frequency, and after 12 months of treatment, 47% of patients (15/32) still maintained >50% 
seizure reduction [82]. Verapamil add-on treatment was reported in two pediatric patients 
with Dravet syndrome. They gained the long-period (13 months and 20 months) seizure free 
with the verapamil dosage of 1.5 mg/kg/day. As a result of a long period of seizure free, the 
patient’s neurological and cognitive function improved significantly [83]. Levetiracetam add-
on treatment was proved as an effective therapy to Dravet syndrome by an open-label clinical 
trial. The dose was titrated up to 50–60 mg/kg/day within 5- to 6-week up-titration phase and 
maintained in a 12-week evaluation phase. The responder rate ranged from 44.4 to 64.2% var-
ied by the distinctive seizure types [84]. Stiripentol is one of the commonly used medications 
for Dravet syndrome. Because of its fair tolerability profile, stiripentol is frequently added 
within valproate and clobazam and maintained in the triple long-term therapy remedy (96% 
patients). However, the effectiveness of stiripentol is not ideal for seizure control. De Liso 
et al. evaluated 54 patients with Dravet syndrome after stiripentol maintenance at the dose 
of 35–50 mg/kg/day. They found that 96% of patients continued to have clonic or tonic-clonic 
seizures (38% of patients had the seizure frequency more than three times per month, 40% of 
patients remained seizure frequency once to three times per month, and the rest of patients 
remained yearly seizures) [85]. Balestrini and Sisodiya observed stiripentol add-on treatment 
in 13 patients with Dravet syndrome. Only 23% of patients (3/13) gained >50% reduction in 
seizure frequency, 23% of patients (3/13) showed seizure worsening, 23% of patients (3/13) 
showed no change, and 15% of patients (2/13) showed <50% reduction in seizure frequency 
[86]. Obviously, the responder rate or effectiveness of the pharmacological treatment of 
Dravet syndrome is not ideal. The clinicians also assessed the vagus nerve stimulation for 
Dravet syndrome treatment. Fulton et al. placed the vagus nerve stimulation for 12 patients 
with Dravet syndrome and assessed the seizure control after 6 months. Nine of them showed 
>50% reduction in generalized tonic-clonic seizures, and four of them showed the cognitive 
function improvement [87]. Neuroscientist screened the potential therapeutic agents and 
tested their effectiveness in vivo in the experimental setting. Scn1Lab zebrafish model was 
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used for the fast drug screening for SCN1A-mutated Dravet syndrome. Baraban et al. applied 
the molecules in the swimming bath of the mutant or control zebrafish, tracked the swimming 
velocity and behaviors of the zebrafish, and identified clemizole that could inhibit seizure 
behavior and electrographic seizures of the mutant zebrafish [88]. Ohmori et al. found that 
the intraperitoneal methylphenidate could improve the behavior (hyperactivity, anxiety-like 
behavior, and spatial learning impairments) of N1417H-Scn1a mice and significantly sup-
press the hot bath-induced seizures [89]. Similar to the results from human case studies, the 
N1417H-Scn1a mice showed the good therapeutic response to potassium bromide (reduced 
seizure duration) without significant impairment in motor coordination [90].

7. Discussion

Epilepsy is a chronic neurological disease worldwide, which jeopardizes the patients’ lives, bur-
dens the patients’ family and caregivers, and requires to be concerned with the increasing atten-
tion to the affordable therapies, the effectiveness of current treatment strategies, and the social 
support to the patients and the caregivers. The pharmaceutical therapy (the application of AEDs) 
is the most commonly used strategy to fight against epilepsy. However, 30% of epilepsy patients 
are resistant to the optimized AED treatment without obvious precipitating factors [95]. Dravet 
syndrome might be an intractable and adverse form of extremity, which requires the multiple 
AED remedy (Table 1) and resistant to many AEDs over time [22]. The two major mechanisms 
are responsible for the resistance to AEDs in chronic epilepsy. One is the desensitization or 
modification of the molecular targets of AEDs during the chronic pathological process (frequent 
and recurring seizures), and the other is the overexpression of multidrug transporters, such as 
P-glycoprotein [96]. The sodium channel blocker is one of the main classes of AEDs. The genetic 
polymorphisms of the molecular targets, VGSC α subunits, are significantly associated with 
AED resistance. The genetic variant of SCN2A IVS7-32A>G (rs2304016) did not alter the SCN2A 
mRNA expression quantity or the exon splicing but had statistically significant association with 
AED resistance [97]. The calcium channel is also the therapeutic target of some AEDs, such as 
retigabine and ethosuximide (ETS). The genetic association study of drug-resistant epilepsy in 
the Chinese Han population displayed that the specific haplotype of the gene-coding calcium 
voltage-gated channel subunit alpha1 A (CACNA1A) was the risk factor for AED resistance [98]. 
How do those polymorphisms facilitate the desensitization of the AED target? We still need 
the extended functional studies to reveal the underlying mechanism. For instance, a significant 
cell functional study of the human brain samples collected from the surgery of hippocampal 
sclerosis resection provided the evidence of one mechanism of AED resistance (the modification 
of the cellular target of AEDs). Some categories of AEDs (benzodiazepines and barbiturates) 
stimulate the gamma-aminobutyric acid (GABAA) receptor and increase the intracellular concen-
tration of chloride and synaptic inhibition. However, the expected GABAergic response of the 
treated pyramid cells relies on the proper functioning and the normal expression profile of chlo-
ride transporters (Na-K-2Cl cotransporter NKCCl and K-Cl cotransporter KCC2). Otherwise, 
the GABAA receptor activation depolarize the postsynaptic compartments, which contributes 
to the epileptiform activity in the stimulated pyramidal cells. In fact, in the temporal lobe epi-
lepsy biopsy tissue, a small group of pyramidal cells downregulated the expression of KCC2 and 
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used for the fast drug screening for SCN1A-mutated Dravet syndrome. Baraban et al. applied 
the molecules in the swimming bath of the mutant or control zebrafish, tracked the swimming 
velocity and behaviors of the zebrafish, and identified clemizole that could inhibit seizure 
behavior and electrographic seizures of the mutant zebrafish [88]. Ohmori et al. found that 
the intraperitoneal methylphenidate could improve the behavior (hyperactivity, anxiety-like 
behavior, and spatial learning impairments) of N1417H-Scn1a mice and significantly sup-
press the hot bath-induced seizures [89]. Similar to the results from human case studies, the 
N1417H-Scn1a mice showed the good therapeutic response to potassium bromide (reduced 
seizure duration) without significant impairment in motor coordination [90].

7. Discussion

Epilepsy is a chronic neurological disease worldwide, which jeopardizes the patients’ lives, bur-
dens the patients’ family and caregivers, and requires to be concerned with the increasing atten-
tion to the affordable therapies, the effectiveness of current treatment strategies, and the social 
support to the patients and the caregivers. The pharmaceutical therapy (the application of AEDs) 
is the most commonly used strategy to fight against epilepsy. However, 30% of epilepsy patients 
are resistant to the optimized AED treatment without obvious precipitating factors [95]. Dravet 
syndrome might be an intractable and adverse form of extremity, which requires the multiple 
AED remedy (Table 1) and resistant to many AEDs over time [22]. The two major mechanisms 
are responsible for the resistance to AEDs in chronic epilepsy. One is the desensitization or 
modification of the molecular targets of AEDs during the chronic pathological process (frequent 
and recurring seizures), and the other is the overexpression of multidrug transporters, such as 
P-glycoprotein [96]. The sodium channel blocker is one of the main classes of AEDs. The genetic 
polymorphisms of the molecular targets, VGSC α subunits, are significantly associated with 
AED resistance. The genetic variant of SCN2A IVS7-32A>G (rs2304016) did not alter the SCN2A 
mRNA expression quantity or the exon splicing but had statistically significant association with 
AED resistance [97]. The calcium channel is also the therapeutic target of some AEDs, such as 
retigabine and ethosuximide (ETS). The genetic association study of drug-resistant epilepsy in 
the Chinese Han population displayed that the specific haplotype of the gene-coding calcium 
voltage-gated channel subunit alpha1 A (CACNA1A) was the risk factor for AED resistance [98]. 
How do those polymorphisms facilitate the desensitization of the AED target? We still need 
the extended functional studies to reveal the underlying mechanism. For instance, a significant 
cell functional study of the human brain samples collected from the surgery of hippocampal 
sclerosis resection provided the evidence of one mechanism of AED resistance (the modification 
of the cellular target of AEDs). Some categories of AEDs (benzodiazepines and barbiturates) 
stimulate the gamma-aminobutyric acid (GABAA) receptor and increase the intracellular concen-
tration of chloride and synaptic inhibition. However, the expected GABAergic response of the 
treated pyramid cells relies on the proper functioning and the normal expression profile of chlo-
ride transporters (Na-K-2Cl cotransporter NKCCl and K-Cl cotransporter KCC2). Otherwise, 
the GABAA receptor activation depolarize the postsynaptic compartments, which contributes 
to the epileptiform activity in the stimulated pyramidal cells. In fact, in the temporal lobe epi-
lepsy biopsy tissue, a small group of pyramidal cells downregulated the expression of KCC2 and 
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led to depolarizing the postsynaptic neurons [99]. Because Dravet syndrome would be treated 
intensively with multiple AEDs for a long time, the multifaceted mechanisms might involve the 
AED resistance during the disease development. They could be the pathological alteration of 
the target cells at cellular/molecular level (downregulation of KCC2 in the pyramidal cells) or  
the overexpression of multidrug transporter genes that code ATP-binding cassette transporters 
1–4 (ABCB1-4) in the epileptogenic zone (hippocampal sclerosis) [100]. The research interests 
might arise from those points in the future neuroscience and epileptology fields.

8. Conclusions

Dravet syndrome, an intractable epilepsy syndrome, affects the initially normal infants with 
febrile or non-febrile seizures, myoclonic seizures, hemiclonic seizures, and developmental 
delay. The SCN1A gene mutations are frequently found in patients with Dravet syndrome with 
“severe” genotypes, such as truncation or pore-region missense mutations. The SCN1A haplo-
deficiency mice display spontaneous seizures, cognitive impairment, and premature death, sim-
ilar to human clinical phenotype of Dravet syndrome. The electrophysiological findings indicate 
that the parvalbumin-expressing interneurons in those mice are dysfunctional and hypoexcit-
able. The selective dysfunction of PV interneurons causes the imbalance of excitatory and inhibi-
tory control to the principal neurons and neuronal network. The immunostaining has confirmed 
that Nav1.1 highly expresses at the axon initial segment of PV interneurons. Due to the complex 
and dynamic plasticity of AIS and the adaptation response of ion channels to neuronal activity, 
the Nav1.1 functioning within the AIS plasticity of PV interneurons and mutant pathogenesis 
remains unknown and would bring out the intensive studies in future. Patients with Dravet syn-
drome are always treated with multiple AEDs with disappointing outcome (Table 1). The most 
commonly used and retained AED in the treatment is valproate. The most evidently effective 
medication is bromide. With the aim to optimize the pharmacological treatment and encourage 
the earlier intervention to neurological development, the early genetic screening test of SCN1A 
gene is recommended to the possible patients with Dravet syndrome. Patients with Dravet syn-
drome should avoid the sodium channel blockers to prevent greater extent inhibition of Nav1.1 
function that potentially worsens the seizures. We expect that the more promising results would 
be generated in the experimental therapy studies of Dravet syndrome and provide the valuable 
resources to help the patients with Dravet syndrome and overcome the devastating disease.
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led to depolarizing the postsynaptic neurons [99]. Because Dravet syndrome would be treated 
intensively with multiple AEDs for a long time, the multifaceted mechanisms might involve the 
AED resistance during the disease development. They could be the pathological alteration of 
the target cells at cellular/molecular level (downregulation of KCC2 in the pyramidal cells) or  
the overexpression of multidrug transporter genes that code ATP-binding cassette transporters 
1–4 (ABCB1-4) in the epileptogenic zone (hippocampal sclerosis) [100]. The research interests 
might arise from those points in the future neuroscience and epileptology fields.

8. Conclusions

Dravet syndrome, an intractable epilepsy syndrome, affects the initially normal infants with 
febrile or non-febrile seizures, myoclonic seizures, hemiclonic seizures, and developmental 
delay. The SCN1A gene mutations are frequently found in patients with Dravet syndrome with 
“severe” genotypes, such as truncation or pore-region missense mutations. The SCN1A haplo-
deficiency mice display spontaneous seizures, cognitive impairment, and premature death, sim-
ilar to human clinical phenotype of Dravet syndrome. The electrophysiological findings indicate 
that the parvalbumin-expressing interneurons in those mice are dysfunctional and hypoexcit-
able. The selective dysfunction of PV interneurons causes the imbalance of excitatory and inhibi-
tory control to the principal neurons and neuronal network. The immunostaining has confirmed 
that Nav1.1 highly expresses at the axon initial segment of PV interneurons. Due to the complex 
and dynamic plasticity of AIS and the adaptation response of ion channels to neuronal activity, 
the Nav1.1 functioning within the AIS plasticity of PV interneurons and mutant pathogenesis 
remains unknown and would bring out the intensive studies in future. Patients with Dravet syn-
drome are always treated with multiple AEDs with disappointing outcome (Table 1). The most 
commonly used and retained AED in the treatment is valproate. The most evidently effective 
medication is bromide. With the aim to optimize the pharmacological treatment and encourage 
the earlier intervention to neurological development, the early genetic screening test of SCN1A 
gene is recommended to the possible patients with Dravet syndrome. Patients with Dravet syn-
drome should avoid the sodium channel blockers to prevent greater extent inhibition of Nav1.1 
function that potentially worsens the seizures. We expect that the more promising results would 
be generated in the experimental therapy studies of Dravet syndrome and provide the valuable 
resources to help the patients with Dravet syndrome and overcome the devastating disease.
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Abstract

Connexins, Kv-type ion channels, and pannexins have a dominant role in maintaining the 
potassium ion homeostasis in the cochlea. The cellular background currents are sustained 
by Kir2.1 ion channels; however, their involvement in the hearing system is less clear. In 
this study, the mutations of gap junction proteins beta 2 (GJB2), beta 3 (GJB3) and beta 6 
(GJB6) were screened in the white Caucasian population in Hungary using gene mapping 
and immunofluorescence methods from translated proteins of these genes—connexins on 
blood cells. Expression of connexins and Kir2.1 ion channels was investigated in the blood 
cells of deaf patients prior to cochlear implantation, and the results show significantly 
decreased amounts of connexin26 and connexin43. In addition, the coexpression of Kir2.1 
ion channels with synapse-associated 97 proteins was partially impaired. Our investiga-
tion revealed a reduced level of Kir2.1 channels in deaf patients indicating a crucial role 
for the functional Shaker superfamily of K+ channels in the non-diseased hearing system.

Keywords: hearing loss, cochlea, GJB gene mutation, connexin26, connexin43, Kir2.1 
ion channels, lymphocytes

1. Introduction

Mutations in connexin26 (Cx26) and connexin30 (Cx30) have frequently been associated with 
hearing loss and deafness, and some Cx26 mutations have also been found to contribute to 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Connexins, Kv-type ion channels, and pannexins have a dominant role in maintaining the 
potassium ion homeostasis in the cochlea. The cellular background currents are sustained 
by Kir2.1 ion channels; however, their involvement in the hearing system is less clear. In 
this study, the mutations of gap junction proteins beta 2 (GJB2), beta 3 (GJB3) and beta 6 
(GJB6) were screened in the white Caucasian population in Hungary using gene mapping 
and immunofluorescence methods from translated proteins of these genes—connexins on 
blood cells. Expression of connexins and Kir2.1 ion channels was investigated in the blood 
cells of deaf patients prior to cochlear implantation, and the results show significantly 
decreased amounts of connexin26 and connexin43. In addition, the coexpression of Kir2.1 
ion channels with synapse-associated 97 proteins was partially impaired. Our investiga-
tion revealed a reduced level of Kir2.1 channels in deaf patients indicating a crucial role 
for the functional Shaker superfamily of K+ channels in the non-diseased hearing system.

Keywords: hearing loss, cochlea, GJB gene mutation, connexin26, connexin43, Kir2.1 
ion channels, lymphocytes

1. Introduction

Mutations in connexin26 (Cx26) and connexin30 (Cx30) have frequently been associated with 
hearing loss and deafness, and some Cx26 mutations have also been found to contribute to 
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over 50% of hearing loss or nonsyndromic deafness cases in different human populations 
investigated in the last decades [1–6].

Recently, a fast and new non-invasive method has been developed in our laboratory to identify 
mutated genes for GJB2 leading to hearing loss or deafness [7]. This method has allowed us to 
collect and store the dried blood spots (DBS) in Guthrie cards for mutation analysis or expressed 
proteins of genes. The early detection of genetic mutations for inner ear impairment is crucial 
to provide hearing rehabilitation with an outstanding functional outcome, i.e. to maintain the 
development of the peripheral and central auditory pathway for unhindered future benefits. 
There are a number of modern technologies in the field of cochlear implantation and to fulfill 
this aim it is crucial to address the audiological and logopedical progress in a timely manner.

Cx26 and connexin43 (Cx43) have a major role in cell-to-cell interactions and in the perme-
ability of the channels for diverse ions and small molecules, which maintain the physiological 
condition of the cochlea [1, 8]. Connexins form hemichannels in the cochlea where the Cx26 
channels are the most abundant and are involved in the potassium-recycling pathway of the 
cochlea. Translated proteins from GJ genes make up channels by head-to-head docking of two 
connexin hexamers referred to as hemichannels (HCs) or connexons; one from each neighbor-
ing cell [9, 10]. Cx26 proteins were localized in the outer membrane of the cochlea.

The position of mutations in the GJB2 gene (Cx26 protein) is different across certain popula-
tions. The known mutation in the populations of northern European descent is a base pair 
deletion at position 35 in the GJB2 gene (known as 35delG; Cx26 protein) while the 235delC 
mutation, which occurs more frequently in Asian populations, misses a base pair at position 
235 (Cx26 protein) [11–13]. Furthermore, patients with a single base pair deletion at posi-
tion 167 (167delT) (Cx26 protein) are commonly found in communities of eastern European 
(Ashkenazi) Jewish ancestry [14, 15].

Different connexins may be important factors in the flawless cell-to-cell interactions that 
maintain the fast electrogenic mechanisms between the cochlea and neuronal system [16]. 
Other ion currents are also involved in this process. The voltage-dependent inward rectifier 
potassium current (IK1) has a role in maintaining the resting membrane potential, contributing 
to the beginning and the final repolarization in all cells. The IK1 current in different tissues is 
sustained mostly by Kir2.x (Kir2.1, Kir2.2, and Kir2.3) ion channels [17–23]. Auxiliary sub-
units and the synapse-associated protein 97 (SAP97) modulate the function of these channels 
[24, 25]. IK1 currents have a fundamental role in muscle cells, but their molecular background 
in the hearing system is still uncertain. We have limited information on the impact of the 
altered gap-junctions [26] and Kir2.1 in the inner membrane of the cochlea [20, 21, 27], the 
neural connection and the expressed potassium ion channels on blood cells. The exploration 
of the type and mechanism of these channels is one of the aims of the present work.

Hereditary hearing diseases are known to be associated with mutations, such as the auto-
somal recessive non-syndromic hearing loss (ARNSHL), seizures, sensorineural deafness 
[5, 28–30], Pendred syndrome (PDS) [5, 29–31], deafness [7, 27–35], and rarely the hearing 
loss overlaps with Andersen-Tawil syndrome [2, 36, 37]. The Andersen-Tawil syndrome is 
characterized by mutated KCNJ2 genes expressing malfunctioned Kir2.1 proteins, which 
leads to functional abnormalities and causing deafness with cardiomyopathy [36–38].

Ion Channels in Health and Sickness80

The IK1 current is sustained -by ion channels that consist of heteromeric assemblies of Kir2.1, 
Kir2.2, and Kir2.3 α-subunits [22, 39]. This current significantly contributes to the maintenance 
and regulation of the resting membrane potential [17, 40] and strongly affects the final repo-
larization of the action potential (AP) [8, 9, 17, 18, 41]. The Kir2.x channels are under the con-
trol of the intracellular scaffolding, trafficking and regulatory proteins, which strongly adjust 
their physiological functions. Kir2.x isoforms colocalize with membrane associated guanylate 
kinase (MAGUK) proteins [24, 42]. One of these is the SAP97 anchoring protein, which has an 
important interaction with Kir2.x channel complexes in neuronal cells and myocytes [25, 42, 
43]. Various Kir2.x isoforms may cooperate differently with the MAGUK proteins in the com-
plexes that traffic Kir2.x ion channels to the plasma membrane (PM), and anchor and stabilize 
these channels into the sarcolemma of cardiac muscle [22, 25, 43]. The Kir2.1 channels may be 
exported from the Golgi in a signal-dependent manner and this process may be disrupted by 
certain diseases [44]. The age-dependent SAP97 expression in the human heart was evaluated 
for the first time in our laboratory [45], and it seems that the regulation and modulation of 
these ion channel complexes have a strong effect in the development of different tissue types 
in diverse hereditary diseases associated with cardiomyopathy and deafness too [36–39, 46]. 
These genes have demonstrated a gender differences and have been remodeled in cardiomy-
opathy [40, 41]. IK1 currents are active during the time course of AP [20, 21, 47, 48], but their 
molecular background basis is poorly characterized on blood cells.

Our hypothesis states that connexins and Kir2.x ion channels, which are impaired at the tran-
scription and translated protein level in deafness, have an essential function in the hearing 
system. The aim of this study was to monitor the mutations of expressed GJs and KCNJ2 
genes in the Hungarian population and to screen the expression of hearing-related genes and 
proteins involved in the maintenance of the ionic homeostasis in the cochlea. An additional 
goal was to find an opportunity to obtain cells from the body that present the disrupted ionic 
status control characteristic of the pathophysiological condition of deafness. For this pur-
pose, we used non-invasive methods to find the representative and irrevocable changes in 
peripheral blood cells of patients. Our group has previously demonstrated that connexin ion 
channels, especially the Cx26 mutations, are characteristic indicators in patients with hearing 
loss [7, 48]. In this study we investigated ion channels related to connexins in patients with 
altered hearing and detected the expression level of Cx26, Cx43 and Kir2.1 channels in the 
blood cells. Patients have hearing defects and these results highlight to the role of gap junc-
tions and hemichannels in K+ removal and recycling in the inner ear, as well as possible roles 
for nutrient passage in the cochlea [9, 26, 48].

2. Material and methods

2.1. Human patients

Eighty consecutive, non-randomized profoundly hearing-impaired cochlear implant candi-
dates were recruited in this study cohort; 45 females and 35 males aged between 0.5 and 
72 years (average: 25.8 ± 24.4 years). The control group was made up of 13 subjects with objec-
tively measured binaural normal hearing sensitivity; 7 females and 6 males aged between 3 
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and 59 years (average: 27.4 ± 17.2 years) (Tables 1 and 2). Details of patient demographics, 
clinical diagnoses, and genetic investigations are presented in Table 1. All patients in the dis-
eased group had nonsyndromic sensorineural hearing loss, without any organic abnormali-
ties (neither anatomical nor developmental alterations) including overlapping diseases. Prior 
to cochlear implantation, patients did not receive medication. The investigations conformed 
to the Declaration of Helsinki. Experimental protocols were authorized by the University of 
Szeged and National Scientific Research Ethical Review Boards (No. 38/2014). The blood cells 
were taken and kept in cold (4–6°C) for 2–4 h prior to investigations.

2.2. Objective tests used for the evaluation of hearing sensitivity

2.2.1. Impedance audiometry

2.2.1.1. Tympanometry

A measurement of compliance change in the middle ear apparatus to transmit sounds to the 
inner ear as air pressure is varied in the external auditory canal [49, 50]. Equipment used: 
r36m Clinical Middle Ear Analyzer (Resonance, Gazzaniga, Italy).

2.2.1.2. Acoustic reflex test

Following high intensity acoustic stimulation, a sudden decrease in compliance occurs with 
an approximate 10 ms delay as a consequence of the contraction of the stapedius muscle. 
Equipment used: r36m Clinical Middle Ear Analyzer (Resonance, Gazzaniga, Italy).

Patients Sex Age Diagnosis Mutation

1 F 5.0 ND NO

2 M 39.0 ND NO

3 F 59.0 ND NO

4 F 16.7 ND NO

5 F 57.9 ND NO

6 M 22.0 ND NO

7 M 23.9 ND NO

8 M 22.1 ND NO

9 F 24.0 ND NO

10 M 17.9 ND NO

11 F 17.9 ND NO

12 F 17.7 ND NO

13 M 3.0 ND NO

ND: Non-Diseased; F: female; M: male.

Table 1. Data of non-diseased patients without mutations in GJB2 (Cx26) genes in Hungarian population: non-diseased 
patients.
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Patients Sex Age Diagnosis Mutation

1 M 1.7 Hearing loss

2 M 46.3 Hearing loss

3 M 2.5 Hearing loss GJB2 (heterozygote c.35delG)

4 F 4.4 Hearing loss

5 F 1.1 Hearing loss

6 M 2.8 Hearing loss

7 M 16.1 Hearing loss

8 M 23.5 Hearing loss

9 M 1.4 Hearing loss GJB2 (homozygote c.35delG)

10 F 14.5 Hearing loss

11 F 26.9 Hearing loss

12 F 27.6 Hearing loss GJB2 (homozygote c.35delG)

13 M 14.5 Hearing loss

14 F 1.8 Hearing loss

15 F 65.7 Hearing loss

16 F 64.6 Hearing loss GJB2 (homozygote c.35delG)

17 M 2.1 Hearing loss GJB2 (heterozygote c.35delG)

18 M 70.4 Hearing loss

19 F 70.0 Hearing loss

20 F 41.9 Hearing loss

21 F 1.8 Hearing loss

22 F 71.0 Hearing loss

23 F 2.2 Hearing loss GJB2 (heterozygote missense c.101 T/C 
p.Met34Thr (rs35887622, CM077555, 
CM970679))

24 F 9.9 Hearing loss GJB2 (homozygote c.35delG)

25 M 6.9 Hearing loss GJB2 (heterozygote c.35delG)

26 F 1.9 Hearing loss GJB2 (homozygote c.35delG)

27 M 2.7 Hearing loss GJB2 (homozygote c.35delG)

28 M 1.3 Hearing loss

29 F 2.9 Hearing loss GJB2 (homozygote c.35delG)

30 M 5.4 Hearing loss GJB2 (heterozygote c.35delG)

31 M 69.6 Hearing loss

32 F 11.3 Hearing loss

33 F 54.0 Hearing loss

34 F 69.5 Hearing loss
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Patients Sex Age Diagnosis Mutation

35 F 23.7 Hearing loss

36 M 3.1 Hearing loss

37 M 61.6 Hearing loss

38 F 15.4 Hearing loss

39 F 27.7 Hearing loss

40 F 76.9 Hearing loss

41 F 41.7 Hearing loss

42 M 2.0 Hearing loss

43 M 1.2 Hearing loss

44 M 2.6 Hearing loss GJB2 (heterozygote missense c.119c/a 
p.Ala40Glu (rs111033296, CM051511)

45 F 48.0 Hearing loss

46 F 59.1 Hearing loss GJB2: c.101 T/C p.Met34Thr rs35887622 
homozygote,

GJB2: c.139G/T p.Glu47Ter rs104894398 
homozygote

47 M 52.7 Hearing loss GJB2: c.35delG homozygote

48 M 19.7 Hearing loss

49 M 2.6 Hearing loss GJB2 (homozygote c.35delG)

50 M 6.6 Hearing loss

51 M 58.5 Hearing loss

52 M 13.2 Hearing loss

53 F 27.3 Hearing loss

54 F 34.9 Hearing loss

55 F 58.9 Hearing loss

56 F 29.8 Hearing loss

57 F 49.2 Hearing loss

58 F 77.3 Hearing loss

59 M 51.2 Hearing loss

60 M 3.1 Hearing loss GJB2 (homozygote c.35delG)

61 M 52.6 Hearing loss

62 F 40.9 Hearing loss GJB2 (heterozygote c.35delG)

63 F 5.7 Hearing loss

64 M 1.5 Hearing loss GJB2 (homozygote c.35delG)

65 F 2.5 Hearing loss

66 F 2.0 Hearing loss
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2.2.2. Otoacoustic emission (OAE)

Spontaneous and evoked sound waves that originate from the inner ear are transmitted 
through the ossicles and the eardrum into the external auditory meatus can be measured. 
Equipment used: Eclipse EP15 (Interacoustics A/S, Middelfart, Denmark [51].

2.2.3. Auditory brain stem responses (ABR)

Auditory brain stem responses are far-field potentials that measure all ranges of the early 
auditory evoked potentials (AEP) using signal averaging [52, 53]. It consists of a series of seven 
waves (I-VII.) occurring within about 10 ms from stimulus onset [54]. Applied stimuli: Click 
and CE-Chirp LS. Equipment used: Eclipse EP15 (Interacoustics A/S, Middelfart, Denmark). 
Click stimulus: used to test the critical high frequency region (approximately 2–4 kHz). Chirp 
stimulus: applied to activate the entire cochlea instantaneously.

2.2.4. Auditory steady state responses (ASSR)

Auditory steady state responses are AEPs that are used to objectively estimate the hearing 
sensitivity in individuals with normal hearing sensitivity and with various degrees and 
configurations of sensorineural hearing loss (SNHL) [55]. Equipment used: Eclipse EP15 
(Interacoustics A/S, Middelfart, Denmark) [50, 55].

Patients Sex Age Diagnosis Mutation

67 F 64.6 Hearing loss *GJB3 (c.316C/T p.Arg106Cys 
(rs147106166) heterozygote)

68 F 2.8 Hearing loss

69 F 7.1 Hearing loss

70 M 23.7 Hearing loss

71 F 66.5 Hearing loss

72 M 68.7 Hearing loss

73 F 5.9 Hearing loss GJB2 (heterozygote c.35delG)

74 M 6.2 Hearing loss

75 F 20.9 Hearing loss

76 M 9.4 Hearing loss GJB2 (heterozygote c.35delG)

77 F 45.2 Hearing loss

78 M 1.4 Hearing loss

79 F 3.4 Hearing loss

80 F 55.8 Hearing loss

F: female; M: male.*Mutation of GJB3 gene.

Table 2. Data of hearing loss patients carrying mutations in GJB2 (Cx26) genes in Hungarian population: patients with 
hearing loss.
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Patients Sex Age Diagnosis Mutation
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through the ossicles and the eardrum into the external auditory meatus can be measured. 
Equipment used: Eclipse EP15 (Interacoustics A/S, Middelfart, Denmark [51].

2.2.3. Auditory brain stem responses (ABR)

Auditory brain stem responses are far-field potentials that measure all ranges of the early 
auditory evoked potentials (AEP) using signal averaging [52, 53]. It consists of a series of seven 
waves (I-VII.) occurring within about 10 ms from stimulus onset [54]. Applied stimuli: Click 
and CE-Chirp LS. Equipment used: Eclipse EP15 (Interacoustics A/S, Middelfart, Denmark). 
Click stimulus: used to test the critical high frequency region (approximately 2–4 kHz). Chirp 
stimulus: applied to activate the entire cochlea instantaneously.

2.2.4. Auditory steady state responses (ASSR)

Auditory steady state responses are AEPs that are used to objectively estimate the hearing 
sensitivity in individuals with normal hearing sensitivity and with various degrees and 
configurations of sensorineural hearing loss (SNHL) [55]. Equipment used: Eclipse EP15 
(Interacoustics A/S, Middelfart, Denmark) [50, 55].

Patients Sex Age Diagnosis Mutation

67 F 64.6 Hearing loss *GJB3 (c.316C/T p.Arg106Cys 
(rs147106166) heterozygote)

68 F 2.8 Hearing loss

69 F 7.1 Hearing loss

70 M 23.7 Hearing loss

71 F 66.5 Hearing loss

72 M 68.7 Hearing loss

73 F 5.9 Hearing loss GJB2 (heterozygote c.35delG)

74 M 6.2 Hearing loss

75 F 20.9 Hearing loss

76 M 9.4 Hearing loss GJB2 (heterozygote c.35delG)

77 F 45.2 Hearing loss

78 M 1.4 Hearing loss

79 F 3.4 Hearing loss

80 F 55.8 Hearing loss

F: female; M: male.*Mutation of GJB3 gene.

Table 2. Data of hearing loss patients carrying mutations in GJB2 (Cx26) genes in Hungarian population: patients with 
hearing loss.

Altered Potassium Ion Homeostasis in Hearing Loss
http://dx.doi.org/10.5772/intechopen.77732

85



2.3. Genetic investigations

Peripheral blood samples were drawn from the affected patients (n = 80). Genomic DNA 
was isolated following the instructions of QIAamp DNA Blood Mini Kit (Qiagen, USA). The 
coding regions and the flanking introns of the GJB2, GJB3 and GJB6 genes were amplified by 
polymerase chain reaction (PCR) using DreamTaq Green PCR Master Mix (Thermo Scientific, 
USA). Primer sequences used for the genetic analyses were designed with Primer 3 (http://
bioinfo.ut.ee/primer3/) online software. The quality and quantity of PCR products were mea-
sured by electrophoresis on 2% agarose gel (SeaKem LE agarose, Lonza), which were used as 
templates for sequencing. Direct sequencing of PCR products was performed on a traditional 
capillary sequencer (ABI Prism 7000) and compared with the wild-type gene sequences using 
the Ensemble Genome Browser.

2.4. Immunofluorescence

Blood samples were collected in parallel for protein analyses in tubes containing EDTA as anti-
coagulant. Blood cells of non-diseased and hearing loss patients were washed with phosphate 
buffer saline (PBS, pH 7.3) and centrifuged gently. Cells, mostly lymphocytes, were attached 
to slides, blocked with 2% bovine serum albumin and incubated overnight at 4°C with mouse 
anti-Cx26 (1:100 dilution, Millipore, USA), or rabbit anti-Cx43 (1:100 dilution, Cell Signaling 
Technology, USA), or rabbit anti-Kir2.1 antibodies (1:100 dilution, Alomone Ltd., Jerusalem) 
with mouse anti-SAP97 (1:300 dilution, LifeSpan, USA) [48]. After washing with PBS, the cells 
were incubated with Alexa 488-labeled anti-rabbit IgG (1:400 dilution; Molecular Probes, USA) 
plus Cy3-conjugated anti-mouse IgG (1:400 dilution; Jackson Immuno Research Laboratories, 
Inc., USA) secondary antibodies and counterstained with 2,4 diamino-2-phenylindol (DAPI) 
(Hoechst 33258) for 10 minutes. Detection was performed using an Olympus FV1000 confocal 
laser scanning microscope (Olympus Life Science Europa GmbH, Hamburg, Germany). The 
scale bar was labeled in every figure (n = 2–3 specimens for each antibody staining) from 12 
patients and the analysis was performed using Fluoview ver. 4.0 programme.

3. Results

3.1. Examination of patients expecting cochlear implantation

The outer ear was inspected by physical examination and found to be anatomically and func-
tionally intact in all subjects prior to any hearing assessment (Figure 1A–H). Hearing sensitiv-
ity was subsequently evaluated with objective procedures, applying the crosscheck principle 
to achieve reliable results, confirmed by multiple analyses [49]. The middle ear is essentially 
an impedance matching system. Impedance is simply a measure of acceptance or rejection of 
the energy per unit time. While transmitted through the tympanic membrane and other struc-
tures of the middle ear, acoustic signals can be modified, depending on the mass, the elasticity 
and the resistance of the system that would determine the amount of energy accepted or 
reflected. The overall configuration of tympanometry and acoustic reflex tests provide greater 
authority and assurance in the evaluation of middle ear pathologies and conductive hearing 

Ion Channels in Health and Sickness86

loss. Middle ear analysis was performed prior to any other tests to unquestionably exclude 
any pathology that might alter subsequent results [49, 50]. Otoacoustic emissions (OAEs) 
indicate the functional integrity of the outer hair cells in the inner ear [49, 51]. The source that 
generates retrograde sound transmission is the frequency following cell-vibration of the outer 
hair cells, representing their active, non-linear characteristics. There is a distinction between 
spontaneous emissions (SOAE) and evoked emissions (EOAE). Several modes of stimula-
tion and registration (i.e. post or pre-stimulatory) are known to provide information about 
outer hair cell function [49, 50]. Distortion product otoacoustic emission (DPOAE) [49, 51] is 
one of them. Representative results of a non-diseased subject (Table 1), (Figure 1A, C, E, G) 
and a hearing-impaired patient (Table 2), (Figure 1B, D, F, H) are presented. All curves are 
color-coded: red lines represent the right ear while blue lines represent the left ear. Figure 1A 
and B clearly shows that the active, non-linear vibrations of the outer hair cells to an exter-
nal sound stimulus are sensitively recordable with DPOAE exhibiting the normal function 
of the endocochlear cellular amplification mechanisms (Figure 1A). In hearing-impaired 
patients, DPOAE can be registered up to a moderate degree of sensorineural hearing loss; 
however, the signal tapers off beyond a certain extent (Figure 1B). Neural responses dur-
ing an auditory brainstem response test (ABR) are generated subcortically by the auditory 
nerve and subsequent brain stem fiber tracts and nuclei. Using either click or chirp stimuli is 
still the gold standard for electro-physiologically assessing the integrity of the auditory nerve 
and the brain stem pathways as they lead the electrical stimuli towards the cortex [52–55] 
(Figure 1C and D). Neuronal junction points in the brainstem as generator relay structures 
are identified in the form of waves on the electrophysiological recordings in normal subjects 
(Figure 1C); while these points are not registered in patients with a profound hearing loss 
(Figure 1D). Using CE Chirp-LS stimuli (Figure 1E and F) while registering ABRs, the syn-
chronous activation is achieved in the cochlea, thus a more prominent wave IV-V is observed 
in a non-diseased patient (Figure 1E). In patients with profound hearing loss, ABRs are miss-
ing (Figure 1F). Auditory steady state responses on amplitude-modulated stimuli are highly 
relevant, since it takes many years to objectively estimate hearing sensitivity in individuals 
with normal hearing and with various degrees and configurations of SNHL. The objective 
estimation of hearing sensitivity is performed by auditory steady-state response (ASSR) tests 
(Figure 1G and H). In a non-diseased subject, normal thresholds were registered on all the 
measured frequencies (Figure 1G); while a profound hearing loss is demonstrated in a patient 
with hereditary sensorineural deafness (Figure 1H).

3.2. Mutation of connexin genes in blood cells in patients with hearing loss

In all patients the most frequently occurring GJ genes in the cochlea were tested for mutations 
of GJB genes from DNA of blood cells as described above. Figure 2 shows the distribution in 
patients from Hungary involving 13 non-diseased patients and 80 patients selected for cochlear 
implantation. The results of the mutation analysis of GJB2, GJB3 and GJB6 genes are shown in 
Figure 2A. 25.0% of hearing loss patients carried a mutation in the GJB2 gene, and only 1 out of 
80 patients (1.2%) had a mutation in the GJB3 gene (Figure 2A). Mutations in GJB6 genes were 
not detected in this study (Table 1). In the ancestors of the Hungarian Caucasian population, 
the 35delG mutation in the GJB2 gene appeared most frequently in homozygous state (50%) 
(Figure 2B) and c.35delG (p.Gly12ValfsTer2 (rs80338939)) in heterozygotes (50%). Among the 
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loss. Middle ear analysis was performed prior to any other tests to unquestionably exclude 
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of the endocochlear cellular amplification mechanisms (Figure 1A). In hearing-impaired 
patients, DPOAE can be registered up to a moderate degree of sensorineural hearing loss; 
however, the signal tapers off beyond a certain extent (Figure 1B). Neural responses dur-
ing an auditory brainstem response test (ABR) are generated subcortically by the auditory 
nerve and subsequent brain stem fiber tracts and nuclei. Using either click or chirp stimuli is 
still the gold standard for electro-physiologically assessing the integrity of the auditory nerve 
and the brain stem pathways as they lead the electrical stimuli towards the cortex [52–55] 
(Figure 1C and D). Neuronal junction points in the brainstem as generator relay structures 
are identified in the form of waves on the electrophysiological recordings in normal subjects 
(Figure 1C); while these points are not registered in patients with a profound hearing loss 
(Figure 1D). Using CE Chirp-LS stimuli (Figure 1E and F) while registering ABRs, the syn-
chronous activation is achieved in the cochlea, thus a more prominent wave IV-V is observed 
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ing (Figure 1F). Auditory steady state responses on amplitude-modulated stimuli are highly 
relevant, since it takes many years to objectively estimate hearing sensitivity in individuals 
with normal hearing and with various degrees and configurations of SNHL. The objective 
estimation of hearing sensitivity is performed by auditory steady-state response (ASSR) tests 
(Figure 1G and H). In a non-diseased subject, normal thresholds were registered on all the 
measured frequencies (Figure 1G); while a profound hearing loss is demonstrated in a patient 
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the 35delG mutation in the GJB2 gene appeared most frequently in homozygous state (50%) 
(Figure 2B) and c.35delG (p.Gly12ValfsTer2 (rs80338939)) in heterozygotes (50%). Among the 
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heterozygotes, the tests showed 35% mutations of heterozygote c.35delG p.Gly12ValfsTer2 
(rs80338939), 5% heterozygote missense c.101T>C p.Met34Thr (rs35887622), 5% heterozygote 
missense c.119C>A p.Ala40Glu (rs111033296) and 5% of compound heterozygous c.101T>C 

Figure 1. Objective clinical measures of the auditory function in patients with hearing loss. Representative results of a 
non-diseased patient (A, C, E, G) and a patient with impaired hearing (B, D, F, H) are presented. All curves are color-coded. 
Red represents the right ear, and blue represents the left ear. A-B: The active, non-linear vibrations of the outer hair cells to 
external sound stimuli are sensitively recordable with the distortion product otoacoustic emission test (DPOAE) exhibiting 
the normal function of the endocochlear cellular amplification mechanisms (A). In hearing impaired patients, DPOAE can 
be registered up to a moderate degree of sensorineural hearing loss. However, the signal tapers off beyond a certain extent 
(B). C-D: Auditory brainstem response tests (ABR) precisely reveals the functional integrity of the vestibulocochlear nerve 
leading the electrical stimuli towards the cortex. Neuronal junction points in the brainstem as generator relay structures 
are identified in the form of waves in the electrophysiological recordings in normal subjects (C); however, they are not 
present in patients with a profound hearing loss (D). E-F: The objective estimation of hearing sensitivity was performed 
by auditory steady-state response (ASSR) tests. In a non-diseased subject, normal thresholds were registered on all the 
measured frequencies (E), while a profound hearing loss is shown in a patient with hereditary sensorineural deafness (F). 
G-H: Used while registering ABRs, synchronous activation is achieved in the cochlea, thus a more prominent CE chirp-LS 
stimuli wave IV-V is observed in a non-diseased subject (G). In patients with profound hearing loss, ABRs are missing (H).
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p.Met34Thr (rs35887622), GJB2: c.139G>T p.Glu47Ter (rs104894398). The distribution of these 
ratios for homozygotes and heterozygotes may change with time, but the rate of this change 
cannot be estimated at this moment.

3.3. Distribution of connexins and Kir2.1 ion channels with modulators on blood 
cells

The expression of Cx26 and Cx43 channel proteins was abundant in non-diseased patients 
(control 1 and 2) but much poorer in blood cells of deaf patients as seen in Figure 3 and 
variable in hearing loss patients (see 1–3 on Figure 4). In all cells, the nuclei were coun-
terstained with DAPI (blue) and scale bars are shown on each image. Thirteen patients 
with hearing loss were tested for ion channels and compared to controls (with same age 
and sex) in each experiment. The protein pattern of both Cx26 and Cx43 changed on the 
surface of blood cells (Figures 3 and 4), appearing as large patches in the control cells and 
reorganized in smaller groups of connexins in diseased cells. Furthermore, the shape of the 
area around the nucleus was round in diseased cells and the cytosol was disintegrated. The 
protein level of Cx26 was variable on the surface of blood cells from patients with hearing 
loss. We could not identify the GJB2 gene mutation in Patient 1, but Patient 2 and 3 showed 
mutations with decreased protein level of Cx26. We suppose that Patient 1 has a mutation 
in another type of gene.

The Kir2.1 ion channels colocalized with SAP97 protein in non-diseased patients, but we 
determined only partial or no overlayed channel complexes (Figure 5) in cells from cochlear 
implant candidates. The protein pattern was altered and the levels were decreased in hearing 
loss patients compared to controls. The SAP97 anchoring protein is redistributed in the blood 
cells and do not colocalize often with Kir2.1 channels in diseased cells. The levels of Kir2.1 

Figure 2. Genetic mutations for GJB genes were tested in hearing loss patients prior to implantation (n = 80). (A) 
Prevalence of GJB2 and GJB3 gene mutations in subjects with non-syndromic hearing impairment (n = 21/80). (B) 
Prevalence of different GJB2 mutations in subjects with non-syndromic hearing impairment (n = 20/80).
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heterozygotes, the tests showed 35% mutations of heterozygote c.35delG p.Gly12ValfsTer2 
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ratios for homozygotes and heterozygotes may change with time, but the rate of this change 
cannot be estimated at this moment.

3.3. Distribution of connexins and Kir2.1 ion channels with modulators on blood 
cells

The expression of Cx26 and Cx43 channel proteins was abundant in non-diseased patients 
(control 1 and 2) but much poorer in blood cells of deaf patients as seen in Figure 3 and 
variable in hearing loss patients (see 1–3 on Figure 4). In all cells, the nuclei were coun-
terstained with DAPI (blue) and scale bars are shown on each image. Thirteen patients 
with hearing loss were tested for ion channels and compared to controls (with same age 
and sex) in each experiment. The protein pattern of both Cx26 and Cx43 changed on the 
surface of blood cells (Figures 3 and 4), appearing as large patches in the control cells and 
reorganized in smaller groups of connexins in diseased cells. Furthermore, the shape of the 
area around the nucleus was round in diseased cells and the cytosol was disintegrated. The 
protein level of Cx26 was variable on the surface of blood cells from patients with hearing 
loss. We could not identify the GJB2 gene mutation in Patient 1, but Patient 2 and 3 showed 
mutations with decreased protein level of Cx26. We suppose that Patient 1 has a mutation 
in another type of gene.

The Kir2.1 ion channels colocalized with SAP97 protein in non-diseased patients, but we 
determined only partial or no overlayed channel complexes (Figure 5) in cells from cochlear 
implant candidates. The protein pattern was altered and the levels were decreased in hearing 
loss patients compared to controls. The SAP97 anchoring protein is redistributed in the blood 
cells and do not colocalize often with Kir2.1 channels in diseased cells. The levels of Kir2.1 

Figure 2. Genetic mutations for GJB genes were tested in hearing loss patients prior to implantation (n = 80). (A) 
Prevalence of GJB2 and GJB3 gene mutations in subjects with non-syndromic hearing impairment (n = 21/80). (B) 
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Figure 4. Alteration of protein levels of connexin43 ion channels in blood cells in patients with deafness. Representative 
figures from non-diseased and hearing loss patients. Cx43: Connexin43; DAPI: 2,4-diamino-2-phenylindole.

Figure 3. Pattern of connexin26 ion channels on blood cells of patients expecting cochlear implantation. Cx26: 
Connexin26, DAPI: 2,4-diamino-2-phenylindole.
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protein were varied in each cochlear implant candidates, just as in Patient 1 compared to 
Patient 2 or 3. The amount of SAP97 declined in the lymphocytes of Patient 2 and 3 with GJB2 
gene mutations. The Kir2.1 channels did not perfectly colocalize with SAP97 in the lympho-
cytes of Patients 1– 3 with hearing loss (Figure 5).

4. Discussion

The main purpose of this study was to detect the mutations of genes GJB2, GJB3 and GJB6 as 
well as the translated proteins Cx26, Cx43 and Kir2.1 ion channels from blood cells in cochlear 
implant candidates. The cochlear implantation was required in hearing impaired patients 
for based on indication criteria. Hearing sensitivity was evaluated with objective methodolo-
gies [56], applying the crosscheck principle. The outer and middle ear anatomy and function 
proved to be normal in all the recruited subjects of this cohort.

The study provided the following key results: (1) the different GJB mutations were detected 
in hearing loss in 50% homozygote and 50% heterozygote form for GJB genes in a Hungarian 
population. (2) Cx43 levels decreased moderately in blood cells. (3) Our investigation 
revealed a reduced level for Kir2.1 channels as well as for the SAP97 protein. (4) The extent 
of colocalization of Kir2.1 ion channels with SAP97 anchoring proteins was less marked 
or partially redistributed in blood cells from patients with hearing loss. (5) Cx26 mutation 
impacts hearing loss.

Figure 5. The disrupted protein pattern and coexpression of Kir2.1 ion channel with declined SAP97 on blood cells of 
hearing loss patients. SAP97: Synapse-associated protein 97; DAPI: 2,4-diamino-2-phenylindole.
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4.1. Significance of connexins in hearing system and alteration in deafness

These data are consistent with earlier reports on the decrease of GJB2 gene expression in deaf-
ness [7, 57], and this study is the first to demonstrate the declined Cx26 protein level in patients 
carrying these mutations. Recently, more than 100 mutations have been reported, among which 
the GJB2 gene mutations are the most common cause of nonsyndromic deafness [1]. In this 
study we demonstrated a similar ratio of GJB2 gene mutations in a Hungarian population in 
accordance with the earlier findings of Nagy et al. [7]. Additionally, more heterozygote forms 
were identified in this investigation. The position of joint mutations differs across many popu-
lations. This very likely holds true for other genes as well, but GJB2 gene is probably the most 
examined gene among the genes involved in hearing-related problems. The allelic frequency 
of three GJB2 gene mutations have been shown to exhibit differences based on ethnicity, which 
in some cases also translated to geographic regions [11]. The 35delG mutation of the coding 
exon of GJB2 gene has a frequency of 2–4% in the Caucasian population [58]. Geographically 
this holds true for Europe, the Middle East and some populations in North America.

The GJB2 gene encodes the Cx26 protein, which assembles to form channels between the 
cells in the cochlea. These gap junction proteins allow the rapid removal of K+ from the base 
of hair cells, resulting in the recycling of this ion back to the endolymph to maintain the 
cochlear homeostasis in humans [59]. Kamiya et al. investigated the expression of Cx26 and 
Cx30 in the gap junction macromolecular complex [60], where Cx26 is the most abundant 
channel in the cochlea of mice. They concluded that the disruption of Cx26 was the earliest 
alteration of the Cx26-dependent gap junction plaque during the embryonic development of 
mice with connexin-associated deafness. The degradation of the gap junction macromolecu-
lar complex leads to loss of hearing function [60] caused by diets [61].

The abnormal or missing gap junctions likely alter the level of potassium ions, which may 
affect the function and survival of cells that are essential for hearing in the inner ear. The 
spatial and temporal heteromeric associations of Cx26 and Cx30 proteins in the inner ear 
have been confirmed earlier [26, 62]. This finding has not been reconfirmed until now. Forge’s 
results had an essential role to understand the pathophysiologic processes of nonsyndromic 
deafness caused by mutations in GJB2 genes.

Previously, we have demonstrated that the Cx26 mutation frequently occurs in the Hungarian 
population [7]. In this study we demonstrated that the ratio of homozygotes and heterozy-
gotes is 1.0:1.0 in the mutated GJB2 genes, which suggests that the frequency of heterozygotes 
is rather high in hearing impaired patients. Further investigations are required to identify 
additional mutated genes. The combination of heterozygote forms of additional channels 
may also be involved in the causes leading to deafness in the Caucasian population, because 
about 73.8% of hearing impaired subjects is not carriers for mutations of the GJB2 gene.

Connexins are 25% more abundant in the sensory epithelial cells of the inner ear than in mam-
malian supporting cell types and these cells infrequently contain more than 100,000 channels. 
Forge and co-workers have demonstrated [62] that four connexin isotypes, Cx26, Cx30, Cx31 
and Cx43, can be found in different mammalian species, in the cochlea and three of them, 

Ion Channels in Health and Sickness92

Cx26, Cx30 and Cx43, in the vestibular organs. The spatial distribution of connexins in the 
inner ear has been extensively investigated and it was suggested that these connexin channels 
are isolated both spatially and functionally. The Cx26 and Cx30 are found in supporting cells 
of the organ of Corti, in the basal cell region of the stria vascularis, and in type 1 fibrocytes 
of the spiral ligament, but no other connexin type was detected in this area. Cx31 localizes 
around the type 2 fibrocytes and below the spiral prominence. Cx30 was not expressed here 
and the amount of Cx26 expression was low in the above areas [62]. Cx43 was only detected 
in one region where “tension fibrocytes” line the inner aspect of the otic capsule. It is an 
important result that Cx26 colocalizes with Cx30 as detected by electron microscopic and 
immunoprecipitation methods for protein expression.

The majority of gap junction forming proteins in the inner ear potassium-recycling pathway 
includes Cx26, Cx30 and Cx43. The heteromeric association of Cx26 and Cx30 proteins indi-
cates a fine regulation in the connexin composition of the gap junction channels in the inner 
membrane of the cochlea, and the altered potassium homeostasis might also be related to the 
redistributed ion channels on blood cells. The heteromeric coexpression of Cx40-Cx43-Cx45 
was evaluated by Desplantez et al. [63, 64] in liver cells, and low levels of Cx40/Cx43 coex-
pression was detected in heart tissues demonstrating that the Cx40:Cx43 ratio regulates the 
composition and electrical properties of gap junctions [65–68], which may also be the case 
in the cochlea.

The age of the 35delG mutation was estimated by Van Lear and co-workers [12]. This muta-
tion was tested in ancestors for about 500 generations, indicating an approximate age of 
10,000 years in various populations. The mutations in the Hungarian Caucasian population 
demonstrate a European average.

We saw a high expression of Cx26 and Cx43 proteins in the blood cells of non-diseased patients 
where the high intensity staining on the surface of cells indicated a high abundance of Cx26. 
In the presence of the GJB2 gene mutation, the Cx26 protein level decreased and the pattern 
of the distribution was disrupted. These results suggest that the expression of GJB2 gene is 
regulated at the level of transcription and translation in non-diseased patients. Furthermore, 
it supported the results that the GJB2 gene deficiency is presumably associated with cochlear 
developmental disorders [66].

Our results indicate that the absence or a reduced presence of Cx26 channels contributes to 
the development of deafness in humans, which is in support of earlier results [1, 7, 57]. The 
widely distributed Cx26 and Cx30 and Cx43 proteins have an essential role in the regulation 
of early ear development [9, 26, 35] and also in the regulation of potassium pathways in the 
inner ear of adults [26, 62, 67].

4.2. The possible role of Kir2.1 ion channels in the cochlea

Kir2.x ion channels have an important physiological function in transporting potassium 
ions back into the cells, but the mutations of these ion channels are rarely detected. The role 
of Kir2.1 ion channels, well-known in Andersen-Tawil syndrome, has only recently been 
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confirmed for deafness [36, 37, 69], and this suggests the importance of in the auditory system. 
The spatial and temporal localization of Kir2.x channels has been mapped in the inner ear by 
Forge et al. [62], Jagger et al. [26] and its significance has been described by Meredith et al. 
[70]. Kir2.1 was characterized as a strong inwardly rectifying ion channel in the vestibular 
type II hair cells by Zampini et al. [18], Correia et al. [71] in avian and mammalian settings too 
[47, 69]. An inwardly rectifying potassium channel itself, Kir5.1 plays a vital role in regulating 
cochlear K+ circulation which is necessary for normal hearing, and it has age-related reduction 
in expression [71] just like SAP97, but contrary to the Kir2.1 ion channels [45]. The develop-
mental study by Ruan et al. [20, 21] carried out in mouse has shown the temporal pattern 
of Kir2.1 channels in different parts of the hearing system. Kir2.1 has a temporal expression 
in the hair cells of mouse cochleae that correlates with the functional maturation of the hair 
cells and the neurons. The stronger signals were generally detected in the apical parts of the 
cochlea and on row 3 outer hair cells after birth. However, the Kir2.1 ion channels in human 
adults have been detected mostly in the vestibular system. In all types of cells the mutations 
of these channels still indicated that the homomer and heteromer Kir2.x channel compositions 
are necessary in the mammalian inner ear. Lewin and Holt [47], and also Meredith and Rennie 
[70] identified the functional contribution of Kir2.1 in the IK1 current in utricle hair cells. They 
demonstrated that Kir2.1 is required for IK1 currents in type II utricle hair cells and that Kir2.1 
contributes to the hyperpolarized resting potentials [46] and also to the fast, small amplitude 
receptor potentials.

The effective functioning of the Kir2.x protein tripartite complex, requires an association of 
proteins involving SAP97 and calcium calmodulin kinase II (CaMKII) with Kir2.1 ion chan-
nels, and Kir2.6 ion channel also has an essential role to deliver the matured Kir2.x protein 
to the membrane surface [42, 43]. In this study, we showed that the amount of Kir2.1 channel 
was close to the control in hearing loss patients where we could not detect GJB2 gene muta-
tions. The low level of SAP97 anchoring protein decreased drastically in hearing loss patients. 
Our results confirmed the colocalization of Kir2.1 ion channel with SAP97 anchoring protein 
in non-diseased patients but only partial colocalization with disrupted clustering occurred on 
the surface of blood cells in patients with deafness. This redistribution of the Kir2.1 channel 
complex, and also the clearly visible reorganization of Cx26 and Cx43 channels, suggests the 
instability of Kir2.1 and connexin macromolecule complexes in blood cells. This redistribu-
tion of Kir2.1 ion channels and Cx26 on the surface of blood cells may lead to a weakened 
physiological function of Kir2.1 channels and gap junctions, which, in turn, may influence the 
potassium homeostasis in the sensorineural system [73, 74]. These direct or indirect interac-
tions are essential for the normal physiological function of the Kir2.1 complex and inward 
rectifier currents contributing to normal potassium ion homeostasis [71, 72].

The development of new diagnostic techniques for molecular biology analysis together 
with deep insights into molecular physiology requires subcellular nanotechnology tools in 
biomedical research and clinical diagnostics. In this study, we report on hearing impaired 
patients with a series of hearing screenings using modern equipment, and we have developed 
a new molecular method to study the critical potassium ion channels contributing to normal 
cochlear function.

Ion Channels in Health and Sickness94

5. Conclusion

Altered expression of Cx26 with Kir2.1 ion channel complex in hearing loss patients pro-
foundly determines the potassium-recycling pathway and the alteration of these channels in 
blood cells in deafness detectable using molecular tools.

The Kir2.x ion channels and connexin channels may have an essential role in the IK1 currents 
of the cochlea and vestibule during the development process and may serve as diagnostic 
markers in the early stage of the pathophysiology of hearing loss.
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Abstract

Calcium-permeable channels control intracellular calcium dynamics in both neuronal and
nonneuronal cells to orchestrate sensory functions including pain. Calcium entering the
cell throughout these channels is associated with transduction, transmission, processing,
and modulation of pain signals. Clinic, genetic, biochemical, biophysical and pharmaco-
logical evidence points toward calcium-permeable channels as the key players in acute
and persistent pain conditions. Ligand-gated calcium channels such as TRP channels or
some subtypes of voltage-gated calcium channels shows abnormal functioning in persis-
tent pain states. Also, NMDA receptors can be unlocked from their physiological Mg2+

blockade under persisten pain states to culminate with central sensitization. The primary
goal of this chapter is to present an overview of the functioning of different classes of
calcium-permeable channels and how they become altered to modulate the sensation of
pain in acute and chronic states. The most important evidence from classical and recent
studies will be discussed trying to depict ways of modulating those channels as a strategy
for better pain control.

Keywords: pain, sensitization, calcium channels, NMDA receptors, VGCC’s, TRP
channels

1. Introduction

1.1. Overall pain neurobiology

For a better understanding of how calcium channels regulation is involved in pain states, it is
relevant define pain and discusses overall aspects of the transmission and modulation of pain
signals throughout the nervous system. Pain is defined as “an unpleasant sensory and emo-
tional experience associated with actual or potential tissue damage, or described in terms of
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such damage”. This definition was proposed by Harold Merskey in 1964 and was adopted by
the International Association of the Study of Pain (IASP) and since 1979 is the most accepted
definition for pain worldwide. That definition clearly mention the sensory aspect of pain. As
an organic sensorial modality, pain processing relies on electrical signal transmission through-
out the nervous system. Despite the fact that emotional features of an individual directly
interferes with final pain interpretation, this chapter is focused on the sensory aspects (also
called nociception) of pain and how calcium-permeable channels are involved in pain
processing.

The macroscopic pathway of pain signals comprises a well-accepted route throughout the
peripheral and central nervous system (Figure 1A). Detection of noxious stimuli may occur in
skin, muscle, joints, and internal organs. Generated signals travel from periphery to the spinal
cord through axons of sensory afferent fibers. Once those fibers enter the spinal cord through
the dorsal horn, they made synapses with second order neurons that convey synaptic release
of neurotransmitter into new action potentials. That action potential travels up along the spinal
cord mainly through spinothalamic trait until the thalamus where a new synapse occurs and
pain can be initially perceived by its intensity. From the thalamus, signals diverge to different
brain areas mainly the somatosensory cortex and limbic systems allowing a more broad
interpretation and association of pain with emotional experiences (Figure 1). This ascending
path is counterbalanced by a descending circuitry that connects with the ascending fibers to
facilitate or reduce the traffic of electrical pain signals to the brain.

1.2. Calcium channels in the pain pathway

Importantly, the ion channels present at the membrane of neurons of the above pathway
functionally orchestrate the generation and processing of pain signals (Figure 1B). Although
calcium channels are the focus of this chapter, sodium and potassium channels also holds
prominent contribution of signal transmission mainly on the conduction of the bioelectrical
pain signals. Noxious stimuli are initially transduced into electrical signals by the peripheral
end of sensory neurons. Those terminals convey diverse sensory modalities such as pain, itch,
discriminative touch into action potentials. Some terminals belong to a subset of fibers that are
specialized on the detection of noxious stimuli (delta and C fibers). Some of the markers
associated with specific nociceptive fibers include calcium-permeable channels such as the
cold/menthol receptor TRPM8, the heat vaniloid receptor TRPV1, the mustard oil receptor
TRPA1 and the purinergic receptor P2X3.

Those markers consist of cation-permeable channels that activate in response to noxious
stimuli (e.g. TRPA1 respond to noxious cold and TRPV1 to heat) to allow mainly sodium and
calcium influx into the nerve terminal contributing for action potential generation. At the
central terminal of sensorial afferent neurons, the action potential triggers the opening of
voltage-gated calcium channels and the consecutive influx of calcium ions cause exocytosis of
excitatory neurotransmitter (glutamate) which further depolarize a second order neuron in the
spinal cord. The expression pattern of N-type voltage gated calcium channels at the dorsal
horn of spinal cord is consistent with the role of VGCC’s in afferent/spinal synapses. Further-
more, null mice for the N-type channels show higher threshold for thermal and mechanical

Ion Channels in Health and Sickness108

sensitivity. Nevertheless, other subtypes of VGCC’s also contribute to this process but N-type
channels are the most relevant and studied in this process. The propagation of action potential
through thalamus depends on the summation of synaptic potentials received by the 2nd order
neuron. Glutamate released on those synapses activate NMDA and AMPA receptors to allow
calcium and sodium entry providing a rapid onset depolarization process, thus 3rd and
consecutive neurons can be activated (Figure 2).

Figure 1. Afferent processing of nociceptive signals: (A) peripheral nerve terminals trigger action potential in response to
harmful stimuli. Electrical potentials reach the spinal cord throughout axons from sensory afferent fibers. At the dorsal
horn of spinal cord those afferent fibers make synapse with 2nd order neurons that project to thalamus and then to other
brain areas to allow central processing of pain; (B) differential cellular distribution of distinct calcium permeable channels
in the ascending pain pathway.

Role of Calcium Permeable Channels in Pain Processing
http://dx.doi.org/10.5772/intechopen.77996

109



such damage”. This definition was proposed by Harold Merskey in 1964 and was adopted by
the International Association of the Study of Pain (IASP) and since 1979 is the most accepted
definition for pain worldwide. That definition clearly mention the sensory aspect of pain. As
an organic sensorial modality, pain processing relies on electrical signal transmission through-
out the nervous system. Despite the fact that emotional features of an individual directly
interferes with final pain interpretation, this chapter is focused on the sensory aspects (also
called nociception) of pain and how calcium-permeable channels are involved in pain
processing.

The macroscopic pathway of pain signals comprises a well-accepted route throughout the
peripheral and central nervous system (Figure 1A). Detection of noxious stimuli may occur in
skin, muscle, joints, and internal organs. Generated signals travel from periphery to the spinal
cord through axons of sensory afferent fibers. Once those fibers enter the spinal cord through
the dorsal horn, they made synapses with second order neurons that convey synaptic release
of neurotransmitter into new action potentials. That action potential travels up along the spinal
cord mainly through spinothalamic trait until the thalamus where a new synapse occurs and
pain can be initially perceived by its intensity. From the thalamus, signals diverge to different
brain areas mainly the somatosensory cortex and limbic systems allowing a more broad
interpretation and association of pain with emotional experiences (Figure 1). This ascending
path is counterbalanced by a descending circuitry that connects with the ascending fibers to
facilitate or reduce the traffic of electrical pain signals to the brain.

1.2. Calcium channels in the pain pathway

Importantly, the ion channels present at the membrane of neurons of the above pathway
functionally orchestrate the generation and processing of pain signals (Figure 1B). Although
calcium channels are the focus of this chapter, sodium and potassium channels also holds
prominent contribution of signal transmission mainly on the conduction of the bioelectrical
pain signals. Noxious stimuli are initially transduced into electrical signals by the peripheral
end of sensory neurons. Those terminals convey diverse sensory modalities such as pain, itch,
discriminative touch into action potentials. Some terminals belong to a subset of fibers that are
specialized on the detection of noxious stimuli (delta and C fibers). Some of the markers
associated with specific nociceptive fibers include calcium-permeable channels such as the
cold/menthol receptor TRPM8, the heat vaniloid receptor TRPV1, the mustard oil receptor
TRPA1 and the purinergic receptor P2X3.

Those markers consist of cation-permeable channels that activate in response to noxious
stimuli (e.g. TRPA1 respond to noxious cold and TRPV1 to heat) to allow mainly sodium and
calcium influx into the nerve terminal contributing for action potential generation. At the
central terminal of sensorial afferent neurons, the action potential triggers the opening of
voltage-gated calcium channels and the consecutive influx of calcium ions cause exocytosis of
excitatory neurotransmitter (glutamate) which further depolarize a second order neuron in the
spinal cord. The expression pattern of N-type voltage gated calcium channels at the dorsal
horn of spinal cord is consistent with the role of VGCC’s in afferent/spinal synapses. Further-
more, null mice for the N-type channels show higher threshold for thermal and mechanical

Ion Channels in Health and Sickness108

sensitivity. Nevertheless, other subtypes of VGCC’s also contribute to this process but N-type
channels are the most relevant and studied in this process. The propagation of action potential
through thalamus depends on the summation of synaptic potentials received by the 2nd order
neuron. Glutamate released on those synapses activate NMDA and AMPA receptors to allow
calcium and sodium entry providing a rapid onset depolarization process, thus 3rd and
consecutive neurons can be activated (Figure 2).

Figure 1. Afferent processing of nociceptive signals: (A) peripheral nerve terminals trigger action potential in response to
harmful stimuli. Electrical potentials reach the spinal cord throughout axons from sensory afferent fibers. At the dorsal
horn of spinal cord those afferent fibers make synapse with 2nd order neurons that project to thalamus and then to other
brain areas to allow central processing of pain; (B) differential cellular distribution of distinct calcium permeable channels
in the ascending pain pathway.

Role of Calcium Permeable Channels in Pain Processing
http://dx.doi.org/10.5772/intechopen.77996

109



Normal pain has an evolutionary purpose of protecting us from harmful environments. Thus,
the neurochemical cascade of normal pain relies on the proper function of calcium and other
ion channels to allow a physiologic functioning of our sensorial system. However, when pain
goes untreated, or when some pathological process goes embedded, maladaptive changes can
occur. Ion channels may become differentially expressed, badly recycled, differentially phos-
phorylated or even unblocked by endogenous ions, therefore, activation thresholds are altered,
or ion conductance is increased for a given input, so bioelectrical facilitation occurs with pain
signals culminating in a state known as sensitization. The sensitization is present in several
chronic pain conditions transforming pain in a worldwide public health problem whose
treatment is largely inefficient and challenging. The precise role of calcium channels in the
pain process is a very pursued scientific theme. The currently available tools for genetic and
molecular studies are unraveling new putative targets that could be controlled in order to
promote new options for better pain management.

This chapter presents an overview of current state of art of the knowledge on calcium-
permeable channels associated to pain processing. Their divisions, classifications, and way of
control are discussed in the view of signaling transmission in pain. Finally, we present how the
current understanding of this theme may turn into therapeutic opportunities to treat pain.

2. The role of voltage-gated calcium channels (VGCC) in pain

As the name says, these channels are able to respond to variations in the electric field that
trigger changes in its conformation, which allows these channels to transit between open or
closed states [1]. Therefore, calcium can flow into the intracellular space at depolarized volt-
ages within the peak of action potentials. In this topic, we will give an overview of the updated
data involving VGCC’s and how they contribute to the pain pathway. Specific details of
molecular composition and classification are given in previews chapters of this book.

In resume, VGCC can be classified as L, N, P/Q, R and T and are distinguished by their different
sensitivity for some pharmacological agents and their channel conductance kinetics based on
their voltage activation properties. The VGCC classes can be further divided into two groups by

Figure 2. Overall molecular assembly and classification of a voltage gated calcium channels.
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their voltage activation properties: the high-voltage activated type (L, N, P/Q and R-type) and
the low voltage activated the T-type channel [2, 3]. Besides their biophysical and pharmacolog-
ical features, different calcium channel isoforms show distinct cellular and subcellular distribu-
tions to fulfill specific functional roles. These diverse functional roles ultimately pose a challenge
when drawing new calcium channel modulators with low risk of adverse effects.

Several evidences suggest that some subtypes of VGCC have greater involvement in pain
pathways than others. The action potentials of neurons are able to reach the central terminals
of a sensory neuron, activating voltage-gated calcium channels and allowing calcium influx in
the cell, which triggers synaptic vesicle exocytosis containing the neurotransmitters. In sensory
neurons of the pain pathway, neurotransmitters such as glutamate, substance P, and CGRP are
released after activation of Ca2+ channels, mainly the L, N and P/Q type [4]. Due to their
prominent role in pain processing signals, Calcium channels are considered important targets
for the treatment the treatment of pain [5].

2.1. N-type (CaV2.2)

This channel is a hetero-oligomeric complex consisting of α1B β, and α2δ subunits (Figure 2).
N-type channels are present in synaptic terminals of the dorsal horn of spinal cord and in DRG
neurons [5]. These channels are not restricted to pain pathways; they are in fact widely
distributed in the central nervous system. Some studies show that these channels are propor-
tionally more expressed in small than in large sensory neurons. One of the important functions
of N-type is the control of neurotransmitter release. A region in the linker between domains II
and III of N-type channel forms a binding site for the proteins coupled to the membrane,
allowing the release of neurotransmitters [6, 7].

In animal models of neuropathic pain, N-type channel has been shown to underlie significant
changes in their levels and composition. N-type channels are considered the main targets for
the development of new analgesics. Studies have shown that knockout mice for N-type chan-
nels display higher thresholds for pain perception when compared to their wild-type [8]. The
calcium channel blocker known as ziconotide shows proven clinical efficacy against pain when
administered intrathecally [9].

2.2. L-type (CaV1.1 CaV1.2 CaV1.3 CaV1.4)

L-type Cav1.2 and Cav1.3 have been reported to be up or down regulated in DRG of neuro-
pathic pain [10]. Studies on the antinociceptive effect of L-type calcium channel blockers
combined to opioids have reported significantly higher antinociceptive effect [11]. In sensory
neurons, L-type Ca2+ channels appear to be involved in nociception since nifedipine, a L-type
blocker, inhibits the release of substance P induced by inflammation [12].

2.3. P/Q-type (CaV2.1)

The CaV2.1 subunit drives both P-type and Q-type currents. This channel is expressed in
Purkinje and Granular cells but is not restricted to neurons only. In glutamatergic and
GABAergic synapses the P/Q currents are essential for the release of neurotransmitters [13].
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their voltage activation properties: the high-voltage activated type (L, N, P/Q and R-type) and
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tions to fulfill specific functional roles. These diverse functional roles ultimately pose a challenge
when drawing new calcium channel modulators with low risk of adverse effects.
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pathways than others. The action potentials of neurons are able to reach the central terminals
of a sensory neuron, activating voltage-gated calcium channels and allowing calcium influx in
the cell, which triggers synaptic vesicle exocytosis containing the neurotransmitters. In sensory
neurons of the pain pathway, neurotransmitters such as glutamate, substance P, and CGRP are
released after activation of Ca2+ channels, mainly the L, N and P/Q type [4]. Due to their
prominent role in pain processing signals, Calcium channels are considered important targets
for the treatment the treatment of pain [5].

2.1. N-type (CaV2.2)

This channel is a hetero-oligomeric complex consisting of α1B β, and α2δ subunits (Figure 2).
N-type channels are present in synaptic terminals of the dorsal horn of spinal cord and in DRG
neurons [5]. These channels are not restricted to pain pathways; they are in fact widely
distributed in the central nervous system. Some studies show that these channels are propor-
tionally more expressed in small than in large sensory neurons. One of the important functions
of N-type is the control of neurotransmitter release. A region in the linker between domains II
and III of N-type channel forms a binding site for the proteins coupled to the membrane,
allowing the release of neurotransmitters [6, 7].

In animal models of neuropathic pain, N-type channel has been shown to underlie significant
changes in their levels and composition. N-type channels are considered the main targets for
the development of new analgesics. Studies have shown that knockout mice for N-type chan-
nels display higher thresholds for pain perception when compared to their wild-type [8]. The
calcium channel blocker known as ziconotide shows proven clinical efficacy against pain when
administered intrathecally [9].

2.2. L-type (CaV1.1 CaV1.2 CaV1.3 CaV1.4)

L-type Cav1.2 and Cav1.3 have been reported to be up or down regulated in DRG of neuro-
pathic pain [10]. Studies on the antinociceptive effect of L-type calcium channel blockers
combined to opioids have reported significantly higher antinociceptive effect [11]. In sensory
neurons, L-type Ca2+ channels appear to be involved in nociception since nifedipine, a L-type
blocker, inhibits the release of substance P induced by inflammation [12].

2.3. P/Q-type (CaV2.1)

The CaV2.1 subunit drives both P-type and Q-type currents. This channel is expressed in
Purkinje and Granular cells but is not restricted to neurons only. In glutamatergic and
GABAergic synapses the P/Q currents are essential for the release of neurotransmitters [13].
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P/Q-type have an important role in the regulation of neurotransmitter release at central neu-
rons. Although the role of P/Q-type calcium channels in migraine is well established, the
participation of these calcium currents in pain signaling is much less understood. The Nagoya
mutant mouse carries a loss of function mutation in P/Q channels and shows reduced inflam-
matory pain phenotype. Although complete deletion of P/Q channels leads to hyposensitivity
to neuropathic pain, they paradoxically show increased thermal acute nociception. Indeed,
mice that completely lack P/Q presents motor deficit that compromises normal life spam.
Therefore, although P/Q may contribute to pain signaling, they have a much more limited role
than N-type and T-type channels.

2.4. T-type (CaV3.1, CaV3.2, CaV3.3) low voltage

T-type calcium channels evoke secretion from the neuroendocrine cells and are capable of
associating with the synaptic vesicle release machinery. These channels are activated by mem-
brane potentials close to the resting potential, with low threshold; its inactivation is rapid and
reactivation requires a strong hyperpolarization. Due to their hyperpolarized activation range
T-type is notoriously associated with the regulation of neuronal excitability. Their main role is
probably in the rhythmic action potentials of muscle cells and neurons [14]. T-type channel can
be found at dorsal horn of spinal cord, in various subpopulations of primary afferent neurons
suggesting, thus, a role of these channels in pain signaling. The activity of T-type is increased in
the afferent fibers in chronic pain conditions, such as traumatic nerve injury, metabolic nerve
diabetic neuropathy or toxic neuropathies induced by chemotherapy [15]. Conversely,
Ethosuximide, a T-type channel blocker, produce analgesia in pain models in rodents.

2.5. R-type (CaV2.3)

R-type channels contribute to neurotransmitter release at certain synapses and are strongly
involved in memory and neuronal learning [16] but are also linked to the regulation of
neuronal excitability in a number of neuronal subtypes including DRG neurons. Cav2.3 chan-
nels contribute to pain signaling mechanisms; however, the exact roles of these channels
remain to be clarified. These channels are present in the somatosensory neurons of the periph-
eral ganglia, implying them as components of the pain pathways. Genetic research approaches
confirmed this, with R-type knockout mice exhibiting reduced pain perception [8]. Like N-type
channels, R-type are upregulated in neuropathic pain associated with nerve damage. SNX-482
is a synthetic peptide derived from the venom of the tarantula Hysterocrates gigas that specifi-
cally blocks R-type channels. Intrathecal administration of SNX-482 causes analgesia in models
of neuropathic pain [17].

3. TRP family and pain

TRP channels represent an extended protein family consisting of more than 30 distinct subtypes of
channels. TRP channels were firstly characterized on theDrosophila melanogaster eye, in which they
act depolarizing the photoreceptor cells in response to light. These channels have characteristics of
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polymodal activation since temperature changes, pH alterations and chemicals (ex. Capsaicin) can
activate those channels. Once activated, calcium and sodium flow from the extracellular space
through these channels to convert the stimuli into locally spreading membrane depolarizations,
propagating action potentials to the spinal cord and higher brain centers.

Since the cloning of the first vanilloid receptor (TRPV1), six subfamilies have been described:
vanilloid (TRPV), canonical (TRPC), melastatin (TRPM), ankyrin (TRPA), polycystin (TRPP),
and mucolipin (TRPML) [18]. The members of the above superfamily participate in the molec-
ular mechanisms of pain signaling by acting as transducers of harmful thermal, mechanical
and chemical stimuli, for review see [19]. TRP channels are found not only in neurons but also
in a wide variety of cell types, including smooth muscle, epithelial, and immune cells. Since
this book chapter is focused on calcium channels and pain, special attention will be given for
the role of TRP channels mainly those expressed in sensorial neurons. Therefore, we will
discuss the role of TRPV1, TRPA1, TRPV4, and TRPM8 in more details since they are the most
well characterized so far regarding their role in the pain pathway. For a more broad view of all
TRP members and their respective functions see [20].

Although TRP channels share little similarity between subfamilies, they exhibit a similar
membrane topology. Four subunits are required to form a TRP functional channel. Each
subunit contains six membrane-spanning helices (termed S1–S6) as well as a pore-forming
loop between S5 and S6 that enables the distinct cation selectivity and permeability among
TRP channels. Details of the structural and biochemical characterization of TRP channels are
presented in previews chapters from this book.

In addition to their pivotal role in the transduction of harmful stimuli into membrane depolar-
ization, a growing number of evidence have been shown that these channels are regulated by
pro-inflammatory mediators, such as, serotonin, bradykinin, prostaglandins, proteases,
chemokines, and growth factors, confirming how essential these channels are for the sensitiza-
tion of the afferent pain pathway [21]. Given that these channels are of tremendous importance
in somatosensory perception, their dysregulation, as well as the increased expression and
sensitivity, is often associated with inflammatory and neuropathic pain [22].

3.1. TRPV1 channel

The first characterized nociceptive TRP channel was the transient receptor potential vanilloid
type 1 (TRPV1) that was cloned in 1997 using an expression-cloning screening strategy (138).
TRPV1 is a cation permeable channel that is expressed in nociceptive fibers and is responsible
for the detection of noxious stimuli from the periphery such as low pH, temperature rises
(>42�C), osmolality changes, arachidonic acid metabolites, second inflammatory messenger
and capsaicin (irritant compound of the chili). TRPV1 channel expression has been reported
in small to medium neurons, widely expressed in the central and peripheral nervous system,
gastrointestinal tract, bladder epithelium and skin [23]. Because of locating pattern as well as
activating properties, the TRPV1 receptors have a key role in the pain transmission.

Topically applied capsaicin and related vanilloid compounds produce burning pain by
depolarizing specific subsets of C and Aδ nociceptors due to TRPV1 expression on those fibers.
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chemokines, and growth factors, confirming how essential these channels are for the sensitiza-
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in somatosensory perception, their dysregulation, as well as the increased expression and
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type 1 (TRPV1) that was cloned in 1997 using an expression-cloning screening strategy (138).
TRPV1 is a cation permeable channel that is expressed in nociceptive fibers and is responsible
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Type II Aδ nociceptors have a much lower heat threshold, but a very high mechanical thresh-
old. The activity of this afferent almost certainly mediates the “first” acute pain response to
noxious heat. The unmyelinated C fibers are also heterogeneous. Like the myelinated afferents,
most C fibers are polymodal, that is, they include a population which is sensitive to both heat
and mechanical stimuli [24]. Those of greater interest are the heat-responsive, but mechanically
insensitive, unmyelinated afferents (so-called silent nociceptors) that develop mechanical sen-
sitivity only in the setting of injury [25].

Studies have shown that other inflammatory mediators such as prostaglandin E2 (PGE2)
trigger sensitization of TRPV1 channels via phosphorylation, leading to development of ther-
mal hyperalgesia [26]. Conversely, the lack of such sensitization in TRPV1-knockout mice
provides genetic evidence for the idea that TRPV1 is a key component of the mechanism
through which inflammation produces thermal hyperalgesia [27]. The interaction result in a
deep decrease in the channel’s thermal activation threshold, as well as an increase in the
magnitude of responses at suprathreshold temperatures—the biophysical equivalents of
allodynia and hyperalgesia, respectively.

TRP channels are activated or positively modulated by phospholipase C-mediated cleavage of
plasma membrane phosphatidylinositol 4,5 bisphosphate (PIP2). Of course, those are many
downstream consequences of this action, including a decrease in membrane PIP2, increased
levels of diacylglycerol and its metabolites, and increased cytoplasmic calcium, as well as
consequent activation of protein kinases. In the case of TRPV1, the most, if not all, of these
pathways have been implicated in the sensitization process.

Nevertheless, TRPV1 modulation is one of most relevant to tissue injury-evoked pain hyper-
sensitivity, particularly in the development of inflammation. This would include conditions
such as sunburn, infections, rheumatoid or osteoarthritis, and inflammatory bowel disease.
Another interesting example includes pain from bone cancer, where tumor growth and bone
destruction are accompanied by tissue acidosis, as well as the production of cytokines,
neurotrophins, and prostaglandins that can, altogether modulate TRPV1 to cause sensitization.

Several studies have proposed a fundamental role of TRPV1 in hypersensitivity states that
result from tissue inflammation, including thermal and mechanical hyperalgesia [28]. Due to
its high expression in nociceptors, TRPV1, therefore, blockers of TRPV1 have been shown to
have analgesic properties. However, while capsaicin is able to produce central and peripheral
sensitization associated with secondary hyperalgesia, prolonged or repetitive administration
of capsaicin locally on the epidermis results in channel desensitization, a condition that can
result in analgesia [29]. Surprisingly, attempts to develop TRPV1 antagonists have been less
successful than the use of TRPV1 agonist such as capsaicin. Given the role of this channel in the
regulation of body temperature [30], most of the antagonists tested in preclinical and human
studies presented hyperthermic side effects [31].

3.2. TRPA1 channel

TRPA1 receptor was originally identified and cloned by Jaquemar et al. in 1999 [32]. In both
humans and rodents, TRPA1 is expressed in a subpopulation of small-diameter peptidergic
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nociceptors of the dorsal root, nodose, and trigeminal ganglia, along with TRPV1. TRPA1
channel is expressed in vagal and primary afferent fibers innervating the bladder, the pancreas,
the heart, the respiratory tract, and the gastrointestinal tract [33].

This channel is activated by a variety of noxious stimuli, including cold temperatures, pungent
natural compounds, and environmental irritants as menthol, mustard oil, wasabi and horse-
radish [34]. TRPA1 is a major effector of the known proinflammatory mediator bradykinin,
which elicits sensory neuron excitation ex vivo and hyperalgesia in vivo [35]. TRPA1 is also
modulated indirectly by proalgesic agents, such as bradykinin, which act by PLC-coupled
receptors. Studies have evidenced that TRPA1-deficient mice show dramatically reduced
cellular and behavioral responses to all of these agents, as well as a reduction in tissue injury-
evoked thermal and mechanical hypersensitivity [36].

Genetic evidence in humans also point toward a role of TRPA1 in pain signaling. A recent
study described a gain-of-function mutation in humans suffering from episodic pain syn-
dromes. This autosomal dominant mutation occurs in the fourth transmembrane domain of
TRPA1 and generates normal pharmacological profile of this receptor but increases inward
current at resting potentials. Since cold temperature is a trigger of enhanced pain perception in
that human cohort study, the authors confirm the role of the TRPA1 channel as a noxious cold
sensor as well as an irritant sensor [37].

Phα1β, the peptide purified from the venom of the armed spider Phoneutria nigriventer, which
previously has been shown to exhibit antinociceptive effects [38, 39], and its recombinant form
(CTK 01512–2) have now been identified as selective and potent TRPA1 channel antagonist
with antihyperalgesic effects in a relevant model of neuropathic pain [40]. These findings, in
addition to the reinforcing the role of TRPA1 channels in pain transmission, suggest Phα1β
and CTK 01512–2 as novel strategies for the treatment of painful conditions where TRPA1
channels might be involved.

3.3. TRPV4 channel

TRPV4 has been considered the main molecular candidate for sensing osmotic changes, pres-
sure, and shear stress in neurons and muscle tissue thus contributing to pain transduction
associated to these stimuli [41, 42]. TRPV4 regulates intracellular calcium signaling, temperature
sensing, osmotic and mechanic transduction, as well as maintenance of cell volume and energy
homeostasis [43]. It is present in various cell types, including endothelial and epithelial cells,
chondrocytes, and adipocytes. For being expressed in DRG and trigeminal ganglia neurons, has
suggested a role in pain responses to mechanical stimuli in somatic tissue and visceral organs
[33]. Like TRPV1 and TRPA1, TRPV4 is also activated by polyunsaturated fatty acids. Metabo-
lites of arachidonic acid activate TRPV4 by an indirect mechanism involving the cytochrome P-
450, therefore, suggesting a role of TRPV4 in inflammatory associated sensitization process.

3.4. TRPM8 channel

TRPM8 channel is considered as the primary sensor of cold in mammalian. TRPM8 channels
are present in 10% of small DRG and trigeminal ganglia neurons, is activated by temperature
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through which inflammation produces thermal hyperalgesia [27]. The interaction result in a
deep decrease in the channel’s thermal activation threshold, as well as an increase in the
magnitude of responses at suprathreshold temperatures—the biophysical equivalents of
allodynia and hyperalgesia, respectively.

TRP channels are activated or positively modulated by phospholipase C-mediated cleavage of
plasma membrane phosphatidylinositol 4,5 bisphosphate (PIP2). Of course, those are many
downstream consequences of this action, including a decrease in membrane PIP2, increased
levels of diacylglycerol and its metabolites, and increased cytoplasmic calcium, as well as
consequent activation of protein kinases. In the case of TRPV1, the most, if not all, of these
pathways have been implicated in the sensitization process.

Nevertheless, TRPV1 modulation is one of most relevant to tissue injury-evoked pain hyper-
sensitivity, particularly in the development of inflammation. This would include conditions
such as sunburn, infections, rheumatoid or osteoarthritis, and inflammatory bowel disease.
Another interesting example includes pain from bone cancer, where tumor growth and bone
destruction are accompanied by tissue acidosis, as well as the production of cytokines,
neurotrophins, and prostaglandins that can, altogether modulate TRPV1 to cause sensitization.

Several studies have proposed a fundamental role of TRPV1 in hypersensitivity states that
result from tissue inflammation, including thermal and mechanical hyperalgesia [28]. Due to
its high expression in nociceptors, TRPV1, therefore, blockers of TRPV1 have been shown to
have analgesic properties. However, while capsaicin is able to produce central and peripheral
sensitization associated with secondary hyperalgesia, prolonged or repetitive administration
of capsaicin locally on the epidermis results in channel desensitization, a condition that can
result in analgesia [29]. Surprisingly, attempts to develop TRPV1 antagonists have been less
successful than the use of TRPV1 agonist such as capsaicin. Given the role of this channel in the
regulation of body temperature [30], most of the antagonists tested in preclinical and human
studies presented hyperthermic side effects [31].

3.2. TRPA1 channel

TRPA1 receptor was originally identified and cloned by Jaquemar et al. in 1999 [32]. In both
humans and rodents, TRPA1 is expressed in a subpopulation of small-diameter peptidergic
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nociceptors of the dorsal root, nodose, and trigeminal ganglia, along with TRPV1. TRPA1
channel is expressed in vagal and primary afferent fibers innervating the bladder, the pancreas,
the heart, the respiratory tract, and the gastrointestinal tract [33].

This channel is activated by a variety of noxious stimuli, including cold temperatures, pungent
natural compounds, and environmental irritants as menthol, mustard oil, wasabi and horse-
radish [34]. TRPA1 is a major effector of the known proinflammatory mediator bradykinin,
which elicits sensory neuron excitation ex vivo and hyperalgesia in vivo [35]. TRPA1 is also
modulated indirectly by proalgesic agents, such as bradykinin, which act by PLC-coupled
receptors. Studies have evidenced that TRPA1-deficient mice show dramatically reduced
cellular and behavioral responses to all of these agents, as well as a reduction in tissue injury-
evoked thermal and mechanical hypersensitivity [36].

Genetic evidence in humans also point toward a role of TRPA1 in pain signaling. A recent
study described a gain-of-function mutation in humans suffering from episodic pain syn-
dromes. This autosomal dominant mutation occurs in the fourth transmembrane domain of
TRPA1 and generates normal pharmacological profile of this receptor but increases inward
current at resting potentials. Since cold temperature is a trigger of enhanced pain perception in
that human cohort study, the authors confirm the role of the TRPA1 channel as a noxious cold
sensor as well as an irritant sensor [37].

Phα1β, the peptide purified from the venom of the armed spider Phoneutria nigriventer, which
previously has been shown to exhibit antinociceptive effects [38, 39], and its recombinant form
(CTK 01512–2) have now been identified as selective and potent TRPA1 channel antagonist
with antihyperalgesic effects in a relevant model of neuropathic pain [40]. These findings, in
addition to the reinforcing the role of TRPA1 channels in pain transmission, suggest Phα1β
and CTK 01512–2 as novel strategies for the treatment of painful conditions where TRPA1
channels might be involved.

3.3. TRPV4 channel

TRPV4 has been considered the main molecular candidate for sensing osmotic changes, pres-
sure, and shear stress in neurons and muscle tissue thus contributing to pain transduction
associated to these stimuli [41, 42]. TRPV4 regulates intracellular calcium signaling, temperature
sensing, osmotic and mechanic transduction, as well as maintenance of cell volume and energy
homeostasis [43]. It is present in various cell types, including endothelial and epithelial cells,
chondrocytes, and adipocytes. For being expressed in DRG and trigeminal ganglia neurons, has
suggested a role in pain responses to mechanical stimuli in somatic tissue and visceral organs
[33]. Like TRPV1 and TRPA1, TRPV4 is also activated by polyunsaturated fatty acids. Metabo-
lites of arachidonic acid activate TRPV4 by an indirect mechanism involving the cytochrome P-
450, therefore, suggesting a role of TRPV4 in inflammatory associated sensitization process.

3.4. TRPM8 channel

TRPM8 channel is considered as the primary sensor of cold in mammalian. TRPM8 channels
are present in 10% of small DRG and trigeminal ganglia neurons, is activated by temperature
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of below 25�C and by agents as menthol and eucalyptol and that do not express the classical
markers of nociceptors such as TRPV1 andCGRP, suggesting that TRPM8 is a cold thermosensor
for non-noxious temperatures [44]. However, studies have reported that acute activation or
inhibition of TRPM8 can have analgesic effects either on visceral or neuropathic pain [45, 46].

4. Ionotropic glutamate receptors

Numerous ions channels of many types of receptors, including the ionotropic glutamate
receptors, contribute to the detection and processing the pain signals. The function of these
channels is detection the information from primary afferent neurons of mechanical and chem-
ical insults, generation of action potentials, regulation of neuronal firing patterns, provide the
initiation of neurotransmitter release at the dorsal horn synapses and the ensuring activation of
spinal cord neurons that project to pain centers in the brain. The ionotropic glutamate recep-
tors are involved in the mechanisms underlying peripheral and central sensitization and are
important for pain sensation and pain perception. Changes in channel expression and function
of NMDA receptors are thought to contribute to chronic pain states.

NMDA and AMPA receptors are expressed in secondary sensory neurons of the spinal cord,
some interneurons and in neurons of supraspinal central nervous system. The ionotropic
glutamate receptors include three pharmacologically and genetically distinct receptor types,
named N-methyl-D-aspartate receptor (NMDA), α-amino-3-hydroxy-5-methilixazole-4-propionic
acid receptor (AMPA) and kainate receptors.

At the molecular level, seven homologous genes code for NMDA subunits and are categorized
into three major classes: GluN1/NR1, (Grin 1), GluN2/NR2 (Grin 2A, Grin2B, Grin2C, Grin2D)
and GluN3/NR3 (Grin 3A, Grin 3B). The GluN1 subtype is essential for NMDA function and is
expressed in the majority of the central nervous system, while differential expression of Glu2
subtype variants accounts for differences in the functional properties of NMDA receptors. A
typically functional NMDA receptor contains two GluN1 and two GluN2 genetically encoded
subunits (for review see [28]).

Glutamate and aspartate are the principal excitatory neurotransmitters that act on postsynap-
tic ionotropic glutamate receptors in response to noxious stimulation [47]. As the most studied
inotropic glutamate receptor in pain is the NMDA receptor, it will be described in more details.
NMDA receptors represent the most recognized postsynaptic source of calcium rise in the
neurons, regulated by many kinases, phosphatases, and other enzymes. Moreover, NMDA
activation is the major component of inflammatory and neuropathic pain. These receptors
have independent mechanisms for facilitating excitatory and boosting synaptic transmission
and, in this way, are important in the pain system [48].

The pore of NMDA receptor is permeable to monovalent cations such as sodium and potas-
sium and divalent cations including calcium. Activation of NMDA receptors requires the
binding of L-glutamate and glycine as an obligatory co-agonist. However, at physiological
resting membrane potential, the pore is largely blocked by extracellular magnesium ions
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(Figure 3). The cumulative depolarization produced during central sensitization leads to a
relief of NMDA receptors blockade by magnesium causing an increase in intracellular calcium,
synaptic depolarization and transmission and neuronal excitability. The process known as
windup is the initial activity-dependent event that increases the synaptic responses and trig-
gers central sensitization. Wind up is a form of physiological pain characterized by a succes-
sive increase in the output of a dorsal horn neuron produced by repetitive noxious stimuli [28].

Windup and Cumulative depolarization activates convergent signaling cascades from NK1, G
protein-coupled metabotropic receptors (mGluR) and tyrosine kinase receptors, all present in
the superficial dorsal horn leading to suppression of magnesium blockade of NMDA channels
and enhance NMDA channels gating and function [48]. In dorsal horn neurons, NMDA
receptors are known to be regulated by AMPA channel and unregulated by tyrosine kinase
family (Src). During central sensitization, the Src enhance the NMDA receptor function raising
intracellular calcium and activating de calcium/calmodulin-dependent kinase II (CaMKII) and
protein kinase C (PKC) [48].

Downstream to the Mg2+ unblock of NMDA receptors, the flow of sodium and calcium ions
through NMDA receptors leads to depolarization of the synaptic membrane and facilitate
the excitatory postsynaptic potentials (EPSPs) and cause an increase of intracellular calcium
concentrations. The intracellular calcium causes activation of kinases, including protein
kinase A (PKA), protein kinase C (PKC) and extracellular signal-regulated kinase (ERK). The

Figure 3. NMDA receptor activation and dorsal horn neuronal windup. Left: under basal physiological conditions,
NMDA receptor is in a non-potentiated, with reduced sodium and calcium inward currents due to the blockage of
magnesium ions from the extracellular space. Right: repetitive stimulation from pre synaptic afferent inputs causes relief
of Mg2+ blockage (1). Calcium elevation in cytosol (2) activates kinase cascades including ERK, PKA, CAMKII (3) that
leads to an upregulation in the activity of excitatory ion channels through posttranslational modifications (4) culminating
in persistent changes in dorsal horn excitability.
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of below 25�C and by agents as menthol and eucalyptol and that do not express the classical
markers of nociceptors such as TRPV1 andCGRP, suggesting that TRPM8 is a cold thermosensor
for non-noxious temperatures [44]. However, studies have reported that acute activation or
inhibition of TRPM8 can have analgesic effects either on visceral or neuropathic pain [45, 46].

4. Ionotropic glutamate receptors

Numerous ions channels of many types of receptors, including the ionotropic glutamate
receptors, contribute to the detection and processing the pain signals. The function of these
channels is detection the information from primary afferent neurons of mechanical and chem-
ical insults, generation of action potentials, regulation of neuronal firing patterns, provide the
initiation of neurotransmitter release at the dorsal horn synapses and the ensuring activation of
spinal cord neurons that project to pain centers in the brain. The ionotropic glutamate recep-
tors are involved in the mechanisms underlying peripheral and central sensitization and are
important for pain sensation and pain perception. Changes in channel expression and function
of NMDA receptors are thought to contribute to chronic pain states.

NMDA and AMPA receptors are expressed in secondary sensory neurons of the spinal cord,
some interneurons and in neurons of supraspinal central nervous system. The ionotropic
glutamate receptors include three pharmacologically and genetically distinct receptor types,
named N-methyl-D-aspartate receptor (NMDA), α-amino-3-hydroxy-5-methilixazole-4-propionic
acid receptor (AMPA) and kainate receptors.

At the molecular level, seven homologous genes code for NMDA subunits and are categorized
into three major classes: GluN1/NR1, (Grin 1), GluN2/NR2 (Grin 2A, Grin2B, Grin2C, Grin2D)
and GluN3/NR3 (Grin 3A, Grin 3B). The GluN1 subtype is essential for NMDA function and is
expressed in the majority of the central nervous system, while differential expression of Glu2
subtype variants accounts for differences in the functional properties of NMDA receptors. A
typically functional NMDA receptor contains two GluN1 and two GluN2 genetically encoded
subunits (for review see [28]).

Glutamate and aspartate are the principal excitatory neurotransmitters that act on postsynap-
tic ionotropic glutamate receptors in response to noxious stimulation [47]. As the most studied
inotropic glutamate receptor in pain is the NMDA receptor, it will be described in more details.
NMDA receptors represent the most recognized postsynaptic source of calcium rise in the
neurons, regulated by many kinases, phosphatases, and other enzymes. Moreover, NMDA
activation is the major component of inflammatory and neuropathic pain. These receptors
have independent mechanisms for facilitating excitatory and boosting synaptic transmission
and, in this way, are important in the pain system [48].

The pore of NMDA receptor is permeable to monovalent cations such as sodium and potas-
sium and divalent cations including calcium. Activation of NMDA receptors requires the
binding of L-glutamate and glycine as an obligatory co-agonist. However, at physiological
resting membrane potential, the pore is largely blocked by extracellular magnesium ions
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(Figure 3). The cumulative depolarization produced during central sensitization leads to a
relief of NMDA receptors blockade by magnesium causing an increase in intracellular calcium,
synaptic depolarization and transmission and neuronal excitability. The process known as
windup is the initial activity-dependent event that increases the synaptic responses and trig-
gers central sensitization. Wind up is a form of physiological pain characterized by a succes-
sive increase in the output of a dorsal horn neuron produced by repetitive noxious stimuli [28].

Windup and Cumulative depolarization activates convergent signaling cascades from NK1, G
protein-coupled metabotropic receptors (mGluR) and tyrosine kinase receptors, all present in
the superficial dorsal horn leading to suppression of magnesium blockade of NMDA channels
and enhance NMDA channels gating and function [48]. In dorsal horn neurons, NMDA
receptors are known to be regulated by AMPA channel and unregulated by tyrosine kinase
family (Src). During central sensitization, the Src enhance the NMDA receptor function raising
intracellular calcium and activating de calcium/calmodulin-dependent kinase II (CaMKII) and
protein kinase C (PKC) [48].

Downstream to the Mg2+ unblock of NMDA receptors, the flow of sodium and calcium ions
through NMDA receptors leads to depolarization of the synaptic membrane and facilitate
the excitatory postsynaptic potentials (EPSPs) and cause an increase of intracellular calcium
concentrations. The intracellular calcium causes activation of kinases, including protein
kinase A (PKA), protein kinase C (PKC) and extracellular signal-regulated kinase (ERK). The

Figure 3. NMDA receptor activation and dorsal horn neuronal windup. Left: under basal physiological conditions,
NMDA receptor is in a non-potentiated, with reduced sodium and calcium inward currents due to the blockage of
magnesium ions from the extracellular space. Right: repetitive stimulation from pre synaptic afferent inputs causes relief
of Mg2+ blockage (1). Calcium elevation in cytosol (2) activates kinase cascades including ERK, PKA, CAMKII (3) that
leads to an upregulation in the activity of excitatory ion channels through posttranslational modifications (4) culminating
in persistent changes in dorsal horn excitability.
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NMDA-dependent activation of these kinases can, in turn, increase the excitability of voltage-
gated-calcium channels as well as inhibit the voltage-gated-potassium channels (for review,
see [28]). Furthermore, calcium entry through AMPA receptors may also contribute to the
downregulation of inhibitory glycinergic synaptic function in spinal cord neurons culminating
with even more facilitation of the ascending of pain signals. Figure 3 shows the activation of
NMDA receptors.

Central sensitization is a result from activity-dependent changes in spinal neuronal function
and involves both long-term potentiation of individual synapses as well as the increased
excitability of neurons within the spine cord dorsal horn [48]. Most of the excitatory input to
pain pathway neurons is subthreshold, and increased gain results in the recruitment of these
inputs to the output of the neurons, causing them to fire to normally ineffective inputs. These
changes constitute central sensitization and are responsible for pain produced by low thresh-
old afferent inputs and the spread of hypersensitivity to regions beyond injured tissue [48]. As
it has been stated, NMDA receptors are considered the most validated molecular player
responsible for sensitization process at the spinal cord.

5. Therapeutical opportunities

The prominent role of calcium permeable channels in the pain pathway represents the oppor-
tunity of controlling those channels for improving pharmacotherapeutic pain management. To
date, several analgesic agents exert their effects by functionally interacting with calcium chan-
nels. The most well-recognized strategies that are already in use comprehends pore inhibition
of voltage-gated calcium channels—with focus on N-type channels; inhibition of VGCC’s by
binding on α2δ auxiliary subunit; inhibition or desensitization of vanilloid receptors mainly
TRPV1 and inhibition of NMDA receptors. Although there is an ever-growing number of
substances discovered to act on the above targets, the number of those with use approved for
humans is still small.

Ziconotide (Prialt™) was developed and approved as a first-in-class synthetic version of ω-
conotoxin MVIIA, a peptide blocker of CaV2.2 channels. It was approved by US Food and Drug
Administration and European Medicines Agency for the management of severe chronic pain
associated with cancer, acquired immune deficiency syndrome (AIDS) and neuropathies—
refractory to other current pain medications. Despite the clinical efficacy of ziconotide to treat
severe pain, its impracticalities of intrathecal administration, low therapeutical index, and
severe neurotoxic effects have restricted its use to rare circumstances. Ziconotide is the first
and unique drug, so far, derived from an animal toxin to be approved for use in pain manage-
ment, in humans [49].

The consecutive need for a more favorable ratio of anti-nociception to side effect has led to the
discovery of new conotoxins that already translated from basic bench to bed side research (for
review, see [50]). CVID is another ω-conotoxin with remarkable analgesic actions. AM-336
(leconotide) is the synthetic version of CVID that has been tested as a therapeutic agent and has
completed phase II clinical trial. Compared with ziconotide, CVID has improved specificity for
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N-type VGCCs showing, thus, improved efficacy and fewer cardiovascular side effects. Similar
to CVID, CVIE and CVIF are ω-conotoxins capable of blocking N-type channels and completely
and reversibly relieve mechanical allodynia in rodent models of neuropathic pain. Due to their
inherently large size and hydrophilic nature, peptides, in general, are unable to cross the blood-
brain barrier. Therefore, the methods for administering ω-conopeptides are limited to intrathecal
delivery. Therefore, alternative strategies are needed, for example, the use of nonpeptidic small
molecules that has limited systemic degradation. Another strategy is the development of state-
dependent channel blockers who preferentially inhibits the calcium channel when they are in
activated state which appears in highly active pain fibers. A few numbers of state-dependent
blockers is currently under development, for review see [51], but all of them are still in a pre-
clinical phase of testing.

Several pharmaceutical companies have T-type voltage gated calcium channels on their list of
targets to manage pain. It has been shown that T-type channels are expressed in a subset of
primary afferent neurons and have been implicated in synaptic release in the spinal cord
suggesting a role of these channels in pain processing. Consistent with this idea, systemic or
intrathecal administration of ethosuximide of mibefradil (T-type calcium channel blockers)
mediates analgesia in rodents [52]. Indeed, in the recent years, a new generation of both state-
dependent and state-independent T-type blockers appeared (ex. TTA-P2, TTA-A2, and
Z123212) and both mediate analgesia in rodent models of pain [14]. Near future will show if
clinical drugs emerge.

The most frequently prescribed calcium channels modulation for neuropathic pain are the
gabapentinoids. These drugs were initially designed to perform as analogues of GABA and origi-
nally indicated for the treatment of epilepsy.However, it becomes empirically evident that this class
of drugs is very efficient in attenuating pain in postherpetic neuralgia, diabetic neuropathy, and
fibromyalgia. Thus, initial off-label use of gabapentinoids turns into approved used for palliative
care neuropathic pain states. The main clinically used gabapentinoids include gabapentin and the
newer derivative pregabalin. Gabapentinoids were identified as ligands for the auxiliary voltage-
gated calcium channel subunit α2δ although they also bind to GABA receptors but with lower
affinity. The interaction of gabapentinoids with the α2δ subunit is required for the antinociceptive
activity of gabapentinoids given the lack of correspondent efficacy in null mice [53]. By binding to
α2δ subunit, gabapentinoids acts as inhibitors of α2δ subunit-containing VDCC’s therefore
inhibiting neurotransmitter release. At the cellular level, it is unclear how gabapentinoids inhibit
neurotransmitter release. It is suggested they inhibit axonal trafficking of α2δ subunit and thus the
recycling of calcium channel complexes, which is elevated in injured primary afferents.

Blocking N-methyl D-aspartate (NMDA) receptors inhibits the wind-up phenomenon of spinal
dorsal horn neurons. Given this phenomenon is a key event in the pain sensitization process,
NMDA ionophore antagonists have been shown to have potent attenuating effects in pain
states, though not approved, in humans. Numerous NMDA antagonists have been employed
for preclinical work. These include channel blockers such as ketamine, and memantine [54].
NMDAR antagonists e.g. ketamine and dextromethorphan, are generally effective in patients
with neuropathic pain such as complex regional pain syndrome and painful diabetic neurop-
athy [55]. Main observed side effects of these antagonists include neuronal toxicity and

Role of Calcium Permeable Channels in Pain Processing
http://dx.doi.org/10.5772/intechopen.77996

119



NMDA-dependent activation of these kinases can, in turn, increase the excitability of voltage-
gated-calcium channels as well as inhibit the voltage-gated-potassium channels (for review,
see [28]). Furthermore, calcium entry through AMPA receptors may also contribute to the
downregulation of inhibitory glycinergic synaptic function in spinal cord neurons culminating
with even more facilitation of the ascending of pain signals. Figure 3 shows the activation of
NMDA receptors.

Central sensitization is a result from activity-dependent changes in spinal neuronal function
and involves both long-term potentiation of individual synapses as well as the increased
excitability of neurons within the spine cord dorsal horn [48]. Most of the excitatory input to
pain pathway neurons is subthreshold, and increased gain results in the recruitment of these
inputs to the output of the neurons, causing them to fire to normally ineffective inputs. These
changes constitute central sensitization and are responsible for pain produced by low thresh-
old afferent inputs and the spread of hypersensitivity to regions beyond injured tissue [48]. As
it has been stated, NMDA receptors are considered the most validated molecular player
responsible for sensitization process at the spinal cord.

5. Therapeutical opportunities

The prominent role of calcium permeable channels in the pain pathway represents the oppor-
tunity of controlling those channels for improving pharmacotherapeutic pain management. To
date, several analgesic agents exert their effects by functionally interacting with calcium chan-
nels. The most well-recognized strategies that are already in use comprehends pore inhibition
of voltage-gated calcium channels—with focus on N-type channels; inhibition of VGCC’s by
binding on α2δ auxiliary subunit; inhibition or desensitization of vanilloid receptors mainly
TRPV1 and inhibition of NMDA receptors. Although there is an ever-growing number of
substances discovered to act on the above targets, the number of those with use approved for
humans is still small.

Ziconotide (Prialt™) was developed and approved as a first-in-class synthetic version of ω-
conotoxin MVIIA, a peptide blocker of CaV2.2 channels. It was approved by US Food and Drug
Administration and European Medicines Agency for the management of severe chronic pain
associated with cancer, acquired immune deficiency syndrome (AIDS) and neuropathies—
refractory to other current pain medications. Despite the clinical efficacy of ziconotide to treat
severe pain, its impracticalities of intrathecal administration, low therapeutical index, and
severe neurotoxic effects have restricted its use to rare circumstances. Ziconotide is the first
and unique drug, so far, derived from an animal toxin to be approved for use in pain manage-
ment, in humans [49].

The consecutive need for a more favorable ratio of anti-nociception to side effect has led to the
discovery of new conotoxins that already translated from basic bench to bed side research (for
review, see [50]). CVID is another ω-conotoxin with remarkable analgesic actions. AM-336
(leconotide) is the synthetic version of CVID that has been tested as a therapeutic agent and has
completed phase II clinical trial. Compared with ziconotide, CVID has improved specificity for
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N-type VGCCs showing, thus, improved efficacy and fewer cardiovascular side effects. Similar
to CVID, CVIE and CVIF are ω-conotoxins capable of blocking N-type channels and completely
and reversibly relieve mechanical allodynia in rodent models of neuropathic pain. Due to their
inherently large size and hydrophilic nature, peptides, in general, are unable to cross the blood-
brain barrier. Therefore, the methods for administering ω-conopeptides are limited to intrathecal
delivery. Therefore, alternative strategies are needed, for example, the use of nonpeptidic small
molecules that has limited systemic degradation. Another strategy is the development of state-
dependent channel blockers who preferentially inhibits the calcium channel when they are in
activated state which appears in highly active pain fibers. A few numbers of state-dependent
blockers is currently under development, for review see [51], but all of them are still in a pre-
clinical phase of testing.

Several pharmaceutical companies have T-type voltage gated calcium channels on their list of
targets to manage pain. It has been shown that T-type channels are expressed in a subset of
primary afferent neurons and have been implicated in synaptic release in the spinal cord
suggesting a role of these channels in pain processing. Consistent with this idea, systemic or
intrathecal administration of ethosuximide of mibefradil (T-type calcium channel blockers)
mediates analgesia in rodents [52]. Indeed, in the recent years, a new generation of both state-
dependent and state-independent T-type blockers appeared (ex. TTA-P2, TTA-A2, and
Z123212) and both mediate analgesia in rodent models of pain [14]. Near future will show if
clinical drugs emerge.

The most frequently prescribed calcium channels modulation for neuropathic pain are the
gabapentinoids. These drugs were initially designed to perform as analogues of GABA and origi-
nally indicated for the treatment of epilepsy.However, it becomes empirically evident that this class
of drugs is very efficient in attenuating pain in postherpetic neuralgia, diabetic neuropathy, and
fibromyalgia. Thus, initial off-label use of gabapentinoids turns into approved used for palliative
care neuropathic pain states. The main clinically used gabapentinoids include gabapentin and the
newer derivative pregabalin. Gabapentinoids were identified as ligands for the auxiliary voltage-
gated calcium channel subunit α2δ although they also bind to GABA receptors but with lower
affinity. The interaction of gabapentinoids with the α2δ subunit is required for the antinociceptive
activity of gabapentinoids given the lack of correspondent efficacy in null mice [53]. By binding to
α2δ subunit, gabapentinoids acts as inhibitors of α2δ subunit-containing VDCC’s therefore
inhibiting neurotransmitter release. At the cellular level, it is unclear how gabapentinoids inhibit
neurotransmitter release. It is suggested they inhibit axonal trafficking of α2δ subunit and thus the
recycling of calcium channel complexes, which is elevated in injured primary afferents.

Blocking N-methyl D-aspartate (NMDA) receptors inhibits the wind-up phenomenon of spinal
dorsal horn neurons. Given this phenomenon is a key event in the pain sensitization process,
NMDA ionophore antagonists have been shown to have potent attenuating effects in pain
states, though not approved, in humans. Numerous NMDA antagonists have been employed
for preclinical work. These include channel blockers such as ketamine, and memantine [54].
NMDAR antagonists e.g. ketamine and dextromethorphan, are generally effective in patients
with neuropathic pain such as complex regional pain syndrome and painful diabetic neurop-
athy [55]. Main observed side effects of these antagonists include neuronal toxicity and
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profound psychotomimetic effects. Then, current usage of these class of drugs to treat pain is
off-label usage.

TRP channels are also promising targets for drug discovery. The initial focus of research was
on TRP channels that are expressed on nociceptive neurons. Indeed, a number of potent, small-
molecule TRPV1, TRPV3, and TRPA1 antagonists have already entered clinical trials as novel
analgesic agents but this is a rapidly expanding and changing field. Although there has been
considerable excitement around the therapeutic potential of this channel family since the
cloning and identification of TRPV1 channels as the capsaicin receptor more than 20 years
ago, only modulators of a few channels have been tested clinically. TRPV1 channel antagonists
have suffered from side effects related to the channel’s role in temperature sensation. Paradox-
ically, high dose formulations of capsaicin have reached the market and shown therapeutic
utility. A number of potent, small molecule antagonists of TRPA1 channels have recently
advanced into clinical trials for the treatment of inflammatory and neuropathic pain, and
TRPM8 antagonists are following closely behind for cold allodynia. Other TRP channels such
as TRPV3, V4, and TRPM2 have also attracted significant attention [56].

6. Conclusions

The calcium flow throughout ion channels in the membrane of sensory neurons convey
information about how pain signals are transduced, transported and interpreted by the ner-
vous system. Regarding the gating control of calcium channels, the voltage-gated (mainly N-
type) and the ligand-gated (mainly vanilloid receptors and NMDAR) are the most well char-
acterized to show a close association with pain processing. The normal function of these
channels helps to control pain in their primitive purpose that is the protection from harmful
environment. However, maladaptive changes of these channels (eg. altered expression levels
or modulation by intracellular phosphorylative cascades) may end up with chronification or
even exacerbation of pain signals transforming it into a public health problem. Although the
majority of clinical trials are disappointing so far, a progressive approach to clinical trials
designs with calcium channels modulators will be key to the success of future therapeutic
approaches. Alternative approaches include the rational search for drug combination regimens
applying calcium channels modulators associated with other drugs. Concurrently, basic
research may also help to identify novel targets, for example, splice variants of calcium
channels that have a more specific role in pain processing. Therefore, new target-specific drugs
could also improve the efficacy and toxicity profiles for pain management.
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profound psychotomimetic effects. Then, current usage of these class of drugs to treat pain is
off-label usage.

TRP channels are also promising targets for drug discovery. The initial focus of research was
on TRP channels that are expressed on nociceptive neurons. Indeed, a number of potent, small-
molecule TRPV1, TRPV3, and TRPA1 antagonists have already entered clinical trials as novel
analgesic agents but this is a rapidly expanding and changing field. Although there has been
considerable excitement around the therapeutic potential of this channel family since the
cloning and identification of TRPV1 channels as the capsaicin receptor more than 20 years
ago, only modulators of a few channels have been tested clinically. TRPV1 channel antagonists
have suffered from side effects related to the channel’s role in temperature sensation. Paradox-
ically, high dose formulations of capsaicin have reached the market and shown therapeutic
utility. A number of potent, small molecule antagonists of TRPA1 channels have recently
advanced into clinical trials for the treatment of inflammatory and neuropathic pain, and
TRPM8 antagonists are following closely behind for cold allodynia. Other TRP channels such
as TRPV3, V4, and TRPM2 have also attracted significant attention [56].

6. Conclusions

The calcium flow throughout ion channels in the membrane of sensory neurons convey
information about how pain signals are transduced, transported and interpreted by the ner-
vous system. Regarding the gating control of calcium channels, the voltage-gated (mainly N-
type) and the ligand-gated (mainly vanilloid receptors and NMDAR) are the most well char-
acterized to show a close association with pain processing. The normal function of these
channels helps to control pain in their primitive purpose that is the protection from harmful
environment. However, maladaptive changes of these channels (eg. altered expression levels
or modulation by intracellular phosphorylative cascades) may end up with chronification or
even exacerbation of pain signals transforming it into a public health problem. Although the
majority of clinical trials are disappointing so far, a progressive approach to clinical trials
designs with calcium channels modulators will be key to the success of future therapeutic
approaches. Alternative approaches include the rational search for drug combination regimens
applying calcium channels modulators associated with other drugs. Concurrently, basic
research may also help to identify novel targets, for example, splice variants of calcium
channels that have a more specific role in pain processing. Therefore, new target-specific drugs
could also improve the efficacy and toxicity profiles for pain management.
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Abstract

Voltage-gated calcium channels (VGCCs) manage the electrical signaling of cells by 
allowing the selective-diffusion of calcium ions in response to the changes in the cellular 
membrane potential. Among the different VGCCs, the long-lasting or the L-type calcium 
channels (LTCCs) are prevalently expressed in a variety of cells, such as skeletal muscle, 
ventricular myocytes, smooth muscles and dendritic cells and forms the largest family of 
the VGCCs. Their wide expression pattern and significant role in diverse cellular events, 
including neurotransmission, cell cycle, muscular contraction, cardiac action potential 
and gene expression, has made these channels the major targets for drug development. In 
this book chapter, we aim to provide a comprehensive overview of the different VGCCs 
and focus on the sequence-structure–function properties of the LTCCs. Our chapter will 
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reports confirmed the presence of these channels in various mammalian cell types including, 
skeletal, cardiac muscles and all excitable cells. These calcium channels were firstly classified 
into two types based on their activation voltage and conductance, the high-voltage-activated 
(HVA) and the low-voltage-activated (LVA) calcium channels [2]. The HVA and LVA channels 
were reported to have distinct gating properties and pharmacological profiles [2, 3]. Hess 
et al. [4] found that the HVA channels are sensitive to 1,4-dihydropyridine (DHPs) antago-
nists and DHPs agonists help in stabilizing the HVA channels in the open-conducting state 
for a prolonged time. Interestingly, some of the identified HVA calcium channels exhibited 
preferences to different tissues and different sensitivity to DHP and other toxin antagonists, 
which led to the identification and classification of diverse HVA channels.

DHP-sensitive channels were found to be present in various cells and exhibited a long-lasting 
activation length and hence are called the DHP channel or the L-type calcium channel (LTCC) 
[5, 6]. ω-CTX-sensitive calcium channels were pronounced for their roles in the nervous sys-
tem and are thus classified as N-type (non-L or neuronal) channels. ω-AGA-sensitive chan-
nels were initially found in the Purkinje cells of the cerebellum and are, therefore, named 
as P-type channels. Another close homolog of the P-type channel produced by alternative 
splicing of the CACNA1A gene was found and is referred to as the Q-type calcium channel. 
In addition to these three types of HVA, some calcium-conducting channels were found to be 
insensitive to any of these antagonists and have been classified as R-type (resistant) channels 
(Table 1).

Only one type of calcium channel has been reported among the LVA channels, namely, the 
transient-opening calcium channel (also called T-type channel). The T-type channels are 
similar to L-type channels in their diverse expression and antagonist resistant properties. 
However, small single-channel conductance and ability to be activated at lower membrane 
potentials make them distinct from the L-type channels.

The prevalence of N-, P/Q-, and R-channels in neurons, and L- and T-channels in broad cel-
lular types, shows the distinctive functional roles of the calcium channels. Besides their role 
in the characterization of the homologous channels, the calcium channel antagonists remain 
promising for their ability to specifically-modulate the different types of channels [10]. The 
varied sensitivities of the HVA and LVA channels to different antagonists show the potential 
for engineering these antagonists to selectively-alter the calcium conduction in different cells 
for various functions.

Type Antagonists sensitivity Ref

1,4-DHP Phenylalkylamine Benzothiazepine ω-CTX ω-AGA

CaV1 L-type Blocks Blocks Blocks Resistant Resistant [7]

CaV2.1P/Q-type Resistant Resistant Resistant Resistant Blocks [8]

CaV2.2 N-type Resistant Resistant Resistant Blocks Resistant [9]

CaV2.3 R-type Resistant Resistant Resistant Resistant Resistant [9]

Table 1. Blocker sensitivities of different HVA channels.
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Ten mammalian VGCCs have been identified, of which the L-type calcium channel includes 
four members, CaV1.1-CaV1.4, the P-/Q-type includes CaV2.1, the N-type includes CaV2.2, 
the R-type includes CaV2.3, and the T-type includes three members, CaV3.1–3.3. Their 
sequence similarity and evolutional relationship are shown in Figure 1. The following sec-
tions of the chapter will focus on comprehending the structure, and function of the LTCCs 
and their implications in drug discovery applications.

1.2. Distribution of LTCCs

The distribution of LTCCs varies widely across its’ members as their functions vary in dif-
ferent excitable cells [9]. Transcripts for all L-type channel isoforms have been detected in 
lymphocytes for endocrine functions [11]. Among the four LTCCs types, CaV1.1 is mainly 
distributed in skeletal muscle and plays a role in muscle contraction. It is co-expressed with 
ryanodine receptors (RYRs) in GABAergic neurons, which produces gamma-aminobutyric 
acid (GABA) [12]. CaV1.2 and CaV1.3 show a highly overlapping expression pattern in many 
tissues and are mostly present in same cell types, such as in adrenal chromaffin cells, cardiac 
and neuronal cells [13]. CaV1.2 and CaV1.3 are predominantly located post-synaptically on 
the cell soma and in the spine and shaft of dendrites in the neurons [14]. CaV1.2 and CaV1.3 
are also expressed in the sinoatrial node (SAN) and atrial cardiomyocytes and play a role in 
cardiac pacemaker activity [15]. In cardiomyocytes, CaV1.2 is mainly involved in the excita-
tion-contraction coupling. CaV1.3 are found in the pancreas and kidney, where it correlates 
with endocrine secretion, and in the cochlea to regulate the auditory transduction (Figure 1). 
CaV1.4 is primarily expressed in the retinal cells and helps in normal visual functions [16].

When the LTCCs detect the electrical signal on the cell membrane, they transform these signals into 
other physiological activities, such as contraction of the muscle, secretion of hormones, and regulation  
of genes [18, 19]. These processes can generally be summarized as excitation-contraction [18], 
excitation-secretion [19], and excitation-transcription coupling [12], respectively.

Figure 1. Phylogenetic tree showing the evolutionary relationship among the members of the VGCCs [2, 17]. And, the 
major distribution of the four LTCC isoforms in human tissues [12, 13, 18]. The tree was constructed using the Clustal 
omega. The scale in the figure shows the percentage of sequence identity in the CaVα1 subunit of different channels.
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2. Sequence-structure organization of L-type calcium channels

2.1. LTCC: domain organization

The purified LTCCs contains five subunits, the principal or pore-forming subunit, α1 
(170 kDa) and different auxiliary subunits, α2 (150 kDa), β (50–78 kDa), δ (17–25 kDa), and 
γ (32 kDa). The auxiliary subunits are non-covalently linked to the α1 subunit for modulat-
ing the biophysical properties and trafficking of the α1 subunit onto the membrane [20]. The 
α1 subunit corresponds to the pore-forming segment of LTCC to allow the passage of Ca2+ 
ions and is composed of approximately 2000 amino acids (AAs). The other components serve 
as auxiliary subunits and modify the function of the channel. For example, the β subunit 
and α2δ-subunit accelerate the activation and deactivation kinetics of the channel and signifi-
cantly increases the maximal-conductance of ionic current [21]. The β subunit, which lacks the 
membrane-spanning region, is localized on the intracellular region of the channel. The α2 and 
δ subunit, although expressed by a single gene, are cleaved into two separate proteins dur-
ing post-translational modification resulting in a glycosylated extracellular α2 and a smaller 
membrane-spanning δ subunit that are held together (α2δ-subunit) by a disulfide bond. The 
transmembrane γ-subunit, another component of LTCCs has not been found in CaV1.2 and 
CaV1.3 of the cardiac cells [13]. The γ-subunit has not been extensively studied because of 
their relatively limited distribution and trivial functional roles. Figure 2 shows the arrange-
ment of CaV subunits.

2.2. LTCC: sequence and splice variants

The pore-forming α1-subunits are expressed by 10 genes, the CACNA1S (CaV1.1α1), CACNA1C 
(CaV1.2α1), the CACNA1D (CaV1.3α1), the CACNA1F (CaV1.4α1), the CACNA1A (CaV2.1α1), the 

Figure 2. The LTCC complex. The pore-forming transmembrane α1-subunit, the intracellular β-subunit, the extracellular 
α2-subunit co-linked with the transmembrane δ-subunit, and the transmembrane γ-subunit are shown [3, 13].
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CACNA1B (CaV2.2α1), the CACNA1E (CaV2.3α1), the CACNA1G (CaV3.1α1), the CACNA1H 
(CaV3.2α1), and the CACNA1I (CaV3.3α1). The members of the three families (CaV1, CaV2, and 
CaV3) share high sequence similarity (above 80%). In particular, the CaV1 and CaV2 families 
have relatively high sequence similarity, when compared with that of the LVA CaV3 family. All 
these channels have large numbers of potential splice variants expressed in different tissues [12]. 
The splicing sites are mainly distributed in the structurally flexible regions, such as N-terminal, 
C-terminal, and linkers between the transmembrane domains. They contribute to regulation of 
genes, gaining diversity in proteins, and in fine-tuning the physiological functions of the channel.

2.3. Domain organization

The LTCC polypeptide forms a heterotetramer and includes the pore-forming transmembrane α1-
subunit, the intracellular β subunit, and an extracellular α2δ subunit. Most of the pharmacological 
and gating properties of LTCCs are accomplished by their α1-subunits. The structural topology 
of the α1-subunits is highly conserved among the members of the LTCCs and is made up of the 
cytoplasmic N- and C-terminal domains and four intervening transmembrane domains (DI-DIV). 
Each transmembrane domain is composed of six transmembrane α-helices (S1–S6), where S1–S4 
helices are known as the voltage sensing domain (VSD), and S5–S6 forms the pore domain [22]. 
VSD detects the changes in the membrane potential and PD helps in the selective passage of 
calcium ions through the channel pore. The S4 helix of the VSD encompasses several conserved 
positively charged residues, whereas, the S1–S3 helices are dominated by negatively charged 
amino acids. When the membrane is depolarized, the movement of the S4 helices is transmitted to 
the cytoplasmic ends of the S5 and S6 helices, through the S4–S5 linkers, resulting in the opening 
of the activation gate formed by the S6 helices on the inner side of the channel [3, 13].

The membrane-associated P-loop in each domain between the two helices, S5 and S6, form the 
selective filter of the channel. The selectivity of calcium channels relies on the P-loops domains 
and their calcium ion binding sites. The selectivity filter of VGCC includes conserved gluta-
mate residues (E–E–E–E) in the P-loop region [5]. Their side chains can restrain Ca2+ at the 
right coordination and let Ca2+ enter into the pore region. The recent research identified three 
aspartic acid residues along the selectivity filter from extracellular to intracellular. Amino acid 
substitution and crystallization, has helped in locating the three binding sites for the Ca2+ ions 
[5]. Although the bacterial calcium channel is different from the mammalian LTCCs in their 
amino acid sequence and structural features, the structure of CavAb has provided valuable 
insights into calcium ion selectivity conferred by the selectivity filter.

The N-terminus and C-terminus region of LTCC are both located in the cytosolic space. 
Although the major sequence of the N-terminus is composed of random loops, it also 
includes a calmodulin interaction domain, known as N-terminal spatial Ca2+ transforming 
elements (NSCaTE) [23]. The length of the C-terminus is much longer than N-terminus and 
contains several binding sites for various proteins that modulate the LTCCs activity (shown 
in Figure 3). Proteolytic cleavage of the C-terminal domain generates two fragments, the 
proximal C-terminal regulatory domain (PCRD) and the distal C-terminal regulatory domain 
(DCRD). The upstream sequence of the cleaved site contains the PCRD, IQ domain, pre-IQ 
domain, and the EF-hand motif. This region is important for Ca2+/CaM binding and regulation. 
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The downstream sequence from the cleavage site includes the A-kinase-anchoring-protein 
(AKAP) binding domain (ABD) and DCRD [3]. When the DCRD is proteolytically cleaved, 
the cleaved fragment can remain non-covalently bound to the PCRD, thus allowing the two 
regions of the C-terminal domain to interact with each other and perform the auto-inhibitory 
function for the LTCCs [24]. The DCRD serves as an effective auto-inhibitory domain for the 
LTCCs or as a transcriptional modular when it enters the nucleus [24]. The ABD of the distal 
C-terminus plays a vital role in PKA-induced phosphorylation of the DCRD. The AKAP binds 
with the ABD and helps PKA identify the phosphorylation sites in the cleaved fragment. The 
phosphorylation shuts down the auto-inhibition of LTCC and facilitates the Ca2+ influx [13].

Coexpression and co-assembly of CaVβ and CaVα2δ subunits with CaVα1 have a significant 
role in LTCCs trafficking [25]. The CaVβ subunit, which belongs to the membrane-associated 
guanylate kinase (MAGUK) protein family is composed of three domains similar to that of the 
MAGUK family, except for the missing PDZ in the N-terminus. The two conserved structural 
domains of the CaVβ, the SH3 and the guanylate-kinase (GuK) like domain are linked together 
by a HOOK domain. The HOOK domain of the CaVβ isoforms has variable lengths and share 
a relatively low overall amino acid identity and plays an important role in the CaVβ interaction 
with other proteins [26]. Similar to the DCTD, the HOOK domain possesses sites for phosphory-
lation and alters the conduction state of LTCCs. The CaVβ subunit interacts with the 18-residue 
long DI-II linker (or the alpha interaction domain (AID)) of the α1 subunit. The α-binding pocket 
(ABP), a hydrophobic groove formed by the surrounding α-helixes, in the GuK domain of the 
CaVβ subunit interacts with the AID [27]. The high-affinity association between AID and ABP 
markedly influences the cell surface expression of functional channels [26].

Figure 3. The secondary structure topology of the α1-subunit of LTCCs. The N-terminal domain is followed by four 
homologous transmembrane domains and the C-terminal domain. Each of the transmembrane domains is made of six 
helices and a membrane associated P-loop. The orange, purple, red, and gray dots indicate the location of NSCaTE, 
PCRD, AKAP binding domain, and DCRD, respectively [3, 22]. The linker of DI and DII, colored in yellow, is the alpha-
binding domain (ABD). The sequence from C1 to C2 and from C3 to C4 shows the two EF-hand motifs. Sequence from 
the end of C4 to the end of C6 colored in light blue is pre-IQ and IQ domain. The cleavage site is located in the sequence 
between DCRD and PCRD. The secondary structure is based on the PDBsum database.
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Another important co-expressed protein component of the LTCC complex is the CaVα2δ sub-
unit. The α2δ subunit remains to be a promising target for the treatment of neuropathic pain 
and mutations that affect the function of CaVα2δ-1 were found to cause cardiac dysfunctions 
[25]. The CaVα2δ subunit is a disulfide-linked polypeptide that interacts with the α1 subunit 
on the extracellular space through its’ α2 segment, while the δ segment serves as an anchor fix-
ing the subunit to the membrane. The CaVα2δ contains a similar domain arrangement to vari-
ous plasma proteins, which includes Von Willebrand factor type-A (VWFA) and the calcium 
channel and chemotaxis (CACHE) domain [28]. The VWFA domain found in CaVα2 promotes 
the trafficking of the α1 subunit to the membrane and acts as a receptor for the extracellular 
ligands, such as thrombospondins. This VWFA domain also contains a metal ion-dependent 
adhesion site (MIDAS), which allows precise coordination of the VWFA domain with bound 
protein ligand [29]. Mutation of this site can result in the loss of CaVα2δ subunits’ regulatory 
function to the CaV1.2, CaV2.1, and CaV2.2. Nevertheless, the CaVα2δ subunit can still help 
in trafficking the CaVα1 subunit to the cytoplasmic membrane. The CACHE domain is located 
at the downstream sequence of VWFA domain in the extracellular side. This domain is known 
to have a possible role in small-molecule recognition [21, 28].

3. Three-dimensional structures of LTCCs

Elucidating the three-dimensional (3D) structure of membrane proteins is challenging due 
to their intricate environmental conditions. Until now, there are no complete 3D structures 
available for the human voltage-gated calcium channels. The 3D structures of two specific 
regions of VGCCs in complex with their auxiliary subunits have been resolved, the AID-
CaVβ complex and the IQ domain-calmodulin (Ca2+/CaM) complex. Recently, the structure 
of Arcobacter butzleri calcium channel (CaVAb) and the mammalian CaV1.1 were determined 
using crystallography and cryo-electron microscopy (EM) techniques, respectively. These 
structures have provided significant insights on the ion selectivity and drug-binding sites in 
the calcium channels.

3.1. The AID-CaVβ complex

The crystal structures of three isoforms of CaVβ have been resolved in complex with the AID 
(i.e., short polypeptides from the DI-II linker of CaVα1) from different species [30]. The 2.2 Å 
resolution structure of rabbit CaVβ2 isoform was crystallized in complex with an 18-residue 
long polypeptide, corresponding to the AID of CaV1.1α1 (PDB ID: 1T3L). The core region 
of rat CaV1.2 β3 isoform was crystallized (PDB ID: 1VYV) with a polypeptide (49 AAs) at 
2.6 Å resolution. Chen et al. crystallized the single structure of CaVβ4 isoform at 3 Å resolu-
tion (PDB ID: 1VYU) [30]. Their core structures, which includes the SH3 and GuK domains, 
exhibit high similarity. A chimeric complex of rat CaVβ2 isoform and first 16 residues of 
human CaV1.2 AID region was crystallized at 1.97 Å resolution (PDB ID: 1T0J) [26]. Mutation 
analysis showed that three CaV1.2 AID residues, Tyr447, Trp440, and Ile441 are important for 
the interaction between the CaVβ subunit and the AID [26, 30].
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The downstream sequence from the cleavage site includes the A-kinase-anchoring-protein 
(AKAP) binding domain (ABD) and DCRD [3]. When the DCRD is proteolytically cleaved, 
the cleaved fragment can remain non-covalently bound to the PCRD, thus allowing the two 
regions of the C-terminal domain to interact with each other and perform the auto-inhibitory 
function for the LTCCs [24]. The DCRD serves as an effective auto-inhibitory domain for the 
LTCCs or as a transcriptional modular when it enters the nucleus [24]. The ABD of the distal 
C-terminus plays a vital role in PKA-induced phosphorylation of the DCRD. The AKAP binds 
with the ABD and helps PKA identify the phosphorylation sites in the cleaved fragment. The 
phosphorylation shuts down the auto-inhibition of LTCC and facilitates the Ca2+ influx [13].

Coexpression and co-assembly of CaVβ and CaVα2δ subunits with CaVα1 have a significant 
role in LTCCs trafficking [25]. The CaVβ subunit, which belongs to the membrane-associated 
guanylate kinase (MAGUK) protein family is composed of three domains similar to that of the 
MAGUK family, except for the missing PDZ in the N-terminus. The two conserved structural 
domains of the CaVβ, the SH3 and the guanylate-kinase (GuK) like domain are linked together 
by a HOOK domain. The HOOK domain of the CaVβ isoforms has variable lengths and share 
a relatively low overall amino acid identity and plays an important role in the CaVβ interaction 
with other proteins [26]. Similar to the DCTD, the HOOK domain possesses sites for phosphory-
lation and alters the conduction state of LTCCs. The CaVβ subunit interacts with the 18-residue 
long DI-II linker (or the alpha interaction domain (AID)) of the α1 subunit. The α-binding pocket 
(ABP), a hydrophobic groove formed by the surrounding α-helixes, in the GuK domain of the 
CaVβ subunit interacts with the AID [27]. The high-affinity association between AID and ABP 
markedly influences the cell surface expression of functional channels [26].

Figure 3. The secondary structure topology of the α1-subunit of LTCCs. The N-terminal domain is followed by four 
homologous transmembrane domains and the C-terminal domain. Each of the transmembrane domains is made of six 
helices and a membrane associated P-loop. The orange, purple, red, and gray dots indicate the location of NSCaTE, 
PCRD, AKAP binding domain, and DCRD, respectively [3, 22]. The linker of DI and DII, colored in yellow, is the alpha-
binding domain (ABD). The sequence from C1 to C2 and from C3 to C4 shows the two EF-hand motifs. Sequence from 
the end of C4 to the end of C6 colored in light blue is pre-IQ and IQ domain. The cleavage site is located in the sequence 
between DCRD and PCRD. The secondary structure is based on the PDBsum database.
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Another important co-expressed protein component of the LTCC complex is the CaVα2δ sub-
unit. The α2δ subunit remains to be a promising target for the treatment of neuropathic pain 
and mutations that affect the function of CaVα2δ-1 were found to cause cardiac dysfunctions 
[25]. The CaVα2δ subunit is a disulfide-linked polypeptide that interacts with the α1 subunit 
on the extracellular space through its’ α2 segment, while the δ segment serves as an anchor fix-
ing the subunit to the membrane. The CaVα2δ contains a similar domain arrangement to vari-
ous plasma proteins, which includes Von Willebrand factor type-A (VWFA) and the calcium 
channel and chemotaxis (CACHE) domain [28]. The VWFA domain found in CaVα2 promotes 
the trafficking of the α1 subunit to the membrane and acts as a receptor for the extracellular 
ligands, such as thrombospondins. This VWFA domain also contains a metal ion-dependent 
adhesion site (MIDAS), which allows precise coordination of the VWFA domain with bound 
protein ligand [29]. Mutation of this site can result in the loss of CaVα2δ subunits’ regulatory 
function to the CaV1.2, CaV2.1, and CaV2.2. Nevertheless, the CaVα2δ subunit can still help 
in trafficking the CaVα1 subunit to the cytoplasmic membrane. The CACHE domain is located 
at the downstream sequence of VWFA domain in the extracellular side. This domain is known 
to have a possible role in small-molecule recognition [21, 28].

3. Three-dimensional structures of LTCCs

Elucidating the three-dimensional (3D) structure of membrane proteins is challenging due 
to their intricate environmental conditions. Until now, there are no complete 3D structures 
available for the human voltage-gated calcium channels. The 3D structures of two specific 
regions of VGCCs in complex with their auxiliary subunits have been resolved, the AID-
CaVβ complex and the IQ domain-calmodulin (Ca2+/CaM) complex. Recently, the structure 
of Arcobacter butzleri calcium channel (CaVAb) and the mammalian CaV1.1 were determined 
using crystallography and cryo-electron microscopy (EM) techniques, respectively. These 
structures have provided significant insights on the ion selectivity and drug-binding sites in 
the calcium channels.

3.1. The AID-CaVβ complex

The crystal structures of three isoforms of CaVβ have been resolved in complex with the AID 
(i.e., short polypeptides from the DI-II linker of CaVα1) from different species [30]. The 2.2 Å 
resolution structure of rabbit CaVβ2 isoform was crystallized in complex with an 18-residue 
long polypeptide, corresponding to the AID of CaV1.1α1 (PDB ID: 1T3L). The core region 
of rat CaV1.2 β3 isoform was crystallized (PDB ID: 1VYV) with a polypeptide (49 AAs) at 
2.6 Å resolution. Chen et al. crystallized the single structure of CaVβ4 isoform at 3 Å resolu-
tion (PDB ID: 1VYU) [30]. Their core structures, which includes the SH3 and GuK domains, 
exhibit high similarity. A chimeric complex of rat CaVβ2 isoform and first 16 residues of 
human CaV1.2 AID region was crystallized at 1.97 Å resolution (PDB ID: 1T0J) [26]. Mutation 
analysis showed that three CaV1.2 AID residues, Tyr447, Trp440, and Ile441 are important for 
the interaction between the CaVβ subunit and the AID [26, 30].
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In 2012, a 2.0 Å resolution crystal complex of rabbit CaV1.2 DI-DII linker and CaVβ2 iso-
form was determined [27]. Not until recently, the 3D structure of the last isoform of CaVβ 
subunit, the CaVβ1, has been identified in a complex with the complete cryo-EM model of 
rabbit CaV1.1. The mechanism that CaVβ regulates CaVα1 is achieved through the transmit-
ted motions of DI-S6. Before association with CaVβ, AID is in a coil-type structure. The CaVβ 
acts as a chaperone and helps AID undergo a coil to helix transition during the binding [31]. 
The α-helix of AID propagates the upstream sequence of DI-S6. They form a rigid connection 
between the GuK domain of the CaVβ and the channel pore, and mechanically transduce 
their binding to channel gating states [30]. The N-terminus of the CaVβ is anchored to the 
membrane, which restricts the motion and orientation of the CaVβ binding to the AID and 
connecting the DI-S6 segment. These coupled motions help CaVβ effectively regulate the gat-
ing properties of calcium channel.

3.2. The IQ domain-calmodulin (CaM) complex

Calmodulin (CaM) is a small and conserved calcium-binding messenger protein that plays an 
essential role in all the HVA channels. In the case of LTCCs, binding with Ca2+/CaM is known 
to pronounce calcium-dependent inhibition of the channel current. Calmodulin, being local-
ized in the cytosolic region, detects the changes in the levels of intracellular Ca2+ and modu-
lates the interaction of LTCCs with other proteins. Four EF-hand motifs distributed equally on 
the N- and C-terminus of the CaM works as the calcium ion sensor. Each of EF-hand motifs is 
composed of two alpha helices and is connected by a flexible loop with the Ca2+ binding site 
located in the middle. The Ca2+/CaM has a higher binding affinity to LTCC and therefore asso-
ciates with the LTCC complex even at low cytoplasmic Ca2+ concentrations. The IQ domain 
and the pre-IQ domain, upstream sequence of the IQ domain, serve as the binding site for the 
calmodulin. CaM is known to play a regulatory role in the calcium-dependent inactivation of 
LTCCs. However, the trafficking function of Ca2+/CaM remains controversial, due to inconsis-
tent results in different expression systems [32]. In hippocampal neurons, CaV1.2 trafficking to 
the distal dendrites is accelerated by the presence of Ca2+/CaM, and not by the apo-CaM [33].

From 2005 to 2012, several structures containing a short polypeptide from CaV1.1 or CaV1.2 
and calcium-bound calmodulin (Ca2+/CaM) were determined. In 2005, three structures of the 
CaV1.2 IQ domain bound to the hydrophobic pocket of the Ca2+/CaM protein were resolved 
[34, 35]. In those complexes, Ca2+/CaM exists in a 2:1 ratio with the IQ domain [36]. IQ domain 
engages itself in the hydrophobic pockets, present in the N-terminal and C-terminal Ca2+/CaM 
lobes, through sets of conserved ‘aromatic anchors’. In the CaV1.2, three residues (Tyr1627, 
Phe1628, and Phe1631) downstream of IQ domain bind the hydrophobic Ca2+/C lobe pockets. 
The three upstream residues (Phe1618, Tyr1619, and Phe1622) bind the Ca2+/N lobe pockets 
[34]. The lengths of CaV1.2α1 IQ domains vary among the resolved structures. For example, 
the 3D structures of human IQ domain have been resolved with 37 residues (PDB ID: 2BE6), 
and 21 residues (PDB ID: 2F3Z, PDB ID: 2VAY) [37], and 21 residues from Cavia porcellus (PDB 
ID: 2F3Y). In 2009, Fallon et al. resolved the extended structure of IQ domain to include the 
pre-IQ domain, which comprised of 77 residues from human CaV1.2 C-terminus (PDB ID: 
3G43) [38]. In 2010, the structure of PreIQ and IQ domain from human CaV1.2 containing 78 
residues (PDB ID: 3OXQ) was crystallized in complex with Ca2+/CaM at 2.55 Å resolution [36]. 
In 2012, Liu and Vogel reported a novel-binding motif (NSCaTE) from N-terminus of CaV1.2 
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and CaV1.3 to have a higher affinity for binding Ca2+/CaM when compared to that of the bind-
ing region in C-terminus [23]. Using NMR, they reported the 3D structure of a 24-residue long 
NSCaTE motif in complex with the Ca2+/CaM (PDB ID: 2LQC). Until now, the Ca2+/CaM com-
plex structure has only been resolved with CaV1.1 and CaV1.2 of the LTCCs. Although CaV1.4 
binds to Ca2+/CaM, their interaction has not been reported to have any functional regulation.

3.3. The structure of bacterial CaV channel

In 2014, the first structure of a bacterial calcium channel (CaVAb) was resolved by perform-
ing specific mutations on the Arcobacter butzleri sodium channel (NaVAb) [5]. The quaternary 
structure of CaVAb is a symmetrical homo-tetramer, which is similar to its NaVAb prototype. 
Four identical domains assemble to form the main structure of the channel, with each of the 
domain (containing 237 residues) encompassing six transmembrane helices. The topological 
features of the transmembrane domain of the CaVAb are similar to that of the LTCC. Tang 
et al. performed several mutations to elucidate the structural basis of Ca2+ selectivity and 
reported the crystal structures of 13 variants that conferred different mutations in NaVAb.

Each monomer is composed of a voltage-sensing domain (S1–S4) and a pore-forming domain 
(S5–S6). Four positively charged arginines in the voltage-sensing domain detect the changes in 
the membrane potential. The voltage-sensor movements are transmitted to the pore-forming 
domain through a cytoplasmic linker that connects the S4 and S5 helices. Three negatively 
charged aspartate residues at the selectivity filter (Asp177, Asp178, and Asp181) were found 
to be essential for binding the Ca2+ ion and render selectivity to the channel. The paper 
revealed that the ion-selective mechanism is based on three Ca2+ binding sites, site-1 (Asp178), 
site-2 (Asp177, Leu176), and site-3 (Thr175). A single substitution at site-177, from Glu to Asp, 
enhanced the calcium selectivity by 1000 times over sodium, which was sufficient to convert 
the sodium channel to calcium channel. Although 181D is not directly involved in Ca2+ coor-
dination and lies outside of the ion-conducting pore, it generates an electronegative environ-
ment to attract the extracellular cations. Binding of one Ca2+ blocks the pore and prevents the 
entry of the monovalent cations. The entry of second Ca2+ induces electrostatic repulsion on 
the first Ca2+, thereby forcing it to flux into the cytoplasm. Thus, the extracellular calcium ions 
fluently permeate into the intracellular side in response to the concentration gradient [5].

3.4. Structure of CaV1.1

In 2015, Wu et al. reported the complete structure of the mammalian CaV1.1 complex at 4.2 Å 
resolution using the cryo-EM technique [39]. Three auxiliary subunits were isolated from 
the rabbit skeletal muscle, the pore-forming α1-subunit, the extracellular α2δ-subunit, and 
the transmembrane γ-subunit. The fourth auxiliary subunit was included in the complex by 
docking the crystal structure of rat CaVβ2 (PDB ID: 1T0J) on the AID of CaV1.1α1 subunit. 
Following this complex, two rabbit CaV1.1 complexes at resolution 3.9 Å (PDB ID: 5GJW) and 
3.6 Å (PDB ID: 5GJV) were reported [40]. This CaV1.1 construct included 1873 amino acid resi-
dues. While the 3D coordinates of most parts of the CaV1.1 α1-subunit were resolved, some 
of the cytoplasmic (N-terminus: 1–31, DI–DII linker: 377–416, DII–DIII linker: 670–787, and 
C-terminus 1516–1873) and extracellular segments (DI S3–S4: 140–160, DIII S3–S4: 886–891, 
and DIV S3–S4: 1206–1228) were found to be missing (Figure 4).
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In 2012, a 2.0 Å resolution crystal complex of rabbit CaV1.2 DI-DII linker and CaVβ2 iso-
form was determined [27]. Not until recently, the 3D structure of the last isoform of CaVβ 
subunit, the CaVβ1, has been identified in a complex with the complete cryo-EM model of 
rabbit CaV1.1. The mechanism that CaVβ regulates CaVα1 is achieved through the transmit-
ted motions of DI-S6. Before association with CaVβ, AID is in a coil-type structure. The CaVβ 
acts as a chaperone and helps AID undergo a coil to helix transition during the binding [31]. 
The α-helix of AID propagates the upstream sequence of DI-S6. They form a rigid connection 
between the GuK domain of the CaVβ and the channel pore, and mechanically transduce 
their binding to channel gating states [30]. The N-terminus of the CaVβ is anchored to the 
membrane, which restricts the motion and orientation of the CaVβ binding to the AID and 
connecting the DI-S6 segment. These coupled motions help CaVβ effectively regulate the gat-
ing properties of calcium channel.

3.2. The IQ domain-calmodulin (CaM) complex

Calmodulin (CaM) is a small and conserved calcium-binding messenger protein that plays an 
essential role in all the HVA channels. In the case of LTCCs, binding with Ca2+/CaM is known 
to pronounce calcium-dependent inhibition of the channel current. Calmodulin, being local-
ized in the cytosolic region, detects the changes in the levels of intracellular Ca2+ and modu-
lates the interaction of LTCCs with other proteins. Four EF-hand motifs distributed equally on 
the N- and C-terminus of the CaM works as the calcium ion sensor. Each of EF-hand motifs is 
composed of two alpha helices and is connected by a flexible loop with the Ca2+ binding site 
located in the middle. The Ca2+/CaM has a higher binding affinity to LTCC and therefore asso-
ciates with the LTCC complex even at low cytoplasmic Ca2+ concentrations. The IQ domain 
and the pre-IQ domain, upstream sequence of the IQ domain, serve as the binding site for the 
calmodulin. CaM is known to play a regulatory role in the calcium-dependent inactivation of 
LTCCs. However, the trafficking function of Ca2+/CaM remains controversial, due to inconsis-
tent results in different expression systems [32]. In hippocampal neurons, CaV1.2 trafficking to 
the distal dendrites is accelerated by the presence of Ca2+/CaM, and not by the apo-CaM [33].

From 2005 to 2012, several structures containing a short polypeptide from CaV1.1 or CaV1.2 
and calcium-bound calmodulin (Ca2+/CaM) were determined. In 2005, three structures of the 
CaV1.2 IQ domain bound to the hydrophobic pocket of the Ca2+/CaM protein were resolved 
[34, 35]. In those complexes, Ca2+/CaM exists in a 2:1 ratio with the IQ domain [36]. IQ domain 
engages itself in the hydrophobic pockets, present in the N-terminal and C-terminal Ca2+/CaM 
lobes, through sets of conserved ‘aromatic anchors’. In the CaV1.2, three residues (Tyr1627, 
Phe1628, and Phe1631) downstream of IQ domain bind the hydrophobic Ca2+/C lobe pockets. 
The three upstream residues (Phe1618, Tyr1619, and Phe1622) bind the Ca2+/N lobe pockets 
[34]. The lengths of CaV1.2α1 IQ domains vary among the resolved structures. For example, 
the 3D structures of human IQ domain have been resolved with 37 residues (PDB ID: 2BE6), 
and 21 residues (PDB ID: 2F3Z, PDB ID: 2VAY) [37], and 21 residues from Cavia porcellus (PDB 
ID: 2F3Y). In 2009, Fallon et al. resolved the extended structure of IQ domain to include the 
pre-IQ domain, which comprised of 77 residues from human CaV1.2 C-terminus (PDB ID: 
3G43) [38]. In 2010, the structure of PreIQ and IQ domain from human CaV1.2 containing 78 
residues (PDB ID: 3OXQ) was crystallized in complex with Ca2+/CaM at 2.55 Å resolution [36]. 
In 2012, Liu and Vogel reported a novel-binding motif (NSCaTE) from N-terminus of CaV1.2 
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and CaV1.3 to have a higher affinity for binding Ca2+/CaM when compared to that of the bind-
ing region in C-terminus [23]. Using NMR, they reported the 3D structure of a 24-residue long 
NSCaTE motif in complex with the Ca2+/CaM (PDB ID: 2LQC). Until now, the Ca2+/CaM com-
plex structure has only been resolved with CaV1.1 and CaV1.2 of the LTCCs. Although CaV1.4 
binds to Ca2+/CaM, their interaction has not been reported to have any functional regulation.

3.3. The structure of bacterial CaV channel

In 2014, the first structure of a bacterial calcium channel (CaVAb) was resolved by perform-
ing specific mutations on the Arcobacter butzleri sodium channel (NaVAb) [5]. The quaternary 
structure of CaVAb is a symmetrical homo-tetramer, which is similar to its NaVAb prototype. 
Four identical domains assemble to form the main structure of the channel, with each of the 
domain (containing 237 residues) encompassing six transmembrane helices. The topological 
features of the transmembrane domain of the CaVAb are similar to that of the LTCC. Tang 
et al. performed several mutations to elucidate the structural basis of Ca2+ selectivity and 
reported the crystal structures of 13 variants that conferred different mutations in NaVAb.

Each monomer is composed of a voltage-sensing domain (S1–S4) and a pore-forming domain 
(S5–S6). Four positively charged arginines in the voltage-sensing domain detect the changes in 
the membrane potential. The voltage-sensor movements are transmitted to the pore-forming 
domain through a cytoplasmic linker that connects the S4 and S5 helices. Three negatively 
charged aspartate residues at the selectivity filter (Asp177, Asp178, and Asp181) were found 
to be essential for binding the Ca2+ ion and render selectivity to the channel. The paper 
revealed that the ion-selective mechanism is based on three Ca2+ binding sites, site-1 (Asp178), 
site-2 (Asp177, Leu176), and site-3 (Thr175). A single substitution at site-177, from Glu to Asp, 
enhanced the calcium selectivity by 1000 times over sodium, which was sufficient to convert 
the sodium channel to calcium channel. Although 181D is not directly involved in Ca2+ coor-
dination and lies outside of the ion-conducting pore, it generates an electronegative environ-
ment to attract the extracellular cations. Binding of one Ca2+ blocks the pore and prevents the 
entry of the monovalent cations. The entry of second Ca2+ induces electrostatic repulsion on 
the first Ca2+, thereby forcing it to flux into the cytoplasm. Thus, the extracellular calcium ions 
fluently permeate into the intracellular side in response to the concentration gradient [5].

3.4. Structure of CaV1.1

In 2015, Wu et al. reported the complete structure of the mammalian CaV1.1 complex at 4.2 Å 
resolution using the cryo-EM technique [39]. Three auxiliary subunits were isolated from 
the rabbit skeletal muscle, the pore-forming α1-subunit, the extracellular α2δ-subunit, and 
the transmembrane γ-subunit. The fourth auxiliary subunit was included in the complex by 
docking the crystal structure of rat CaVβ2 (PDB ID: 1T0J) on the AID of CaV1.1α1 subunit. 
Following this complex, two rabbit CaV1.1 complexes at resolution 3.9 Å (PDB ID: 5GJW) and 
3.6 Å (PDB ID: 5GJV) were reported [40]. This CaV1.1 construct included 1873 amino acid resi-
dues. While the 3D coordinates of most parts of the CaV1.1 α1-subunit were resolved, some 
of the cytoplasmic (N-terminus: 1–31, DI–DII linker: 377–416, DII–DIII linker: 670–787, and 
C-terminus 1516–1873) and extracellular segments (DI S3–S4: 140–160, DIII S3–S4: 886–891, 
and DIV S3–S4: 1206–1228) were found to be missing (Figure 4).
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The rabbit CaV1.1 is composed of four inter-connected homologous domains, each of which 
includes the voltage-sensing and pore-forming domain. The S4 helix of the VSD is composed 
of six charged residues when compared to four residues in human CaVs [41]. Remarkably, the 
asymmetric pore-region of CaV1.1 is formed by the four S5, and S6 bundles and the tightly 
packed inner gate showcased a closed conformation and inactivated conduction-state of the 
CaV1.1 channel. The auxiliary CaVα2 subunit included four tandem cache domains and one 
VWA domain. The cysteine residues, Cys1074 in CaVδ and Cys406 in CaVα2 formed a disul-
fide bond at the binding region between VWA domain and CaVδ. In the VWA domain, the 
MIDAS residues (Ser263, Ser265, Asp261, Thr333, and Asp365) and CaVα1 DI S1–S2 residue 
(Asp78) are bound to a calcium ion. Both the previous and latest 3D structures identified for 
the CaVγ subunit included four transmembrane α-helices, however, in this CaV1.1 struc-
ture, additional extracellular β-sheets have been resolved together with the regions of the 
two termini. The second and third transmembrane-helices in CaVγ and DIV S3-S4 in CaVα1 
are directly involved in interactions through hydrophobic forces. The Cryo-EM structure of 
the rabbit CaV1.1, have thus brought novel insights on the multi-domain structure of VGCC, 
especially the association of CaV with the auxiliary proteins.

3.5. Computational modeling

Computational modeling and simulation remain to be a promising technique to reveal funda-
mental biological mechanisms, biomolecular interactions and predicting the effects of modu-
lators. In CaV, modeling-based studies were previously performed to understand how LTCC 
blockers bind the calcium channel [42–44]. Tikhonov and Zhorov generated homology models of 
the open- and closed-state conformation of the pore-forming domains of CaV1.2 using the crystal 
structure of the KvAP and KCSA channels as the template [45]. The generated models were used 
to dock three types of LTCC blockers, benzothiazepine, phenylalkylamine, and dihydropyridine. 
The docking analysis showed that the all the three ligands bind near the S5–S6 helices of domain 
III and IV and the CaV residues, tyrosine in S6-DIII, tyrosine in S6-DIV, and glutamine in S5-DIII, 
are important for binding these ligands close to the pore domain of the channel. Since no exper-
imentally-resolved structure of small molecule-CaV was available, in silico the docking analysis 
performed in this study provided useful insights for understanding ligand-binding in CaV.

Adiban et al. used the structure of the CaVAb (PDB ID: 4MVQ) to model the selectivity filter 
of the CaV with defined charges. They performed molecular dynamics (MD) simulation to 
calculate the potential of mean force and showed that the affinity for Ca2+ in site-2 (Asp177, 
Leu176) is higher than that within the two other sites, site-1 (Asp178) and site-3 (Thr175). 
Their study also showed that, in the absence of calcium ions, the CaVAb could allow the pas-
sage of Na+ ions, but not Cl− ions [46]. This study using the structure of CaVAb, was helpful in 
understanding the structure–function relationships of the calcium channel.

Figure 4. The missing residues in the rabbit CaV1.1-α1 structure (PDB ID: 5GJV) shaded in gray.
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All of the computational models built for CaV until now were based on templates with low 
sequence identity (<30%). Studying molecular systems built with low-identity templates 
is quite challenging since the accuracy of the model is highly dependent on the similarity 
between the template and the target protein [47]. While the oligomeric structures of bacte-
rial homologs are useful for modeling the transmembrane domains (TMDs), building the 
large intracellular domains that connect the TMDs using these structures is not feasible. With 
the availability of the CaV1.1 complex and other structural data, obtaining better quality 
homology-based models for the human CaV channels, especially the LTCCs, is now possible. 
Nevertheless, sophisticated methods and high-performance computing would be needed for 
modeling the multi-domain architecture of the human CaVs. Building these models can be 
helpful in understanding the structure-function-dynamic properties, the Ca2+ influx mecha-
nisms and effects of small molecules on these channels [48, 49].

4. Activation mechanisms of LTCCs

LTCC, being a voltage-gated ion channel, remains mostly sensitive to the changes in the mem-
brane potential and the VSD (S1–S4 helices) of the LTCCs play a crucial role in sensing the 
voltage changes across the membrane. In addition to the voltage-dependent gating mecha-
nisms, the channel’s conductivity also depends on the intracellular Ca2+ concentration, and 
thus is modulated by both self-regulatory and extrinsic mechanisms.

4.1. Voltage-dependent activation/inactivation mechanism

The cardiac action potential is a classic example of the voltage-dependent mechanism. During 
the action potential, the ions channels undergo several conformational transitions and regu-
late the exchange of ions across the membrane. When the intracellular gates of the channel 
are open, the channel is referred to be conducting. The smooth passage of ions through the 
open-pore of the channel generates the electrical current across the membrane. When the 
membrane depolarizes, the inactivation gates of the channel are closed, while the intracellular 
gates are still open to allow the decay of current levels. Inactivation is a way to decrease the 
availability of the open-state of the channel at more depolarized membrane potentials [50]. 
The closed state of the channel corresponds to the closed intracellular gates, which hinders 
the ion passage, and results in a non-conducting state.

The action potential can be divided into five phases (Phase 0–4, shown in Figure 5) and the con-
certed activities of various ion channels in the heart help in maintaining the cardiac rhythm. 
In simple terms, at phase 0, the membrane is initially at the resting potential (−90 mV), where 
the LTCCs are in a closed-state (no Ca2+ ion passage). When depolarization occurs, and the 
membrane potential reaches a threshold voltage of −70 mV, the inward sodium ion (Na+) 
channels are activated allowing the flow of the INa current. This current flow further increases 
the membrane potential to a more positive value and reaches a peak, when the activation 
of LTCCs are initiated, and the sodium channels are inactivated. During phase 1, early and 
rapid repolarization occurs by the brief activation of K+ channels and the LTCCs remain in 
a pre-open state. After phase 1, the opening of the LTCCs (open/activated state) slows the 
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The rabbit CaV1.1 is composed of four inter-connected homologous domains, each of which 
includes the voltage-sensing and pore-forming domain. The S4 helix of the VSD is composed 
of six charged residues when compared to four residues in human CaVs [41]. Remarkably, the 
asymmetric pore-region of CaV1.1 is formed by the four S5, and S6 bundles and the tightly 
packed inner gate showcased a closed conformation and inactivated conduction-state of the 
CaV1.1 channel. The auxiliary CaVα2 subunit included four tandem cache domains and one 
VWA domain. The cysteine residues, Cys1074 in CaVδ and Cys406 in CaVα2 formed a disul-
fide bond at the binding region between VWA domain and CaVδ. In the VWA domain, the 
MIDAS residues (Ser263, Ser265, Asp261, Thr333, and Asp365) and CaVα1 DI S1–S2 residue 
(Asp78) are bound to a calcium ion. Both the previous and latest 3D structures identified for 
the CaVγ subunit included four transmembrane α-helices, however, in this CaV1.1 struc-
ture, additional extracellular β-sheets have been resolved together with the regions of the 
two termini. The second and third transmembrane-helices in CaVγ and DIV S3-S4 in CaVα1 
are directly involved in interactions through hydrophobic forces. The Cryo-EM structure of 
the rabbit CaV1.1, have thus brought novel insights on the multi-domain structure of VGCC, 
especially the association of CaV with the auxiliary proteins.

3.5. Computational modeling

Computational modeling and simulation remain to be a promising technique to reveal funda-
mental biological mechanisms, biomolecular interactions and predicting the effects of modu-
lators. In CaV, modeling-based studies were previously performed to understand how LTCC 
blockers bind the calcium channel [42–44]. Tikhonov and Zhorov generated homology models of 
the open- and closed-state conformation of the pore-forming domains of CaV1.2 using the crystal 
structure of the KvAP and KCSA channels as the template [45]. The generated models were used 
to dock three types of LTCC blockers, benzothiazepine, phenylalkylamine, and dihydropyridine. 
The docking analysis showed that the all the three ligands bind near the S5–S6 helices of domain 
III and IV and the CaV residues, tyrosine in S6-DIII, tyrosine in S6-DIV, and glutamine in S5-DIII, 
are important for binding these ligands close to the pore domain of the channel. Since no exper-
imentally-resolved structure of small molecule-CaV was available, in silico the docking analysis 
performed in this study provided useful insights for understanding ligand-binding in CaV.

Adiban et al. used the structure of the CaVAb (PDB ID: 4MVQ) to model the selectivity filter 
of the CaV with defined charges. They performed molecular dynamics (MD) simulation to 
calculate the potential of mean force and showed that the affinity for Ca2+ in site-2 (Asp177, 
Leu176) is higher than that within the two other sites, site-1 (Asp178) and site-3 (Thr175). 
Their study also showed that, in the absence of calcium ions, the CaVAb could allow the pas-
sage of Na+ ions, but not Cl− ions [46]. This study using the structure of CaVAb, was helpful in 
understanding the structure–function relationships of the calcium channel.

Figure 4. The missing residues in the rabbit CaV1.1-α1 structure (PDB ID: 5GJV) shaded in gray.
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All of the computational models built for CaV until now were based on templates with low 
sequence identity (<30%). Studying molecular systems built with low-identity templates 
is quite challenging since the accuracy of the model is highly dependent on the similarity 
between the template and the target protein [47]. While the oligomeric structures of bacte-
rial homologs are useful for modeling the transmembrane domains (TMDs), building the 
large intracellular domains that connect the TMDs using these structures is not feasible. With 
the availability of the CaV1.1 complex and other structural data, obtaining better quality 
homology-based models for the human CaV channels, especially the LTCCs, is now possible. 
Nevertheless, sophisticated methods and high-performance computing would be needed for 
modeling the multi-domain architecture of the human CaVs. Building these models can be 
helpful in understanding the structure-function-dynamic properties, the Ca2+ influx mecha-
nisms and effects of small molecules on these channels [48, 49].

4. Activation mechanisms of LTCCs

LTCC, being a voltage-gated ion channel, remains mostly sensitive to the changes in the mem-
brane potential and the VSD (S1–S4 helices) of the LTCCs play a crucial role in sensing the 
voltage changes across the membrane. In addition to the voltage-dependent gating mecha-
nisms, the channel’s conductivity also depends on the intracellular Ca2+ concentration, and 
thus is modulated by both self-regulatory and extrinsic mechanisms.

4.1. Voltage-dependent activation/inactivation mechanism

The cardiac action potential is a classic example of the voltage-dependent mechanism. During 
the action potential, the ions channels undergo several conformational transitions and regu-
late the exchange of ions across the membrane. When the intracellular gates of the channel 
are open, the channel is referred to be conducting. The smooth passage of ions through the 
open-pore of the channel generates the electrical current across the membrane. When the 
membrane depolarizes, the inactivation gates of the channel are closed, while the intracellular 
gates are still open to allow the decay of current levels. Inactivation is a way to decrease the 
availability of the open-state of the channel at more depolarized membrane potentials [50]. 
The closed state of the channel corresponds to the closed intracellular gates, which hinders 
the ion passage, and results in a non-conducting state.

The action potential can be divided into five phases (Phase 0–4, shown in Figure 5) and the con-
certed activities of various ion channels in the heart help in maintaining the cardiac rhythm. 
In simple terms, at phase 0, the membrane is initially at the resting potential (−90 mV), where 
the LTCCs are in a closed-state (no Ca2+ ion passage). When depolarization occurs, and the 
membrane potential reaches a threshold voltage of −70 mV, the inward sodium ion (Na+) 
channels are activated allowing the flow of the INa current. This current flow further increases 
the membrane potential to a more positive value and reaches a peak, when the activation 
of LTCCs are initiated, and the sodium channels are inactivated. During phase 1, early and 
rapid repolarization occurs by the brief activation of K+ channels and the LTCCs remain in 
a pre-open state. After phase 1, the opening of the LTCCs (open/activated state) slows the 
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repolarization down. This phase of the cardiac action potential, the phase 2, is called a plateau 
phase and is maintained by the balancing act of the Ca2+ and K+ ions (shown in Figure 5). 
This Ca2+ influx that occur during phase 2 initiates the contractile function of the cardiac cells. 
Close to the end of phase 2, when more Ca2+ ions are released an auto-inhibitory signal is trig-
gered resulting in a non-conducting state or closed state of the calcium channel.

During phase 3, the cell tries to return to the resting state by the gradual inactivation of the 
calcium channels (inactivated state) and continued efflux of K+ ions [51]. At the end of phase 
3 inward rectifying K+ channels are activated to reset the membrane potential to the rest-
ing state. The last phase of the action potential, in phase 4, the membrane returns to resting 
potential (−90 mV), which allows the LTCCs to transit from the inactivated state to the closed 
state for the next cycle of events. This resting potential of the membrane is maintained by the 
continued leak of the K+ ions.

Given the tissue-specific localization of the members of LTCCs and their different functional 
roles relevant to the region of expression, these channels also have different activation thresh-
old and kinetics. For example, the CaV1.1 and CaV1.2 require a depolarized threshold of +7 
and −30 mV, for their activation [2, 52]. The CaV1.3 and CaV1.4 do not require a depolarized 
threshold as strong as CaV1.1 and CaV1.2, to be activated and have relatively low activation 
thresholds of about −55 and −40 mV (Figure 5), respectively. Similarly, CaV1.3 channels are 
known to activate with fast kinetics when compared to that of the CaV1.1 [53]. Although 
CaV1.3 is closely related to CaV1.2, it seems to share more similar properties with CaV1.4, 
including rapid activation kinetics, low activation threshold, and lower sensitivity to 1,4-
DHPs [53].

4.2. Calcium-dependent activation/inactivation mechanism

The calcium-dependent channel regulation process requires the participation of multiple seg-
ments, such as the β-subunit [57], Ca2+/CaM [58], CaMKII [59], N-terminal and C-terminal 
regions of the LTCC CaVα1. Calcium-dependent inactivation serves as the autoinhibitory 
control for the LTCCs to control the levels of intracellular calcium. It is mediated by the inter-
actions between the Ca2+/CaM and CaV pre-IQ/IQ domains. Disruption to this interaction has 

Figure 5. (A) Cardiac action potential (left) [54]. (B) Activities of three types cation channels during phase 2. The inward 
sodium and calcium current decays with time; the outward potassium current is activated allowing the cell to move to 
resting state [55]. (C) CaV1.2 and CaV1.3 voltage potential amplitude. Plot re-generated from Xu and Lipscombe data [56].
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been known to attenuate the calcium-dependent inactivation process. At the resting potential, 
apo-CaM associates with the alpha-subunit of the channel. When Ca2+ ions bind the CaM, the 
fully charged CaM with four Ca2+ ions allow the two polarized lobes of the CaM, the Ca2+/N 
lobe, and the Ca2+/C lobe, to envelope the alpha-binding helix. Specific interactions of two 
lobes with the IQ domain initiate different calcium-dependent regulations. For example, in 
CaV1.2 and CaV1.3, CDI is caused by the interaction between the IQ domain and the Ca2+/C-
lobe, while CDF is facilitated by the interaction of the Ca2+/N-lobe and the IQ domain [24, 35]. 
In contrary, the IQ domain interactions with the Ca2+/N-lobe and the Ca2+/C-lobe in the CaV2.1 
channel, lead to CDF and CDI, respectively [60, 61].

Ferreira et al. [62] reported that calcium-dependent mechanisms could speed up the inactiva-
tion process. They used barium in the place of calcium ion and found that the channels undergo 
rapid activation and slow inactivation due to the lack of intracellular calcium. Their result 
showed that voltage-dependent mechanisms alone in the absence of calcium-dependent mech-
anisms would lead to slower inactivation [24, 53]. While CaM promotes calcium-dependent 
inactivation, the Ca2+/calmodulin-dependent protein kinase II (CaMKII) counteracts the above 
process and helps in the re-activation of the channel in a calcium-dependent way. CaMKII 
phosphorylates the CaVβ subunit and the C-terminus of CaVα1 at their specific phosphoryla-
tion sites, resulting in the disruption of CaM-CaV channel interactions. Increase in the intracel-
lular calcium ion level activates the CaMKII and reduces the effects of CDI [12, 59]. CaMKII 
enables the channel gates to be frequently left in the open state for a long time thus, prolonging 
the plateau phase of the action potential at high frequency.

5. L-type calcium channels modulators

The LTCCs are considered as an important target for the treatment of various diseases [9, 
63–66]. CaV1.1, the major isoform of the skeletal LTCCs is reported to correlate with hypo-
kalemic periodic paralysis, which is characterized by muscular weakness or paralysis [63]. 
CaV1.2 and CaV1.3, being more expressed in the heart and the brain, their dysfunction results 
in severe disease states, such as Timothy’s syndrome, cardiac arrhythmia [6], bipolar disor-
der, and autism [64, 65]. Any abnormality in the cardiac LTCCs leads to long-QT syndrome 
(LQTS), where the QT interval of the cardiac action potential is prolonged, a condition that 
causes heart arrhythmias or sudden cardiac death (SCD) [67]. The Timothy Syndrome (TS), 
is an extremely rare multisystem LQTS subtype, that is mainly caused by the dysfunctions of 
LTCC and Ca2+ handling proteins. As the only LTCC subtype in the retinal cells, mutations in 
the CaV1.4 gene are known to weaken the normal visual functions and cause night blindness. 
Modulating LTCCs, therefore, remains to be an important avenue for the treatment of several 
diseases.

5.1. Small molecule modulators

Fleckenstein showed that small organic molecules, like verapamil, specifically inhibited the 
Ca2+ current from LTCCs [66]. Since then, several small-molecule modulators of the LTCCs 
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repolarization down. This phase of the cardiac action potential, the phase 2, is called a plateau 
phase and is maintained by the balancing act of the Ca2+ and K+ ions (shown in Figure 5). 
This Ca2+ influx that occur during phase 2 initiates the contractile function of the cardiac cells. 
Close to the end of phase 2, when more Ca2+ ions are released an auto-inhibitory signal is trig-
gered resulting in a non-conducting state or closed state of the calcium channel.

During phase 3, the cell tries to return to the resting state by the gradual inactivation of the 
calcium channels (inactivated state) and continued efflux of K+ ions [51]. At the end of phase 
3 inward rectifying K+ channels are activated to reset the membrane potential to the rest-
ing state. The last phase of the action potential, in phase 4, the membrane returns to resting 
potential (−90 mV), which allows the LTCCs to transit from the inactivated state to the closed 
state for the next cycle of events. This resting potential of the membrane is maintained by the 
continued leak of the K+ ions.

Given the tissue-specific localization of the members of LTCCs and their different functional 
roles relevant to the region of expression, these channels also have different activation thresh-
old and kinetics. For example, the CaV1.1 and CaV1.2 require a depolarized threshold of +7 
and −30 mV, for their activation [2, 52]. The CaV1.3 and CaV1.4 do not require a depolarized 
threshold as strong as CaV1.1 and CaV1.2, to be activated and have relatively low activation 
thresholds of about −55 and −40 mV (Figure 5), respectively. Similarly, CaV1.3 channels are 
known to activate with fast kinetics when compared to that of the CaV1.1 [53]. Although 
CaV1.3 is closely related to CaV1.2, it seems to share more similar properties with CaV1.4, 
including rapid activation kinetics, low activation threshold, and lower sensitivity to 1,4-
DHPs [53].

4.2. Calcium-dependent activation/inactivation mechanism

The calcium-dependent channel regulation process requires the participation of multiple seg-
ments, such as the β-subunit [57], Ca2+/CaM [58], CaMKII [59], N-terminal and C-terminal 
regions of the LTCC CaVα1. Calcium-dependent inactivation serves as the autoinhibitory 
control for the LTCCs to control the levels of intracellular calcium. It is mediated by the inter-
actions between the Ca2+/CaM and CaV pre-IQ/IQ domains. Disruption to this interaction has 

Figure 5. (A) Cardiac action potential (left) [54]. (B) Activities of three types cation channels during phase 2. The inward 
sodium and calcium current decays with time; the outward potassium current is activated allowing the cell to move to 
resting state [55]. (C) CaV1.2 and CaV1.3 voltage potential amplitude. Plot re-generated from Xu and Lipscombe data [56].
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been known to attenuate the calcium-dependent inactivation process. At the resting potential, 
apo-CaM associates with the alpha-subunit of the channel. When Ca2+ ions bind the CaM, the 
fully charged CaM with four Ca2+ ions allow the two polarized lobes of the CaM, the Ca2+/N 
lobe, and the Ca2+/C lobe, to envelope the alpha-binding helix. Specific interactions of two 
lobes with the IQ domain initiate different calcium-dependent regulations. For example, in 
CaV1.2 and CaV1.3, CDI is caused by the interaction between the IQ domain and the Ca2+/C-
lobe, while CDF is facilitated by the interaction of the Ca2+/N-lobe and the IQ domain [24, 35]. 
In contrary, the IQ domain interactions with the Ca2+/N-lobe and the Ca2+/C-lobe in the CaV2.1 
channel, lead to CDF and CDI, respectively [60, 61].

Ferreira et al. [62] reported that calcium-dependent mechanisms could speed up the inactiva-
tion process. They used barium in the place of calcium ion and found that the channels undergo 
rapid activation and slow inactivation due to the lack of intracellular calcium. Their result 
showed that voltage-dependent mechanisms alone in the absence of calcium-dependent mech-
anisms would lead to slower inactivation [24, 53]. While CaM promotes calcium-dependent 
inactivation, the Ca2+/calmodulin-dependent protein kinase II (CaMKII) counteracts the above 
process and helps in the re-activation of the channel in a calcium-dependent way. CaMKII 
phosphorylates the CaVβ subunit and the C-terminus of CaVα1 at their specific phosphoryla-
tion sites, resulting in the disruption of CaM-CaV channel interactions. Increase in the intracel-
lular calcium ion level activates the CaMKII and reduces the effects of CDI [12, 59]. CaMKII 
enables the channel gates to be frequently left in the open state for a long time thus, prolonging 
the plateau phase of the action potential at high frequency.

5. L-type calcium channels modulators

The LTCCs are considered as an important target for the treatment of various diseases [9, 
63–66]. CaV1.1, the major isoform of the skeletal LTCCs is reported to correlate with hypo-
kalemic periodic paralysis, which is characterized by muscular weakness or paralysis [63]. 
CaV1.2 and CaV1.3, being more expressed in the heart and the brain, their dysfunction results 
in severe disease states, such as Timothy’s syndrome, cardiac arrhythmia [6], bipolar disor-
der, and autism [64, 65]. Any abnormality in the cardiac LTCCs leads to long-QT syndrome 
(LQTS), where the QT interval of the cardiac action potential is prolonged, a condition that 
causes heart arrhythmias or sudden cardiac death (SCD) [67]. The Timothy Syndrome (TS), 
is an extremely rare multisystem LQTS subtype, that is mainly caused by the dysfunctions of 
LTCC and Ca2+ handling proteins. As the only LTCC subtype in the retinal cells, mutations in 
the CaV1.4 gene are known to weaken the normal visual functions and cause night blindness. 
Modulating LTCCs, therefore, remains to be an important avenue for the treatment of several 
diseases.

5.1. Small molecule modulators

Fleckenstein showed that small organic molecules, like verapamil, specifically inhibited the 
Ca2+ current from LTCCs [66]. Since then, several small-molecule modulators of the LTCCs 
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have been identified. Most LTCC drugs can be grouped into one of these three groups, phe-
nylalkylamines, benzothiazepines, and dihydropyridines [9]. All LTCCs exhibit a similar 
pharmacological profile upon treatment with the drug, including the high- affinity frequency-
dependent block [9]. These three classes of drugs bind to three allosterically linked receptor 
sites on the LTCCs and block the inward calcium current [68]. Previous studies showed that 
these three classes of drugs bind at three distinct sites, however with overlapped binding 
domains [43, 69]. All three binding sites are close to the pore and are located within the S5 
and S6 helices of DIII and S6 helix of DIV [68]. Tikhonov and Zhorov choose the KvAP and 
KcsA crystal structure as the template to model the open state and the close state of CaV1.2, 
respectively. Based on this template, they investigated the binding mode of dihydropyridine  
[43] and benzothiazepine [42] and confirmed their binding in this region. However, the co-
crystallized structure of CaVAb-verapamil complex suggests that the verapamil-like phenyl-
alkylamines can bind within the pore of the channel [6].

5.1.1. DHPs and related drugs

The 1,4-dihydropyridine (1,4-DHP) is an effective and specific LTCCs blocker that is com-
monly used for the treatment of cardiovascular diseases, such as vasodilation, angina, and 
hypotension [45, 68]. DHP-derived drugs, such as amlodipine, clevidipine, and felodipine 
are also used for the treatment of cardiac diseases [7]. Nimodipine, another DHP-based drug, 
regulates the LTCCs distributed in neurons and helps in improving the outcomes of neuro-
logical treatments [7, 65]. Most DHP-based antagonists prefer binding to the inactivated states 
of the channel and stabilize them to block the Ca2+ influx. Since most 1,4-DHPs are lipophilic, 
they also tend to bind on the outer surface of the channel facing the lipid molecules and form 
interactions with the S6 of DIII and DIV [53]. Four DIII residues (Tyr1152, Ile1153, Ile1156, 
Met1161) and one DIV residue (Asn1472) were found to be important for binding DHP-based 
drugs. Amino acid substitutions on the residues mentioned above were found to cause more 
than a five-fold decrease in the binding affinity of these compounds. Also, substitutions in the 
DIII and DIV residues of CaV1.2 (Phe1158, Phe1159, Met1160, Tyr1463, Met1464, Ile1471) are 
known to cause the about two- to fivefold decreases in the binding affinity [69].

5.1.2. Phenylalkylamine and related drugs

Verapamil is the prototype phenylalkylamine and is the only drug currently available from 
this class for clinical use [9, 68]. It is widely used for the treatment of hypertension. The sig-
nificant differences in the binding affinities of phenylalkylamine towards the different con-
duction states of the channel show that these drugs, similar to DHPs, most likely bind to 
the inactivated state of LTCCs [7, 66, 68]. It has been shown that phenylalkylamine binding 
causes the channel to hardly recover from the repolarization [68, 69]. It is known from the 
co-crystallized structure of CaVAb that phenylalkylamine binds in the central cavity of the 
pore on the intracellular side of the selectivity filter [6]. Upon binding, the drug results in 
the physical blockade of the channel and thus, preventing the passage of calcium ions. The 
Br-verapamil interacts with the surrounding residues, including Met174, Leu176, and two 
Thr206, from the S6 helices of each domain.
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5.1.3. Benzothiazepine and related drugs

Diltiazem, a clinically approved LTCC antagonist from the benzothiazepine class, is used for 
the treatment of arrhythmias. The diltiazem exhibits modest selectivity for LTCCs in vascular 
smooth muscle over cardiac muscle. Similar to the other two types, benzothiazepine tends 
to bind the inactivated state of LTCCs and share similar binding site as that of the 1,4-DHPs. 
Based on the photoaffinity labeling experiments, the binding sites of diltiazem was located 
within the S6 of DIII and DIV. Specific amino acid residues, Tyr1463, Ala1467, and Ile1470 that 
are present in the S6 helix of the DIV have been identified to be important for benzothiazepine 
blocking [68].

In addition to the α1-subunit, the α2δ-subunit of LTCCs are also considered as a promising 
target for regulating the channel functions [70]. Pregabalin and gabapentin are α2δ-subunit 
targeting small molecules that are being used for the treatment of chronic neuropathic pain 
[9, 29]. It has been shown that these two molecules are sensitive only to CaVα2δ1 and CaVα2δ2 
and not to other isoforms of CaVα2δ [21]. These drugs work through the association of CaVα2δ 
and CaVα1 and inhibit the calcium channel activity in two ways. First, the association of 
CaVα2δ and CaVα1 increases the current amplitude. Binding with ligands inhibits this effect. 
Second, these drugs modify the channel activation by affecting the channel surface trafficking 
[71]. Interactions with ligands decrease the α2δ-subunit surface expression and LTCC traffick-
ing, which in turn reduces the overall calcium inward currents [70]. Using alanine-scanning 
mutagenesis these drugs have been identified to bind to an arginine residue (Arg217) on the 
extracellular side of the channel. Due to their extracellular binding characteristics, these drugs 
are not required to enter the cell to bind their target, which makes them an attractive alterna-
tive therapy for the treatment of neurological diseases [7]. Table 2 summarizes the binding 
region, targeted disease, and chemical structure of LTCC targeting drugs.

5.2. Peptide modulators

Apart from the small molecular modulators, few natural toxin proteins have been known 
to specifically block the LTCCs. Two groups of toxins that selectively block the CaV2 sub-
family have been identified: the ω-conotoxin family of pore blockers and the functionally 
heterogeneous ω-agatoxin family of pore blockers [8]. Recently, Findeisen et al. reported a 
peptide-based inhibitor for the CaV. The CaVβ subunit exhibits a chaperone-like function 
and induces a helical conformation on the AID from its’ coiled structure, upon binding. The 
helix-conformation of AID has a higher binding affinity towards the CaVβ subunit [27, 72]. 
Based on this mechanism, Findeisen et al. [57] developed a stapled meta-xylyl (m-xylyl) AID, 
that is compatible to bind the CaVβ subunit. The stapled peptide, having a higher helix pro-
pensity had a higher chance to bind the CaVβ when compared to that of the native AID. This 
peptide inhibited the interaction between the AID and CaVβ (Kd CaV1.2-AID: 6.6 ± 2.0 nM, 
Kd AID-CEN: 5.2 ± 1.5 nM) and served as an antagonist for the calcium channel. The crystal 
structure of the stapled peptide in complex with the AID region of the human CaV1.2, and the 
rat CaVβ2 was resolved at 1.7 and 2.0 Å resolution, respectively (PDB ID: 5V2Q, 5V2P). Thus, 
peptide-based inhibitors are also of interest in modulating the CaV channel.
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have been identified. Most LTCC drugs can be grouped into one of these three groups, phe-
nylalkylamines, benzothiazepines, and dihydropyridines [9]. All LTCCs exhibit a similar 
pharmacological profile upon treatment with the drug, including the high- affinity frequency-
dependent block [9]. These three classes of drugs bind to three allosterically linked receptor 
sites on the LTCCs and block the inward calcium current [68]. Previous studies showed that 
these three classes of drugs bind at three distinct sites, however with overlapped binding 
domains [43, 69]. All three binding sites are close to the pore and are located within the S5 
and S6 helices of DIII and S6 helix of DIV [68]. Tikhonov and Zhorov choose the KvAP and 
KcsA crystal structure as the template to model the open state and the close state of CaV1.2, 
respectively. Based on this template, they investigated the binding mode of dihydropyridine  
[43] and benzothiazepine [42] and confirmed their binding in this region. However, the co-
crystallized structure of CaVAb-verapamil complex suggests that the verapamil-like phenyl-
alkylamines can bind within the pore of the channel [6].

5.1.1. DHPs and related drugs

The 1,4-dihydropyridine (1,4-DHP) is an effective and specific LTCCs blocker that is com-
monly used for the treatment of cardiovascular diseases, such as vasodilation, angina, and 
hypotension [45, 68]. DHP-derived drugs, such as amlodipine, clevidipine, and felodipine 
are also used for the treatment of cardiac diseases [7]. Nimodipine, another DHP-based drug, 
regulates the LTCCs distributed in neurons and helps in improving the outcomes of neuro-
logical treatments [7, 65]. Most DHP-based antagonists prefer binding to the inactivated states 
of the channel and stabilize them to block the Ca2+ influx. Since most 1,4-DHPs are lipophilic, 
they also tend to bind on the outer surface of the channel facing the lipid molecules and form 
interactions with the S6 of DIII and DIV [53]. Four DIII residues (Tyr1152, Ile1153, Ile1156, 
Met1161) and one DIV residue (Asn1472) were found to be important for binding DHP-based 
drugs. Amino acid substitutions on the residues mentioned above were found to cause more 
than a five-fold decrease in the binding affinity of these compounds. Also, substitutions in the 
DIII and DIV residues of CaV1.2 (Phe1158, Phe1159, Met1160, Tyr1463, Met1464, Ile1471) are 
known to cause the about two- to fivefold decreases in the binding affinity [69].

5.1.2. Phenylalkylamine and related drugs

Verapamil is the prototype phenylalkylamine and is the only drug currently available from 
this class for clinical use [9, 68]. It is widely used for the treatment of hypertension. The sig-
nificant differences in the binding affinities of phenylalkylamine towards the different con-
duction states of the channel show that these drugs, similar to DHPs, most likely bind to 
the inactivated state of LTCCs [7, 66, 68]. It has been shown that phenylalkylamine binding 
causes the channel to hardly recover from the repolarization [68, 69]. It is known from the 
co-crystallized structure of CaVAb that phenylalkylamine binds in the central cavity of the 
pore on the intracellular side of the selectivity filter [6]. Upon binding, the drug results in 
the physical blockade of the channel and thus, preventing the passage of calcium ions. The 
Br-verapamil interacts with the surrounding residues, including Met174, Leu176, and two 
Thr206, from the S6 helices of each domain.
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5.1.3. Benzothiazepine and related drugs

Diltiazem, a clinically approved LTCC antagonist from the benzothiazepine class, is used for 
the treatment of arrhythmias. The diltiazem exhibits modest selectivity for LTCCs in vascular 
smooth muscle over cardiac muscle. Similar to the other two types, benzothiazepine tends 
to bind the inactivated state of LTCCs and share similar binding site as that of the 1,4-DHPs. 
Based on the photoaffinity labeling experiments, the binding sites of diltiazem was located 
within the S6 of DIII and DIV. Specific amino acid residues, Tyr1463, Ala1467, and Ile1470 that 
are present in the S6 helix of the DIV have been identified to be important for benzothiazepine 
blocking [68].

In addition to the α1-subunit, the α2δ-subunit of LTCCs are also considered as a promising 
target for regulating the channel functions [70]. Pregabalin and gabapentin are α2δ-subunit 
targeting small molecules that are being used for the treatment of chronic neuropathic pain 
[9, 29]. It has been shown that these two molecules are sensitive only to CaVα2δ1 and CaVα2δ2 
and not to other isoforms of CaVα2δ [21]. These drugs work through the association of CaVα2δ 
and CaVα1 and inhibit the calcium channel activity in two ways. First, the association of 
CaVα2δ and CaVα1 increases the current amplitude. Binding with ligands inhibits this effect. 
Second, these drugs modify the channel activation by affecting the channel surface trafficking 
[71]. Interactions with ligands decrease the α2δ-subunit surface expression and LTCC traffick-
ing, which in turn reduces the overall calcium inward currents [70]. Using alanine-scanning 
mutagenesis these drugs have been identified to bind to an arginine residue (Arg217) on the 
extracellular side of the channel. Due to their extracellular binding characteristics, these drugs 
are not required to enter the cell to bind their target, which makes them an attractive alterna-
tive therapy for the treatment of neurological diseases [7]. Table 2 summarizes the binding 
region, targeted disease, and chemical structure of LTCC targeting drugs.

5.2. Peptide modulators

Apart from the small molecular modulators, few natural toxin proteins have been known 
to specifically block the LTCCs. Two groups of toxins that selectively block the CaV2 sub-
family have been identified: the ω-conotoxin family of pore blockers and the functionally 
heterogeneous ω-agatoxin family of pore blockers [8]. Recently, Findeisen et al. reported a 
peptide-based inhibitor for the CaV. The CaVβ subunit exhibits a chaperone-like function 
and induces a helical conformation on the AID from its’ coiled structure, upon binding. The 
helix-conformation of AID has a higher binding affinity towards the CaVβ subunit [27, 72]. 
Based on this mechanism, Findeisen et al. [57] developed a stapled meta-xylyl (m-xylyl) AID, 
that is compatible to bind the CaVβ subunit. The stapled peptide, having a higher helix pro-
pensity had a higher chance to bind the CaVβ when compared to that of the native AID. This 
peptide inhibited the interaction between the AID and CaVβ (Kd CaV1.2-AID: 6.6 ± 2.0 nM, 
Kd AID-CEN: 5.2 ± 1.5 nM) and served as an antagonist for the calcium channel. The crystal 
structure of the stapled peptide in complex with the AID region of the human CaV1.2, and the 
rat CaVβ2 was resolved at 1.7 and 2.0 Å resolution, respectively (PDB ID: 5V2Q, 5V2P). Thus, 
peptide-based inhibitors are also of interest in modulating the CaV channel.
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6. Discussion

Voltage-gated calcium channels (VGCCs), which are responsible for the calcium flux in cells, 
play a key role in many physiological processes, including neurotransmission, cell cycle, 
muscular contraction, cardiac action potential, gene expression, and protein modulation. 

Drug Drug class Binding region Targeted disease 2D-structure

Amlodipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension, chronic stable 
angina

Clevidipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension

Felodipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension

Isradipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension

Nicardipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension, chronic stable 
angina

Nifedipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension, vasospastic 
angina, chronic stable angina

Nimodipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Improve neurologic outcome

Nisoldipine 1,4-Dihydropyridine CaVα1 IIIS5-S6, IIIS6, IVS6 Hypertension

Diltiazem Benzothiazepine CaVα1 IIIS6, IVS6 Hypertension

Verapamil Phenylalkylamine CaVα1 IS6, IIS6, IIIS6, IVS6 Hypertension, chronic stable 
angina, cluster headache

Pregabalin Gamma-aminobutyric 
acid (GABA)

CaVα2δ Neuropathic pain, epilepsy, 
generalized anxiety disorder

Gabapentin Gamma-aminobutyric 
acid (GABA)

CaVα2δ Epilepsy, neuropathic pain

Table 2. Common L-type calcium channel inhibitors. The list of drugs and the 2D structures are obtained from the 
Drugbank database.
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Their abnormal functions result in increased intracellular calcium levels and trigger serious 
pathological effects from cardiovascular and neuronal diseases to cancer. VGCCs are there-
fore considered as a significant target and development of isoform-specific modulators for 
VGCCs remain promising in pharmaceutical research.

The diverse expression patterns of the L-type and T-type channels show that these channels 
are pharmacologically important in several cancers, Parkinson’s disease, sensory diseases and 
cardiac diseases. The N-type channels, although present in different organs, is known for their 
activity in the nervous system and are considered as a target for pain and nervous disorders. On 
the other hand, the P/Q-type, which is preferably expressed in the neuronal cells, is attributed 
to neurological diseases, such as migraine, Alzheimer’s and ataxia. For several decades, non-
selective calcium channel blockers have been used for targeting the calcium channels for vari-
ous treatments. The FDA approval of ziconotide (N-type channel blocker) and the specificity 
of ω-agatoxin to P-/Q-type channels have attracted the development of more isoform-specific 
blockers [9]. Given the diversity in the roles and expression of calcium channels, specific target-
ing of these channels seems to be a promising strategy for therapeutic innovations.

7. Conclusion

In this chapter, we provide a comprehensive overview of the different types of VGCCs, 
especially the LTCCs, their sequence, structure, distribution, functional, and biophysical/bio-
chemical variations. Numerous studies have reported these key features, including the struc-
tural and functional properties of different CaV channels. For instance, the recent structures 
of CaVAb and the rabbit CaV1.1 paved the way for understanding the structure–function 
connections of ion-selectivity mechanism, self-regulation, and small-molecule interactions. 
However, till date, the complete structures of the human CaV isoforms have not been resolved, 
which remains to be a hurdle for understanding the intrinsic disease-related mechanisms 
of the channel. With the advent and application of various technologies, such as cryo-EM, 
NMR, crystallography, molecular modeling, and molecular dynamics, it could be possible 
to resolve the complete structure of the human isoforms. Having this structural information 
in-hand would help in understanding the structure–function relationships of these channels, 
and thereby in the development of isoform-specific calcium channel modulators.
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Abstract

Transient receptor potential (TRP) ion channel superfamily is widely distributed from 
neuronal to non-neuronal tissues by serving as cellular sensors via interacting with a 
wide spectrum of physical and chemical stimuli. TRP ion channels are tetrameric protein 
complexes. Accordingly, TRP subunits can form functional both homomeric channels 
and heteromeric channels which either in the same subfamily or in the different sub-
families to diversify TRP channel functions. In this chapter, we will briefly introduce this 
fascinating ion channel superfamily. Further, we will summarize current knowledge on 
mammalian TRP ion channels distribution in tissues and organs as well as assembly of 
these ion channel subunits. Implications and related physiological roles regarding distri-
bution and assembly will be overviewed as well.

Keywords: assembly, expression, interaction, ion channel, tetramer, TRP

1. Introduction

Mammalian TRP ion channel superfamily comprises 28 members, which belong to 6 subfami-
lies including TRPC (TRPC1-7), TRPV (TRPV1-6), TRPM (TRPM1-8), TRPML (TRPML1-3), 
TRPA (TRPA1) and TRPP (TRPP2, TRPP3 and TRPP5). Most of the TRPs are non-selective 
cationic ion channels, which permeate to Ca2+, Mg2+ and Na+ cations, and involve in a plethora 
of physiological and pathological functions.

Despite as low abundant membrane proteins, TRP ion channels are widely distributed in 
tissues and organs in mammalians. TRPs can be activated by diverse physical or chemical 
stimuli in nature which make these ion channels as multifunctional cellular sensors [1].
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TRP ion channels are tetrameric cation channels. Structurally, each TRP subunit harbors six 
transmembrane segments with a pore-forming region. Both N and C termini are located intra-
cellularly. Most of the TRPs have an ankyrin repeat domain in N terminal and a TRP box in C 
terminal by modulation of protein-protein interactions that allowing intra- and inter-cellular 
associations. The long N and C termini of TRPs also contain several additional regulatory 
regions, which are relatively conserved in most of the TRP channels.

2. Distribution and function of TRP channels in tissues and organs

2.1. TRPs in nervous system

2.1.1. Distribution patterns

TRP ion channels are widely distributed in nervous system harboring members among subfam-
ilies of TRPC, TRPV, TRPM, TRPA and TRPML. These TRPs can be detected both within central 
and peripheral nervous system. Briefly, TRPCs are extensively distributed in various parts of 
mammalian brain and DRG neurons. Specifically, TRPC1 is characterized distributed in mam-
malian brain, including human fetal and adult brain, rat brain as well as rat embryonic brain [2].

For TRPVs, all members of this subfamily are expressed in central nervous system. TRPV1 
has been detected in mammalian brain, especially one study revealed that TRPV1 exhibited 
highly restricted distribution in central neuronal system in rat, monkey and human by using 
in situ hybridization as well as electrophysiological recordings [3]. Recent studies reported 
that TRPV5 was detected in olfactory bulb, cortex, hippocampus, hypothalamus, midbrain, 
brainstem and cerebellum of the rat [4]. In addition, TRPV6 was found in lamina terminalis, 
olfactory bulb, amygdala, hippocampus, brainstem and cerebellum of the mouse [5].

Among TRPM subfamily, TRPM1 and TRPM2 are widely expressed in mammalian brain. 
Moreover, other members of this TRPM subfamily, including TRPM3, TRPM4, TRPM5, 
TRPM7 and TRPM8, were all identified expressed in rat, mouse and human brain [6].

Further, TRPA1 was extensively found in mammalian sensory ganglia, trigeminal sensory 
afferents and spinal dorsal horn, even in astrocytes [6, 7]. TRPV4 and TRPA1 were detected 
in pancreatic nerve fibers and in dorsal root ganglia neurons innervating the pancreas, which 
may contribute to inflammatory pain in mice [8].

The three members of TRPML are all expressed in mouse brain [9].

2.1.2. Specific molecular sensors

Based on the distribution pattern of TRP ion channels in nervous system, their multi-func-
tions as cellular sensors are consistent with the complexity of nervous network. Specifically, 
TRPV1, TRPV2, TRPV3, TRPV4 and TRPM2, TRPM3, TRPM4, TRPM5 are characterized as 
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heat and warm sensors of body so far, while TRPC5, TRPM8 and TRPA1 are responsible 
for cold or cool sensing [10]. Meanwhile, continuous studies revealed that TRPM1, TRPM4, 
TRPC1, TRPC3, TRPC5 and TRPC6 may involve in auditory mechanosensation [11–13]. TRP 
ion channels serving as cellular sensors are also involved in taste via TRPM5, pain by TRPV1, 
TRPV2 and TRPA1 [14]. In addition, most TRP ion channels may involve in olfactory trans-
duction by widely distributed in olfactory bulb [15].

2.2. TRPs in skeletal system and implications

2.2.1. Distribution patterns

In general, skeletal system consists of bone, joint and skeletal muscles. Recent studies have 
been elucidated that several members of TRPCs, TRPVs and TRPMs are distributed in these 
organs and tissues. Specifically, TRPC1 and TRPC4 have been detected in bone and skeletal 
muscles [16, 17].

Further, TRPV2 was detected in osteoclasts in bone [18]. TRPV4 has been found in mandibu-
lar condylar chondrocytes, osteoclasts and osteoblasts of the rat [19, 20]. TRPV5 appeared 
in the ruffled border membrane of the mouse osteoclasts, and TRPV6 was observed widely 
expressed in bone cells but was not crucial for bone mineralization in mice [21].

Moreover, human TRPM7 has been found in bone, and recent study revealed that TRPM7 reg-
ulated Mg2+ ions to promote the osteoinduction of human osteoblast via PI3K pathway [22].

2.2.2. Roles and implications

The distribution of functional TRP ion channels in skeletal system interrelate both calcium 
ions and cytosolic calcium sensing elements closely. Studies indicate that distribution of 
TRPC1 and TRPC4 in bone and skeletal muscles may involve in regulating cell differentiation 
and osteoclast formation via modulating calcium homeostasis [16, 17], and TRPV2 can regu-
late osteoclastogenesis via calcium oscillations [18]. The study indicates that TRPV4 plays a 
role in regulating bone mass as well as mastication-associated pain at the temporomandibu-
lar joint [19, 20]. Despite studies identified that TRPV4 mutations can lead to osteoarticular 
pathology, the mechanism underlying TRPV4 modulation remains unclear.

2.3. TRPs in digestive system

2.3.1. Distribution patterns

To date, accumulated documentations indicate that members within four subfamilies (includ-
ing TRPC, TRPV, TRPM and TRPML) of TRPs appear in digestive system. TRPC1, TRPC2, 
TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 are widely distributed in the stomach of mouse. 
TRPC1 has been detected in liver by using specific antibody [23]. For TRPC4, widely distrib-
uted in stomach, intestine and pancreas and low level in liver of human have been observed 
[24]. Also TRPC4 and TRPC5 have been detected in murine jejunum and colon [25]. TRPC6 
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TRP ion channels are tetrameric cation channels. Structurally, each TRP subunit harbors six 
transmembrane segments with a pore-forming region. Both N and C termini are located intra-
cellularly. Most of the TRPs have an ankyrin repeat domain in N terminal and a TRP box in C 
terminal by modulation of protein-protein interactions that allowing intra- and inter-cellular 
associations. The long N and C termini of TRPs also contain several additional regulatory 
regions, which are relatively conserved in most of the TRP channels.

2. Distribution and function of TRP channels in tissues and organs

2.1. TRPs in nervous system

2.1.1. Distribution patterns

TRP ion channels are widely distributed in nervous system harboring members among subfam-
ilies of TRPC, TRPV, TRPM, TRPA and TRPML. These TRPs can be detected both within central 
and peripheral nervous system. Briefly, TRPCs are extensively distributed in various parts of 
mammalian brain and DRG neurons. Specifically, TRPC1 is characterized distributed in mam-
malian brain, including human fetal and adult brain, rat brain as well as rat embryonic brain [2].

For TRPVs, all members of this subfamily are expressed in central nervous system. TRPV1 
has been detected in mammalian brain, especially one study revealed that TRPV1 exhibited 
highly restricted distribution in central neuronal system in rat, monkey and human by using 
in situ hybridization as well as electrophysiological recordings [3]. Recent studies reported 
that TRPV5 was detected in olfactory bulb, cortex, hippocampus, hypothalamus, midbrain, 
brainstem and cerebellum of the rat [4]. In addition, TRPV6 was found in lamina terminalis, 
olfactory bulb, amygdala, hippocampus, brainstem and cerebellum of the mouse [5].

Among TRPM subfamily, TRPM1 and TRPM2 are widely expressed in mammalian brain. 
Moreover, other members of this TRPM subfamily, including TRPM3, TRPM4, TRPM5, 
TRPM7 and TRPM8, were all identified expressed in rat, mouse and human brain [6].

Further, TRPA1 was extensively found in mammalian sensory ganglia, trigeminal sensory 
afferents and spinal dorsal horn, even in astrocytes [6, 7]. TRPV4 and TRPA1 were detected 
in pancreatic nerve fibers and in dorsal root ganglia neurons innervating the pancreas, which 
may contribute to inflammatory pain in mice [8].

The three members of TRPML are all expressed in mouse brain [9].

2.1.2. Specific molecular sensors

Based on the distribution pattern of TRP ion channels in nervous system, their multi-func-
tions as cellular sensors are consistent with the complexity of nervous network. Specifically, 
TRPV1, TRPV2, TRPV3, TRPV4 and TRPM2, TRPM3, TRPM4, TRPM5 are characterized as 
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heat and warm sensors of body so far, while TRPC5, TRPM8 and TRPA1 are responsible 
for cold or cool sensing [10]. Meanwhile, continuous studies revealed that TRPM1, TRPM4, 
TRPC1, TRPC3, TRPC5 and TRPC6 may involve in auditory mechanosensation [11–13]. TRP 
ion channels serving as cellular sensors are also involved in taste via TRPM5, pain by TRPV1, 
TRPV2 and TRPA1 [14]. In addition, most TRP ion channels may involve in olfactory trans-
duction by widely distributed in olfactory bulb [15].

2.2. TRPs in skeletal system and implications

2.2.1. Distribution patterns

In general, skeletal system consists of bone, joint and skeletal muscles. Recent studies have 
been elucidated that several members of TRPCs, TRPVs and TRPMs are distributed in these 
organs and tissues. Specifically, TRPC1 and TRPC4 have been detected in bone and skeletal 
muscles [16, 17].

Further, TRPV2 was detected in osteoclasts in bone [18]. TRPV4 has been found in mandibu-
lar condylar chondrocytes, osteoclasts and osteoblasts of the rat [19, 20]. TRPV5 appeared 
in the ruffled border membrane of the mouse osteoclasts, and TRPV6 was observed widely 
expressed in bone cells but was not crucial for bone mineralization in mice [21].

Moreover, human TRPM7 has been found in bone, and recent study revealed that TRPM7 reg-
ulated Mg2+ ions to promote the osteoinduction of human osteoblast via PI3K pathway [22].

2.2.2. Roles and implications

The distribution of functional TRP ion channels in skeletal system interrelate both calcium 
ions and cytosolic calcium sensing elements closely. Studies indicate that distribution of 
TRPC1 and TRPC4 in bone and skeletal muscles may involve in regulating cell differentiation 
and osteoclast formation via modulating calcium homeostasis [16, 17], and TRPV2 can regu-
late osteoclastogenesis via calcium oscillations [18]. The study indicates that TRPV4 plays a 
role in regulating bone mass as well as mastication-associated pain at the temporomandibu-
lar joint [19, 20]. Despite studies identified that TRPV4 mutations can lead to osteoarticular 
pathology, the mechanism underlying TRPV4 modulation remains unclear.

2.3. TRPs in digestive system

2.3.1. Distribution patterns

To date, accumulated documentations indicate that members within four subfamilies (includ-
ing TRPC, TRPV, TRPM and TRPML) of TRPs appear in digestive system. TRPC1, TRPC2, 
TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 are widely distributed in the stomach of mouse. 
TRPC1 has been detected in liver by using specific antibody [23]. For TRPC4, widely distrib-
uted in stomach, intestine and pancreas and low level in liver of human have been observed 
[24]. Also TRPC4 and TRPC5 have been detected in murine jejunum and colon [25]. TRPC6 
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has been found to distribute in smooth muscle of stomach, colon and esophagus [25, 26]. 
However, the roles of TRPCs within these tissues and organs are incompletely understood.

For TRPV subfamily, TRPV1, TRPV2, TRPV3 and TRPV4 are all expressed in the larynx epi-
thelium of mice [27]. TRPV3 is found in nose, stomach, colon and small intestine in mice, 
especially in the epithelium of the tongue and nose. TRPV4 is expressed in stomach, small 
intestine and colon [28]. Other studies also revealed that TRPV4 was distributed in bile duct 
[29]. The murine and human TRPV6 was distributed in pancreas and gastrointestinal tract, 
including esophagus, stomach, duodenum, jejunum and colon [30].

Among TRPM subfamily, TRPM2 is widely expressed in several digestive organs, includ-
ing stomach, intestine and low level in liver [31]. TRPM5 is found in pancreas as well as in 
sparse chemosensory cells located throughout the digestive track. Within the gastrointestinal 
system, TRPM5 was detected in the stomach, small intestine and colon, and it may regulate 
several physiological functions of the gastrointestinal tract. TRPM6 transcripts are detected in 
the intestine and colon. Furthermore, TRPM8 has been found expressed in liver [28].

The TRPMLs are all expressed in digestive system including stomach, colon, small intestine, 
liver and pancreas. However, the physiological roles of these distributions are still missing.

2.3.2. Roles and implications

Distributions of TRPs throughout the alimentary canal are relevant to digestive and absorp-
tive function of mediating the whole body homeostasis of metabolism. It seems that TRPV5 
and TRPV6 are involved in mediating intestinal calcium uptake and TRPM5 is involved in 
regulation of glucose stimulated insulin secretion [28]. TRPM2 participates in pathogenesis of 
bowel disease and salivary gland fluid secretion [32].

2.4. TRPs in immune system and their physiological relevance

2.4.1. Distribution patterns

In immune system, recent studies indicate broad distribution of TRPs in this system, including 
TRPC, TRPV, TRPM and TRPML subfamilies. Mammalian TRPC2 transcripts were detected 
in spleen and rat thyroid cells [33, 34]. Employing immune cells, physiological roles either of 
TRPC3 channels or TRPC3/6 heteromeric channel were identified to involve in Ca2+ signal-
ing mechanism [35, 36]. TRPC6 was also identified in other immune cells of the lungs like 
alveolar macrophages [37]. Most interestingly, ovalbumin-challenged Trpc6 knockout mice 
exhibited reduced allergic responses in the bronchoalveolar lavage [38]. However, the precise 
functional roles of TRPCs in these cells are still elusive.

For TRPVs, TRPV2 is abundantly expressed in the cells of the immune system. Study indicates 
that mRNA of TRPV2 was strongly expressed in the spleen [39]. TRPV2 was detected in mac-
rophages and Kupffer cells [40]. In addition, TRPV2 was observed in mast cells [41], neutro-
phils [42], hematopoietic stem cells as well as both T with CD4+ and CD8+ and B with CD19+ 
lymphocytes. In hematopoietic stem cells, TRPV2 was observed with CD34+ [43]. TRPV4 has 
been detected in mast cells [44] and endolymphatic sac [45]. Meanwhile, both TRPV5 and 
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TRPV6 were found in lymphocytes, Jurkat leukemia T cells [46] and leukemia K562 cells [47] 
and may contribute to store-operated calcium entry.

Most of the TRPMs, including TRPM2, TRPM4, TRPM5, TRPM6 and TRPM7, are all expressed 
in the bone marrow and spleen. Specifically, TRPM2 appears in immune cells (including neu-
trophils, megakaryocytes, monocytes, macrophages, B lymphoblast cells, T lymphocytes, 
dendritic cells and mast cells). TRPM4 and TRPM6 are detected in mast cells and leukocytes, 
respectively [48, 49]. However, the physiological roles remain unclear.

For TRPMLs, they are all distributed in spleen and thymus of mouse. TRPML2 mRNA was 
detected in B cells, T cells, mastocytoma, myeloma cell lines and primary splenocytes by 
RT-PCR technique [50].

2.4.2. Roles and implications

Although TRPC1 has not been detected in immune system yet, but Trpc1 deletion could reduce 
T helper type 2 (Th2) cells to stimuli in vivo. In vitro, proliferation and receptor-induced IL-2 
production are significantly attenuated in Trpc1 knockout splenocytes. Thus, TRPC1 may be 
involved in proinflammation and could be therapeutic target in immune diseases [51]. Since 
TRPV2 is expressed in various types of cells in immune system, it may be involved in both 
innate and adaptive immune responses. Moreover, TRPM2 may act as a mediator for inflam-
mation via stimulus-induced Ca2+ influx in immune system, and TRPM4 in T cells may be 
relevant to immune response for interleukin-2 production [52].

2.5. TRPs in reproductive system

2.5.1. Distribution patterns

Based on accumulated studies so far, there are five subfamilies of TRPs distributed in the 
reproductive system, including TRPC, TRPV, TRPM, TRPML and TRPP. It seems that TRPCs 
extensively appear in reproductive system including prostate, placenta, testis, ovary, uterus, 
myometrium and sperm [53, 54]. Specifically, TRPC1, TRPC2 and TRPC7 are distributed 
in testis and sperm. TRPC3 and TRPC5 are expressed in ovary, uterus, sperm and testis. 
Moreover, TRPC4, TRPC7 are found in myometrium. In addition, TRPC4 is widely observed 
in human prostate, placenta, rat testis, ovary, human and mouse sperm. And TRPC6 is found 
in ovary, uterus, placenta and sperm.

All TRPVs are expressed in prostate. Specifically, TRPV1 appears in testis and prostate and 
TRPV2 shows in prostate. For TRPV3, it is observed in rat prostate, human placenta and testis. 
TRPV4 is expressed in sperm and prostate. Furthermore, TRPV5 and TRPV6 are expressed in 
human placenta, sperm, prostate and the epididymis. Meanwhile, TRPV4 was also detected 
broadly distributed in female reproductive tract [55] and oviduct [56], and these TRPV chan-
nels may function as a link between Ca2+ transport and Ca2+ signaling.

For TRPMs, all members seem to appear in prostate, testis, placenta and sperm. TRPM2 is 
expressed in placenta endometrium, sperm and prostate. TRPM3 is distributed in ovary, tes-
tis, sperm and prostate [57]. TRPM6 is highly expressed in testis and prostate. Moreover, 
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has been found to distribute in smooth muscle of stomach, colon and esophagus [25, 26]. 
However, the roles of TRPCs within these tissues and organs are incompletely understood.

For TRPV subfamily, TRPV1, TRPV2, TRPV3 and TRPV4 are all expressed in the larynx epi-
thelium of mice [27]. TRPV3 is found in nose, stomach, colon and small intestine in mice, 
especially in the epithelium of the tongue and nose. TRPV4 is expressed in stomach, small 
intestine and colon [28]. Other studies also revealed that TRPV4 was distributed in bile duct 
[29]. The murine and human TRPV6 was distributed in pancreas and gastrointestinal tract, 
including esophagus, stomach, duodenum, jejunum and colon [30].

Among TRPM subfamily, TRPM2 is widely expressed in several digestive organs, includ-
ing stomach, intestine and low level in liver [31]. TRPM5 is found in pancreas as well as in 
sparse chemosensory cells located throughout the digestive track. Within the gastrointestinal 
system, TRPM5 was detected in the stomach, small intestine and colon, and it may regulate 
several physiological functions of the gastrointestinal tract. TRPM6 transcripts are detected in 
the intestine and colon. Furthermore, TRPM8 has been found expressed in liver [28].

The TRPMLs are all expressed in digestive system including stomach, colon, small intestine, 
liver and pancreas. However, the physiological roles of these distributions are still missing.

2.3.2. Roles and implications

Distributions of TRPs throughout the alimentary canal are relevant to digestive and absorp-
tive function of mediating the whole body homeostasis of metabolism. It seems that TRPV5 
and TRPV6 are involved in mediating intestinal calcium uptake and TRPM5 is involved in 
regulation of glucose stimulated insulin secretion [28]. TRPM2 participates in pathogenesis of 
bowel disease and salivary gland fluid secretion [32].

2.4. TRPs in immune system and their physiological relevance

2.4.1. Distribution patterns

In immune system, recent studies indicate broad distribution of TRPs in this system, including 
TRPC, TRPV, TRPM and TRPML subfamilies. Mammalian TRPC2 transcripts were detected 
in spleen and rat thyroid cells [33, 34]. Employing immune cells, physiological roles either of 
TRPC3 channels or TRPC3/6 heteromeric channel were identified to involve in Ca2+ signal-
ing mechanism [35, 36]. TRPC6 was also identified in other immune cells of the lungs like 
alveolar macrophages [37]. Most interestingly, ovalbumin-challenged Trpc6 knockout mice 
exhibited reduced allergic responses in the bronchoalveolar lavage [38]. However, the precise 
functional roles of TRPCs in these cells are still elusive.

For TRPVs, TRPV2 is abundantly expressed in the cells of the immune system. Study indicates 
that mRNA of TRPV2 was strongly expressed in the spleen [39]. TRPV2 was detected in mac-
rophages and Kupffer cells [40]. In addition, TRPV2 was observed in mast cells [41], neutro-
phils [42], hematopoietic stem cells as well as both T with CD4+ and CD8+ and B with CD19+ 
lymphocytes. In hematopoietic stem cells, TRPV2 was observed with CD34+ [43]. TRPV4 has 
been detected in mast cells [44] and endolymphatic sac [45]. Meanwhile, both TRPV5 and 

Ion Channels in Health and Sickness154

TRPV6 were found in lymphocytes, Jurkat leukemia T cells [46] and leukemia K562 cells [47] 
and may contribute to store-operated calcium entry.

Most of the TRPMs, including TRPM2, TRPM4, TRPM5, TRPM6 and TRPM7, are all expressed 
in the bone marrow and spleen. Specifically, TRPM2 appears in immune cells (including neu-
trophils, megakaryocytes, monocytes, macrophages, B lymphoblast cells, T lymphocytes, 
dendritic cells and mast cells). TRPM4 and TRPM6 are detected in mast cells and leukocytes, 
respectively [48, 49]. However, the physiological roles remain unclear.

For TRPMLs, they are all distributed in spleen and thymus of mouse. TRPML2 mRNA was 
detected in B cells, T cells, mastocytoma, myeloma cell lines and primary splenocytes by 
RT-PCR technique [50].

2.4.2. Roles and implications

Although TRPC1 has not been detected in immune system yet, but Trpc1 deletion could reduce 
T helper type 2 (Th2) cells to stimuli in vivo. In vitro, proliferation and receptor-induced IL-2 
production are significantly attenuated in Trpc1 knockout splenocytes. Thus, TRPC1 may be 
involved in proinflammation and could be therapeutic target in immune diseases [51]. Since 
TRPV2 is expressed in various types of cells in immune system, it may be involved in both 
innate and adaptive immune responses. Moreover, TRPM2 may act as a mediator for inflam-
mation via stimulus-induced Ca2+ influx in immune system, and TRPM4 in T cells may be 
relevant to immune response for interleukin-2 production [52].

2.5. TRPs in reproductive system

2.5.1. Distribution patterns

Based on accumulated studies so far, there are five subfamilies of TRPs distributed in the 
reproductive system, including TRPC, TRPV, TRPM, TRPML and TRPP. It seems that TRPCs 
extensively appear in reproductive system including prostate, placenta, testis, ovary, uterus, 
myometrium and sperm [53, 54]. Specifically, TRPC1, TRPC2 and TRPC7 are distributed 
in testis and sperm. TRPC3 and TRPC5 are expressed in ovary, uterus, sperm and testis. 
Moreover, TRPC4, TRPC7 are found in myometrium. In addition, TRPC4 is widely observed 
in human prostate, placenta, rat testis, ovary, human and mouse sperm. And TRPC6 is found 
in ovary, uterus, placenta and sperm.

All TRPVs are expressed in prostate. Specifically, TRPV1 appears in testis and prostate and 
TRPV2 shows in prostate. For TRPV3, it is observed in rat prostate, human placenta and testis. 
TRPV4 is expressed in sperm and prostate. Furthermore, TRPV5 and TRPV6 are expressed in 
human placenta, sperm, prostate and the epididymis. Meanwhile, TRPV4 was also detected 
broadly distributed in female reproductive tract [55] and oviduct [56], and these TRPV chan-
nels may function as a link between Ca2+ transport and Ca2+ signaling.

For TRPMs, all members seem to appear in prostate, testis, placenta and sperm. TRPM2 is 
expressed in placenta endometrium, sperm and prostate. TRPM3 is distributed in ovary, tes-
tis, sperm and prostate [57]. TRPM6 is highly expressed in testis and prostate. Moreover, 
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humans have strong TRPM7 expression in testis, prostate and placenta. The TRPM8 tran-
script was originally identified in the testis and prostate tissue [58]. In addition, TRPM8 is also 
expressed in human sperm.

TRPMLs are all expressed in human testis and uterus. TRPML1 is also observed in human 
placenta and the role is still unknown.

For TRPP subfamily, TRPP2 (PKD2) and TRPP3 (PKD2L1) transcripts were both found in 
many fetal and adult tissues, testis and ovary [59]. In contrast, TRPP5 (PKD2L2) transcription 
appears to be mostly restricted to the testis.

2.5.2. Roles and implications

Little is known about the roles of TRPs in reproductive system. Studies imply that TRPC2 
may modulate pheromone sensory signaling transduction and TRPM8 can be a biomarker 
for prostate cancer.

2.6. TRPs in cardiovascular system

2.6.1. Distribution patterns

Studies have identified that five subfamilies (TRPC, TRPV, TRPM, TRPML and TRPP) of 
TRPs are distributed in cardiovascular system, especially in cardiomyocytes, smooth cells and 
endothelium cells, and these TRP ion channels may involve in hypertension as well as cardiac 
hypertrophy. Briefly, TRPC1, TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 are all expressed 
in heart of both human and mouse. Specifically, TRPC2 expression on the plasma membrane 
has been found in murine erythroblasts and heart [24, 60]. TRPC4, TRPC5 and TRPC7 have 
been observed in endothelial cells of coronary arteries [61]. The roles of these distributions 
are still unclear.

For TRPVs, TRPV2, TRPV4 and TRPV6 are observed in mouse heart. Specifically, TRPV1 has 
been found expressed in arteriolar smooth muscle [3]. TRPV2 was detected in cardiovascular 
system, including arterial smooth muscle cells, venous smooth muscle cells, endothelial cells 
and cardiomyocytes [62]. Moreover, TRPV4 was observed broadly expressed in heart as well 
as arteries [55].

TRPM2, TRPM3, TRPM4, TRPM6 and TRPM7 are all distributed in mouse heart. Meanwhile, 
all the subfamily members except TRPM8 appear in human heart. TRPM3 has been observed 
to express in saphenous vein, pulmonary artery, coronary artery, mesenteric artery, and fem-
oral artery. TRPM4 was described in cardiac myocytes, vascular smooth muscle cells, vas-
cular endothelial cells and red blood cells [62]. Furthermore, expression of TRPM8 has been 
reported in rat myocytes isolated from large arteries [63].

All TRPMLs are expressed in mouse heart and no relevant roles have been proved.

Both TRPP2 (PKD2) and TRPP3 (PKD2L1) are distributed in heart and the related physiologi-
cal functions are still in the air to date.

Ion Channels in Health and Sickness156

2.6.2. Roles and implications

The study shows that TRPC4 and TRPC5 may regulate endothelial permeability and ago-
nist-dependent vasorelaxation and TRPV1 could control blood flow in skeletal muscle. 
Moreover, TRPV2 may act as a stretch sensor and TRPM8 may involve in the regulation of 
vascular tone.

2.7. TRPs in urinary system

2.7.1. Distribution patterns

There are five subfamilies of TRPs appear to express in urinary system, including TRPCs, 
TRPVs, TRPMs, TRPMLs and TRPPs. Specifically, TRPC1, TRPC2, TRPC3, TRPC4, TRPC5, 
TRPC6 and TRPC7 are all expressed in kidney. Moreover, TRPC4 was found in renal epithe-
lial cells, preglomerular resistance vessels, bladder and urothelium [64], and the specific roles 
are still lacking.

For TRPVs, TRPV2, TRPV4, TRPV5 and TRPV6 are all observed in mouse kidney. TRPV1, 
TRPV2, TRPV3 and TRPV4 were detected in bladder epithelial cells [64]. Furthermore, TRPV4 
is described broadly expressed in urinary bladder and kidney [55].

Human TRPM2, TRPM3, TRPM4, TRPM5, TRPM6 and TRPM7 are all expressed in kid-
ney, while TRPM3, TRPM4, TRPM6 and TRPM7 are found in kidney of mouse. Specifically, 
TRPM4 was detected in mammalian renal tubule [65], and TRPM8 has been characterized in 
the bladder urothelium and male urogenital tract [66].

The TRPMLs are all distributed in mouse kidney and the relevant roles are still lacking.

Both TRPP2 (PKD2) and TRPP3 (PKD2L1) are expressed in kidney and relevant roles remain 
unclear.

2.7.2. Roles and implications

The roles of TRPs in urinary system remain to be elucidated. TRPV1 channel was proposed 
to regulate bladder contractions by mediating urothelial ATP release in response to stretch 
[67]. TRPV2 and TRPV4 may be involved in sensing mechanical stimuli and TRPMLs could 
be related to urinary dysfunctions.

2.8. TRPs in respiratory system

2.8.1. Distribution patterns

Recent documented studies indicate that subfamilies for TRPC, TRPV, TRPM, TRPA, TRPML 
and TRPP are all distributed in respiratory system, especially in lung and other respiratory 
organs. Specifically, the expressions of TRPC3, TRPC6 and TRPC7 are observed in the lung 
of human and mouse.
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humans have strong TRPM7 expression in testis, prostate and placenta. The TRPM8 tran-
script was originally identified in the testis and prostate tissue [58]. In addition, TRPM8 is also 
expressed in human sperm.

TRPMLs are all expressed in human testis and uterus. TRPML1 is also observed in human 
placenta and the role is still unknown.

For TRPP subfamily, TRPP2 (PKD2) and TRPP3 (PKD2L1) transcripts were both found in 
many fetal and adult tissues, testis and ovary [59]. In contrast, TRPP5 (PKD2L2) transcription 
appears to be mostly restricted to the testis.

2.5.2. Roles and implications

Little is known about the roles of TRPs in reproductive system. Studies imply that TRPC2 
may modulate pheromone sensory signaling transduction and TRPM8 can be a biomarker 
for prostate cancer.

2.6. TRPs in cardiovascular system

2.6.1. Distribution patterns

Studies have identified that five subfamilies (TRPC, TRPV, TRPM, TRPML and TRPP) of 
TRPs are distributed in cardiovascular system, especially in cardiomyocytes, smooth cells and 
endothelium cells, and these TRP ion channels may involve in hypertension as well as cardiac 
hypertrophy. Briefly, TRPC1, TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 are all expressed 
in heart of both human and mouse. Specifically, TRPC2 expression on the plasma membrane 
has been found in murine erythroblasts and heart [24, 60]. TRPC4, TRPC5 and TRPC7 have 
been observed in endothelial cells of coronary arteries [61]. The roles of these distributions 
are still unclear.

For TRPVs, TRPV2, TRPV4 and TRPV6 are observed in mouse heart. Specifically, TRPV1 has 
been found expressed in arteriolar smooth muscle [3]. TRPV2 was detected in cardiovascular 
system, including arterial smooth muscle cells, venous smooth muscle cells, endothelial cells 
and cardiomyocytes [62]. Moreover, TRPV4 was observed broadly expressed in heart as well 
as arteries [55].

TRPM2, TRPM3, TRPM4, TRPM6 and TRPM7 are all distributed in mouse heart. Meanwhile, 
all the subfamily members except TRPM8 appear in human heart. TRPM3 has been observed 
to express in saphenous vein, pulmonary artery, coronary artery, mesenteric artery, and fem-
oral artery. TRPM4 was described in cardiac myocytes, vascular smooth muscle cells, vas-
cular endothelial cells and red blood cells [62]. Furthermore, expression of TRPM8 has been 
reported in rat myocytes isolated from large arteries [63].

All TRPMLs are expressed in mouse heart and no relevant roles have been proved.

Both TRPP2 (PKD2) and TRPP3 (PKD2L1) are distributed in heart and the related physiologi-
cal functions are still in the air to date.
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2.6.2. Roles and implications

The study shows that TRPC4 and TRPC5 may regulate endothelial permeability and ago-
nist-dependent vasorelaxation and TRPV1 could control blood flow in skeletal muscle. 
Moreover, TRPV2 may act as a stretch sensor and TRPM8 may involve in the regulation of 
vascular tone.

2.7. TRPs in urinary system

2.7.1. Distribution patterns

There are five subfamilies of TRPs appear to express in urinary system, including TRPCs, 
TRPVs, TRPMs, TRPMLs and TRPPs. Specifically, TRPC1, TRPC2, TRPC3, TRPC4, TRPC5, 
TRPC6 and TRPC7 are all expressed in kidney. Moreover, TRPC4 was found in renal epithe-
lial cells, preglomerular resistance vessels, bladder and urothelium [64], and the specific roles 
are still lacking.

For TRPVs, TRPV2, TRPV4, TRPV5 and TRPV6 are all observed in mouse kidney. TRPV1, 
TRPV2, TRPV3 and TRPV4 were detected in bladder epithelial cells [64]. Furthermore, TRPV4 
is described broadly expressed in urinary bladder and kidney [55].

Human TRPM2, TRPM3, TRPM4, TRPM5, TRPM6 and TRPM7 are all expressed in kid-
ney, while TRPM3, TRPM4, TRPM6 and TRPM7 are found in kidney of mouse. Specifically, 
TRPM4 was detected in mammalian renal tubule [65], and TRPM8 has been characterized in 
the bladder urothelium and male urogenital tract [66].

The TRPMLs are all distributed in mouse kidney and the relevant roles are still lacking.

Both TRPP2 (PKD2) and TRPP3 (PKD2L1) are expressed in kidney and relevant roles remain 
unclear.

2.7.2. Roles and implications

The roles of TRPs in urinary system remain to be elucidated. TRPV1 channel was proposed 
to regulate bladder contractions by mediating urothelial ATP release in response to stretch 
[67]. TRPV2 and TRPV4 may be involved in sensing mechanical stimuli and TRPMLs could 
be related to urinary dysfunctions.

2.8. TRPs in respiratory system

2.8.1. Distribution patterns

Recent documented studies indicate that subfamilies for TRPC, TRPV, TRPM, TRPA, TRPML 
and TRPP are all distributed in respiratory system, especially in lung and other respiratory 
organs. Specifically, the expressions of TRPC3, TRPC6 and TRPC7 are observed in the lung 
of human and mouse.
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For TRPVs, TRPV1, TRPV2, TRPV3 and TRPV4 are expressed in mouse respiratory epithe-
lium. TRPV2, TRPV4 and TRPV6 are detected in lung. Specifically, TRPV1 and TRPV4 were 
observed in trachea and bronchi [68–70].

TRPM2, TRPM4, TRPM6 and TRPM7 are widely expressed in lung. TRPM8 with altered 
N-terminus has been found in human bronchial epithelial cells which localized in the endo-
plasmic reticulum [71].

TRPA1 was found presented in non-neuronal tissues, including human and mouse lung [72].

TRPML1, TRPML2 and TRPML3 are all distributed in the lung of mouse. While the functions 
related to these distribution are still lacking.

TRPP2 (PKD2) and TRPP3 (PKD2L1) are expressed in lung and the functional roles remain to 
be elucidated.

2.8.2. Roles and implications

The functional roles of TRPs in respiratory system need more efforts. Studies indicate that 
TRPC3, TRPC6 and TRPC7 may enhance respiratory rhythm regularity and TRPV1 and 
TRPV4 may facilitate receptor-operated calcium entry.

2.9. TRPs in endocrine system

2.9.1. Distribution patterns

Since lacking investigation employed for TRP ion channels in endocrine system, only several 
references for TRPs can be provided in this chapter. The expression of TRPC3 mRNA has been 
detected in pituitary gland [24] and the relevant roles are still unclear.

For TRPV subfamily, TRPV2 is abundantly expressed in the epithelium of the pancreatic 
duct, mammary gland, parotid gland and submandibular gland. Meanwhile, TRPV2 has also 
been detected in chromogranin-positive neuroendocrine cells in the stomach, duodenum and 
intestine [73]. In the pancreas, TRPV2 was found expressed in insulin-produced β-cells [74]. 
TRPV4 has been found in the mammary gland [75].

For TRPM subfamily, TRPM2 appears in pancreatic β-cells of endocrine system, and the chan-
nel involves in glucose-induced insulin release and cell apoptosis triggered by application 
of H2O2 [76, 77]. TRPM4 was detected to express in white and brown adipocytes [78, 79] and 
the roles are still missing. Recent studies reported that TRPM8 and TRPV1 are expressed in 
brown adipose tissues [80, 81].

2.9.2. Roles and implications

TRPs in endocrine system may be involved in sensing stimulus from cellular milieu of physi-
cal or chemical resources. Recent study shows that TRPV1 participated in the modulation 
of clock gene oscillations in response to light-dark cycle. Meanwhile, cold-sensing TRPM8 
channel involves in the regulation of clock and clock-controlled genes and thermogenesis in 
brown adipose tissues [80, 81].
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3. Assembly of TRP channels and its implications

TRP ion channels have been found heterogeneity in native tissues and organs due to channel 
subunits heteromerization. Meanwhile, wide assembly of TRP ion channel subunits of either 
the same subfamily or different subfamilies has been detected in heterologous expression 
system.

3.1. Heteromerization of TRPs with specificity

Recent investigations indicate that subunits extensively heteromultimerize in the TRPC 
subfamily. Accordingly, the overlapped distribution patterns of TRPC proteins in the hip-
pocampus and peripheral tissues are also coincident with the heteromerization. Specifically, 
formation of heteromeric complexes by both TRPC5 and another member of the same sub-
family, TRPC4, with the TRPC1 subunit (TRPC1/5 and TRPC1/4) has been identified in mam-
malian cells. Using quantitative high-resolution mass spectrometry, TRPC1, TRPC4 and 
TRPC5 were demonstrated to assemble into heteromultimers with each other in the mouse 
brain and hippocampus [82]. In HEK293 cells, cotransfection of TRPC1 and TRPC4 yielded 
novel nonselective cationic channels. Heteromeric TRPC1/4 channel showed dynamic gat-
ing property depending on TRPC1 isoform subtypes and receptor stimulation system. [83]. 
Using GST pull-down assays, heteromerization of TRPC1 with TRPC3 was examined and the 
ankyrin repeats (AR) region of TRPC3 could mediate the heteromeric TRPC1/3 formation. 
Furthermore, the heteromeric TRPC1/3 may participate in regulating the resting cytosolic Ca2+ 
levels in skeletal muscle [84]. Coassembly of TRPC1 and TRPC5 in hippocampal neurons and 
in HEK293 cells resulted in a novel nonselective cation channel with a voltage dependence 
similar to NMDA receptor channels. Similar associations were reported between TRPC1 and 
TRPC3 via an N-termini domain interaction in salivary gland cells. In addition, heteromeriza-
tion of TRPC3 and TRPC4 seems to produce channels with a distinct pore structure clearly 
different from those of the homomeric TRPC3 and TRPC4 channels. Moreover, study also 
revealed that TRPC1/3/7 can interact to form a store-operated channel complex [85].

For TRPV subfamily, using fluorescence resonance energy transfer (FRET) as well as single-chan-
nel recording, widespread interaction between any two members of TRPV1–4 has been identified 
[86]. This study provided evidence that thermosensitive TRPV channel subunits can form het-
eromeric channels with intermediate conductance levels and gating kinetic properties compared 
to homomeric channels. Moreover, colocalization and association between TRPV1 and TRPV2, 
TRPV1 and TRPV3 as well as TRPV5 and TRPV6 can form heteromeric channel complexes. 
Recent study identified that TRPV4 could facilitate with TRPV1 in some sensory neurons [87].

Heteromerization of TRPM subunits remains far less clear. Association between TRPM6 and 
TRPM7 formed heteromeric channels with intermediate conductance and gating properties. 
Recent study uncovered heteromeric TRPM6/7 channels with altered pharmacology and sensi-
tivity to intracellular Mg-ATP compared with homomeric TRPM7. Furthermore, TRPM6 kinase 
domain modulated heteromeric channel sensitivity of intracellular Mg-ATP concentrations [88].

The mucolipin TRPML family exhibited low similarity to other TRPs. Montell and cowork-
ers demonstrated that TRPMLs can assemble to form heteromultimers with intermediate 
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references for TRPs can be provided in this chapter. The expression of TRPC3 mRNA has been 
detected in pituitary gland [24] and the relevant roles are still unclear.

For TRPV subfamily, TRPV2 is abundantly expressed in the epithelium of the pancreatic 
duct, mammary gland, parotid gland and submandibular gland. Meanwhile, TRPV2 has also 
been detected in chromogranin-positive neuroendocrine cells in the stomach, duodenum and 
intestine [73]. In the pancreas, TRPV2 was found expressed in insulin-produced β-cells [74]. 
TRPV4 has been found in the mammary gland [75].

For TRPM subfamily, TRPM2 appears in pancreatic β-cells of endocrine system, and the chan-
nel involves in glucose-induced insulin release and cell apoptosis triggered by application 
of H2O2 [76, 77]. TRPM4 was detected to express in white and brown adipocytes [78, 79] and 
the roles are still missing. Recent studies reported that TRPM8 and TRPV1 are expressed in 
brown adipose tissues [80, 81].

2.9.2. Roles and implications

TRPs in endocrine system may be involved in sensing stimulus from cellular milieu of physi-
cal or chemical resources. Recent study shows that TRPV1 participated in the modulation 
of clock gene oscillations in response to light-dark cycle. Meanwhile, cold-sensing TRPM8 
channel involves in the regulation of clock and clock-controlled genes and thermogenesis in 
brown adipose tissues [80, 81].
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3. Assembly of TRP channels and its implications
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formation of heteromeric complexes by both TRPC5 and another member of the same sub-
family, TRPC4, with the TRPC1 subunit (TRPC1/5 and TRPC1/4) has been identified in mam-
malian cells. Using quantitative high-resolution mass spectrometry, TRPC1, TRPC4 and 
TRPC5 were demonstrated to assemble into heteromultimers with each other in the mouse 
brain and hippocampus [82]. In HEK293 cells, cotransfection of TRPC1 and TRPC4 yielded 
novel nonselective cationic channels. Heteromeric TRPC1/4 channel showed dynamic gat-
ing property depending on TRPC1 isoform subtypes and receptor stimulation system. [83]. 
Using GST pull-down assays, heteromerization of TRPC1 with TRPC3 was examined and the 
ankyrin repeats (AR) region of TRPC3 could mediate the heteromeric TRPC1/3 formation. 
Furthermore, the heteromeric TRPC1/3 may participate in regulating the resting cytosolic Ca2+ 
levels in skeletal muscle [84]. Coassembly of TRPC1 and TRPC5 in hippocampal neurons and 
in HEK293 cells resulted in a novel nonselective cation channel with a voltage dependence 
similar to NMDA receptor channels. Similar associations were reported between TRPC1 and 
TRPC3 via an N-termini domain interaction in salivary gland cells. In addition, heteromeriza-
tion of TRPC3 and TRPC4 seems to produce channels with a distinct pore structure clearly 
different from those of the homomeric TRPC3 and TRPC4 channels. Moreover, study also 
revealed that TRPC1/3/7 can interact to form a store-operated channel complex [85].

For TRPV subfamily, using fluorescence resonance energy transfer (FRET) as well as single-chan-
nel recording, widespread interaction between any two members of TRPV1–4 has been identified 
[86]. This study provided evidence that thermosensitive TRPV channel subunits can form het-
eromeric channels with intermediate conductance levels and gating kinetic properties compared 
to homomeric channels. Moreover, colocalization and association between TRPV1 and TRPV2, 
TRPV1 and TRPV3 as well as TRPV5 and TRPV6 can form heteromeric channel complexes. 
Recent study identified that TRPV4 could facilitate with TRPV1 in some sensory neurons [87].

Heteromerization of TRPM subunits remains far less clear. Association between TRPM6 and 
TRPM7 formed heteromeric channels with intermediate conductance and gating properties. 
Recent study uncovered heteromeric TRPM6/7 channels with altered pharmacology and sensi-
tivity to intracellular Mg-ATP compared with homomeric TRPM7. Furthermore, TRPM6 kinase 
domain modulated heteromeric channel sensitivity of intracellular Mg-ATP concentrations [88].

The mucolipin TRPML family exhibited low similarity to other TRPs. Montell and cowork-
ers demonstrated that TRPMLs can assemble to form heteromultimers with intermediate 
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conductance and kinetic properties. Moreover, the presence of either TRPML1 or TRPML2 
specifically modulates TRPML3 trafficking from endoplasmic reticulum to lysosomes [85].

3.2. Assembly of TRPs in different subfamilies

Extensive studies revealed widespread heteromerization within the mammalian TRP channel 
superfamily. Heteromeric TRPP2/TRPC1 channel complexes with a stoichiometry of 2:2 exhib-
ited a new receptor-operated channel property. TRPP2 selectively assembled with TRPC1 and 
TRPC4 to form channel complexes mediating angiotensin II-induced Ca2+ responses in mesan-
gial cells. Heteromeric cation channels composed of the TRPP2 mutant and the TRPC3 or TRPC7 
protein enhanced receptor-activated Ca2+ influx that may lead to dysregulated cell growth in 
autosomal dominant polycystic kidney disease. Using coimmunoprecipitation, the composition 
of TRPP2/TRPC5, TRPP3/TRPC1, TRPP3/TRPC5, TRPP5/TRPC1 and TRPP5/TRPC5 was also 
identified. TRPP2 and TRPV4, which formed heteromeric channel complex, have been reported 
both in vivo and in vitro. Then, heteromeric TRPP2/TRPV4 complex with a 2:2 stoichiometry and 
alternating subunit arrangement was identified using atomic force microscopy approach [85]. 
The study indicates that TRPV4 could form heteromeric channels with TRPC1 in vascular endo-
thelial cells. Then, Ca2+ store depletion enhanced the trafficking of TRPV4/TRPC1 channels into 
the plasma membrane, thus contributed to mediate store-operated current and store-operated 
calcium ion entry [89]. TRPV4 can form a heteromeric channel with TRPC6 in the pulmonary 
artery smooth muscle cell, and TRPV4 plays a critical role in hypoxic pulmonary vasoconstric-
tion potentially via cooperation with TRPC6 [90]. TRPV6 exhibited substantial colocalization 
and in vivo interaction with TRPC1, and functional interaction of TRPV6 with TRPC1 negatively 
regulates Ca2+ influx in HEK293 cells [91]. Heteromeric TRPV5 and TRPML3 channels with novel 
conductance were detected under conditions that did not activate either TRPML3 or TRPV5 [92].

Moreover, novel combination of TRPC1/TRPC6/TRPV4 may mediate mechanical hyperalgesia 
and primary afferent nociceptor sensitization. Subsequently, TRPV4, TRPC1 and TRPP2 have 
been reported to form a flow-sensitive heteromeric channel in primary cultured rat mesenteric 
artery endothelial cells as well as HEK293 cells. Moreover, heteromeric TRPV4/TRPC1/TRPP2 
channel can mediate the flow-induced Ca2+ increase in native vascular endothelial cells [93].

3.3. Assembly between TRPP channels and receptor-like polycystin-1 family 
proteins

PKD1 and PKD2 have been identified as the genes mutated in autosomal dominant polycystic 
kidney disease (ADPKD). The TRPP ion channel subfamily (PKD2-like group) contains three 
members of TRPP2 (PKD2), TRPP3 (PKD2L1) and TRPP5 (PKD2L2). The receptor like poly-
cystin-1 family proteins (PKD1-like group) contains five members, including PKD1, PKDREJ, 
PKD1L1, PKD1L2 and PKD1L3. TRPP subunits not only assemble into functional homomeric 
ion channels but also assemble with polycystin-1 family members to form heteromeric recep-
tor-channel complexes.

Heteromeric interaction between TRPP2 and PKD1 has been identified by several groups 
throughout the past decade. TRPP3 can also interact with PKD1, and the interaction is essential  
for TRPP3 trafficking and channel formation. Along these lines, studies also showed that TRPP3 
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and PKD1L3 colocalized in taste receptor cells. Heteromeric complex with three TRPP3 and one 
PKD1L3 functions as an acid sensor. Single amino acid mutations in the putative pore region 
of both proteins alter ion selectivity of the channel. A TRPP3 C-terminal coiled-coil domain 
forms a trimer in regulating assembly and surface expression of the TRPP3/PKD1L3 complex 
[94]. Moreover, heteromeric TRPP3/PKD1L3 channel complex in mice and humans regulated 
translocation and expression of hedgehog pathway proteins through modulation of ciliary cal-
cium concentration [95]. Recent study found that extracellular loops between the first and second 
transmembrane segments of TRPP2 and TRPP3 associated with the extracellular loops between 
the sixth and seventh transmembrane segments of PKD1 and PKD1L3, respectively, and the asso-
ciations between these loops are essential for the trafficking and function of the complexes [96].

3.4. Implications of assembly of TRPs

It is clear that coassembly of ion channel subunits yields a variety of diverse channel complexes. 
Heteromultimerization among mammalian TRP subunits produces novel channel types with 
functional properties distinct from their homomeric counterparts. Heteromerization of mam-
malian TRPV1/3, TRPV5/6, TRPML1/2, TRPC1/3, TRPC1/4, TRPC1/5, TRPC3/4, TRPC4/5, 
TRPV5 and TRPML3 has been identified to produce channels with novel or altered properties.

Meanwhile, TRPP2 coassembled with TRPC1 to form heteromultimeric channels that exhibit 
new receptor-operated property implicated in mechanosensation. Furthermore, association 
between TRPP2 and TRPV4 produces a channel with mechanosensitive and thermosensitive 
roles. Recent study indicates that heteromultimers of TRPC1/4, TRPC1/5 and TRPC4/5 in the 
mouse brain and hippocampus involved in regulation of spatial working memory and flexible 
relearning by facilitating proper synaptic transmission [82]. TRPC1 and TRPC6 with TRPV4 
are frequently coexpressed in DRG neurons; TRPC1 and TRPC6 subunits are incorporated 
with TRPV4 to mediate mechanical hyperalgesia and primary afferent nociceptor sensitiza-
tion. Interestingly, TRPV4 is required for itch signaling in some sensory neurons via facilita-
tion of TRPV1. The formation of heteromeric complexes could be a prevalent mechanism by 
which the vast array of somatosensory information is encoded in sensory neurons [87]. In addi-
tion, functional interaction between the noxious cold-sensitive TRPA1 channel subunit and the 
noxious heat-sensitive TRPV1 channel subunit could contribute to TRPA1-mediated responses 
in trigeminal sensory neurons. Moreover, colocalization of PKD1L3 with TRPP3 (PKD2L1) in 
taste receptor cells may involve in taste sensory transduction. In summary, heteromerization 
of TRPs to novel channel complexes extends TRP channel distribution and function.

4. Discussion

4.1. More distribution relevance of TRPs need to be fully elucidated

TRP ion channels are almost expressed in all types of mammalian cells and their functions are 
also diverse as their distributions in tissues and organs. TRP channels not only act as poly-
modal cellular sensors, which are involved in cellular sensing from somatosensation, hearing, 
taste and olfaction [14], but also participate in many other physiological and pathological  
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conductance and kinetic properties. Moreover, the presence of either TRPML1 or TRPML2 
specifically modulates TRPML3 trafficking from endoplasmic reticulum to lysosomes [85].

3.2. Assembly of TRPs in different subfamilies

Extensive studies revealed widespread heteromerization within the mammalian TRP channel 
superfamily. Heteromeric TRPP2/TRPC1 channel complexes with a stoichiometry of 2:2 exhib-
ited a new receptor-operated channel property. TRPP2 selectively assembled with TRPC1 and 
TRPC4 to form channel complexes mediating angiotensin II-induced Ca2+ responses in mesan-
gial cells. Heteromeric cation channels composed of the TRPP2 mutant and the TRPC3 or TRPC7 
protein enhanced receptor-activated Ca2+ influx that may lead to dysregulated cell growth in 
autosomal dominant polycystic kidney disease. Using coimmunoprecipitation, the composition 
of TRPP2/TRPC5, TRPP3/TRPC1, TRPP3/TRPC5, TRPP5/TRPC1 and TRPP5/TRPC5 was also 
identified. TRPP2 and TRPV4, which formed heteromeric channel complex, have been reported 
both in vivo and in vitro. Then, heteromeric TRPP2/TRPV4 complex with a 2:2 stoichiometry and 
alternating subunit arrangement was identified using atomic force microscopy approach [85]. 
The study indicates that TRPV4 could form heteromeric channels with TRPC1 in vascular endo-
thelial cells. Then, Ca2+ store depletion enhanced the trafficking of TRPV4/TRPC1 channels into 
the plasma membrane, thus contributed to mediate store-operated current and store-operated 
calcium ion entry [89]. TRPV4 can form a heteromeric channel with TRPC6 in the pulmonary 
artery smooth muscle cell, and TRPV4 plays a critical role in hypoxic pulmonary vasoconstric-
tion potentially via cooperation with TRPC6 [90]. TRPV6 exhibited substantial colocalization 
and in vivo interaction with TRPC1, and functional interaction of TRPV6 with TRPC1 negatively 
regulates Ca2+ influx in HEK293 cells [91]. Heteromeric TRPV5 and TRPML3 channels with novel 
conductance were detected under conditions that did not activate either TRPML3 or TRPV5 [92].

Moreover, novel combination of TRPC1/TRPC6/TRPV4 may mediate mechanical hyperalgesia 
and primary afferent nociceptor sensitization. Subsequently, TRPV4, TRPC1 and TRPP2 have 
been reported to form a flow-sensitive heteromeric channel in primary cultured rat mesenteric 
artery endothelial cells as well as HEK293 cells. Moreover, heteromeric TRPV4/TRPC1/TRPP2 
channel can mediate the flow-induced Ca2+ increase in native vascular endothelial cells [93].

3.3. Assembly between TRPP channels and receptor-like polycystin-1 family 
proteins

PKD1 and PKD2 have been identified as the genes mutated in autosomal dominant polycystic 
kidney disease (ADPKD). The TRPP ion channel subfamily (PKD2-like group) contains three 
members of TRPP2 (PKD2), TRPP3 (PKD2L1) and TRPP5 (PKD2L2). The receptor like poly-
cystin-1 family proteins (PKD1-like group) contains five members, including PKD1, PKDREJ, 
PKD1L1, PKD1L2 and PKD1L3. TRPP subunits not only assemble into functional homomeric 
ion channels but also assemble with polycystin-1 family members to form heteromeric recep-
tor-channel complexes.

Heteromeric interaction between TRPP2 and PKD1 has been identified by several groups 
throughout the past decade. TRPP3 can also interact with PKD1, and the interaction is essential  
for TRPP3 trafficking and channel formation. Along these lines, studies also showed that TRPP3 
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TRPV5 and TRPML3 has been identified to produce channels with novel or altered properties.

Meanwhile, TRPP2 coassembled with TRPC1 to form heteromultimeric channels that exhibit 
new receptor-operated property implicated in mechanosensation. Furthermore, association 
between TRPP2 and TRPV4 produces a channel with mechanosensitive and thermosensitive 
roles. Recent study indicates that heteromultimers of TRPC1/4, TRPC1/5 and TRPC4/5 in the 
mouse brain and hippocampus involved in regulation of spatial working memory and flexible 
relearning by facilitating proper synaptic transmission [82]. TRPC1 and TRPC6 with TRPV4 
are frequently coexpressed in DRG neurons; TRPC1 and TRPC6 subunits are incorporated 
with TRPV4 to mediate mechanical hyperalgesia and primary afferent nociceptor sensitiza-
tion. Interestingly, TRPV4 is required for itch signaling in some sensory neurons via facilita-
tion of TRPV1. The formation of heteromeric complexes could be a prevalent mechanism by 
which the vast array of somatosensory information is encoded in sensory neurons [87]. In addi-
tion, functional interaction between the noxious cold-sensitive TRPA1 channel subunit and the 
noxious heat-sensitive TRPV1 channel subunit could contribute to TRPA1-mediated responses 
in trigeminal sensory neurons. Moreover, colocalization of PKD1L3 with TRPP3 (PKD2L1) in 
taste receptor cells may involve in taste sensory transduction. In summary, heteromerization 
of TRPs to novel channel complexes extends TRP channel distribution and function.

4. Discussion

4.1. More distribution relevance of TRPs need to be fully elucidated

TRP ion channels are almost expressed in all types of mammalian cells and their functions are 
also diverse as their distributions in tissues and organs. TRP channels not only act as poly-
modal cellular sensors, which are involved in cellular sensing from somatosensation, hearing, 
taste and olfaction [14], but also participate in many other physiological and pathological  
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process from metabolism, homeostasis and even carcinogenesis. To date, the puzzle of rele-
vant roles regarding TRP distribution in tissues and organs remains incompletely understood.

Specifically, the functions of TRPCs in mammalian are involved in temperature perception, 
mechanosensation, proinflammation, pheromone modulation, vasorelaxation as well as 
respiratory rhythm regulation. Furthermore, they also regulate cell differentiation and bone 
mass via calcium involving. However, the distribution relevance of TRPs in digestive as well 
as urinary system needs more and deeper investigation.

For TRPVs, the distribution relevance is mostly related to somatosensation such as thermo-
sensation, mechanosensation and nociception [1]. Meanwhile, TRPVs distribution also acts 
as sensory channels for receptor-operated calcium entry. But the related roles in immune 
system, urinary system as well as respiratory system remain elusive.

The subfamily of TRPM is extensively distributed in nervous system, skeletal system, 
digestive system, immune system, reproductive system, cardiovascular system, urinary 
system, respiratory system and endocrine system. Their functions are involved in warm or 
cold perception as well as thermogenesis, auditory mechanoreception, taste, metabolism, 
vascular tone regulation and inflammation. In addition, TRPM8 can be a biomarker for 
carcinogenesis of prostate. Further investigations regarding functional relevance of TRPMs’ 
distributions  need to be deeply elucidated, in particular in urinary system as well as respi-
ratory system.

TRPA1 is mostly expressed in nervous system. Its functions involve in thermosensation, audi-
tory mechanosensation as well as olfactory transduction. Meanwhile, TRPMLs are expressed 
in brain, heart, kidney and lung. Moreover, they appear in digestive system, immune system 
and reproductive system. But the relevance of the distribution is still missing. Little is known 
about the related roles of TRPPs in reproductive system, cardiovascular system, urinary sys-
tem and respiratory system.

Despite TRPs have been explored extensively for almost half of century, our understanding of 
the implications related to TRPs distribution is still missing a lot of pieces. Further investiga-
tion regarding this relevance needs to be elusive urgently.

4.2. Heteromerizations tangle the elucidation for distributions and functions

The intracellular distributions of TRP ion channels may be dynamically regulated by cyto-
solic changes. However, little is known about whether and how TRP channels change subunit 
composition in response to environmental stimuli. So far, most published studies focused on 
the static TRP ion channels subunit composition. How does the cell determine how and when 
subunits are coassembled? To what extent does extra or intracellular milieu affect the molecu-
lar sensitivity of the neuron? In fact, the coassembly of TRP ion channel subunits in living cells 
is dynamically regulated. Studies indeed sustain that the distribution of TRP ion channel in 
cells changes dramatically upon stimulation [97, 98]. Thus, when we study the distribution 
and function of TRPs, the dimension for dynamic influences has to be considered.

Furthermore, the extensive studies focus on TRP ion channels heteromerization, while much 
remains to be elucidated about the physiological consequences of heteromultimerization 
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among TRP subunits. Practical approach and advanced technique to monitor assembly of 
dynamic TRP ion channel subunits should be explored. Moreover, distribution of heteromeric 
TRP complexes involving in physiological and pathophysiological processes calls for more 
solid and careful investigations.

5. Conclusions and outlook

In this chapter, we described our understanding in distribution and assembly of TRP ion channels 
based on recent references. Haboring a superfamily of ion channels protein, TRPs exhibit ubiqui-
tously distributions in mammalians which depict a diverse and fascinating network. This makes 
the investigation more painstaking for grasp both the correct expression pattern and the roles of 
these TRPs. With recent technological advances of gene sequencing combines high throughput 
screening, breakthrough in this area will be likely achieved. Moreover, reporter genes as well as 
high resolution technique provide more precise location of where the TRPs really are.

Understanding TRPs from distribution to assembly not only help us to comprehend the phys-
iological roles of TRPs but also can widen the perspective of taking TRPs as potential thera-
peutic targets with their pathological relevance.

Although many aspects have been deciphered through focused studies regarding TRP ion 
channels expression and assembly during past decades, our knowledge on the implication of 
TRPs distribution and assembly remains limited. There are still gaps and bewildered contro-
versies in our understanding of these TRPs. The whole scope of TRP distribution and assem-
bly needs more thorough and scrutinized investigation, and new technical approach applied 
for TRP channel investigations needs to be developed.
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process from metabolism, homeostasis and even carcinogenesis. To date, the puzzle of rele-
vant roles regarding TRP distribution in tissues and organs remains incompletely understood.

Specifically, the functions of TRPCs in mammalian are involved in temperature perception, 
mechanosensation, proinflammation, pheromone modulation, vasorelaxation as well as 
respiratory rhythm regulation. Furthermore, they also regulate cell differentiation and bone 
mass via calcium involving. However, the distribution relevance of TRPs in digestive as well 
as urinary system needs more and deeper investigation.

For TRPVs, the distribution relevance is mostly related to somatosensation such as thermo-
sensation, mechanosensation and nociception [1]. Meanwhile, TRPVs distribution also acts 
as sensory channels for receptor-operated calcium entry. But the related roles in immune 
system, urinary system as well as respiratory system remain elusive.

The subfamily of TRPM is extensively distributed in nervous system, skeletal system, 
digestive system, immune system, reproductive system, cardiovascular system, urinary 
system, respiratory system and endocrine system. Their functions are involved in warm or 
cold perception as well as thermogenesis, auditory mechanoreception, taste, metabolism, 
vascular tone regulation and inflammation. In addition, TRPM8 can be a biomarker for 
carcinogenesis of prostate. Further investigations regarding functional relevance of TRPMs’ 
distributions  need to be deeply elucidated, in particular in urinary system as well as respi-
ratory system.

TRPA1 is mostly expressed in nervous system. Its functions involve in thermosensation, audi-
tory mechanosensation as well as olfactory transduction. Meanwhile, TRPMLs are expressed 
in brain, heart, kidney and lung. Moreover, they appear in digestive system, immune system 
and reproductive system. But the relevance of the distribution is still missing. Little is known 
about the related roles of TRPPs in reproductive system, cardiovascular system, urinary sys-
tem and respiratory system.

Despite TRPs have been explored extensively for almost half of century, our understanding of 
the implications related to TRPs distribution is still missing a lot of pieces. Further investiga-
tion regarding this relevance needs to be elusive urgently.

4.2. Heteromerizations tangle the elucidation for distributions and functions

The intracellular distributions of TRP ion channels may be dynamically regulated by cyto-
solic changes. However, little is known about whether and how TRP channels change subunit 
composition in response to environmental stimuli. So far, most published studies focused on 
the static TRP ion channels subunit composition. How does the cell determine how and when 
subunits are coassembled? To what extent does extra or intracellular milieu affect the molecu-
lar sensitivity of the neuron? In fact, the coassembly of TRP ion channel subunits in living cells 
is dynamically regulated. Studies indeed sustain that the distribution of TRP ion channel in 
cells changes dramatically upon stimulation [97, 98]. Thus, when we study the distribution 
and function of TRPs, the dimension for dynamic influences has to be considered.

Furthermore, the extensive studies focus on TRP ion channels heteromerization, while much 
remains to be elucidated about the physiological consequences of heteromultimerization 
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among TRP subunits. Practical approach and advanced technique to monitor assembly of 
dynamic TRP ion channel subunits should be explored. Moreover, distribution of heteromeric 
TRP complexes involving in physiological and pathophysiological processes calls for more 
solid and careful investigations.

5. Conclusions and outlook

In this chapter, we described our understanding in distribution and assembly of TRP ion channels 
based on recent references. Haboring a superfamily of ion channels protein, TRPs exhibit ubiqui-
tously distributions in mammalians which depict a diverse and fascinating network. This makes 
the investigation more painstaking for grasp both the correct expression pattern and the roles of 
these TRPs. With recent technological advances of gene sequencing combines high throughput 
screening, breakthrough in this area will be likely achieved. Moreover, reporter genes as well as 
high resolution technique provide more precise location of where the TRPs really are.

Understanding TRPs from distribution to assembly not only help us to comprehend the phys-
iological roles of TRPs but also can widen the perspective of taking TRPs as potential thera-
peutic targets with their pathological relevance.

Although many aspects have been deciphered through focused studies regarding TRP ion 
channels expression and assembly during past decades, our knowledge on the implication of 
TRPs distribution and assembly remains limited. There are still gaps and bewildered contro-
versies in our understanding of these TRPs. The whole scope of TRP distribution and assem-
bly needs more thorough and scrutinized investigation, and new technical approach applied 
for TRP channel investigations needs to be developed.
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Abstract

The current through mitochondrial chloride channels was first described in 1987. 
Subsequently, several types of ion channels permeable to chloride and other anions were 
found in the mitochondria of different origins. The increasing number of electrophysi-
ological studies, however, yielded only more ambiguity rather than order in the field of 
chloride channels. This uncertainty was slightly reduced by two different studies: experi-
ments that showed a significant role of chloride channels in the process of mitochondrial 
membrane potential oscillations and experiments that localized chloride intracellular ion 
channel (CLIC) proteins in cardiac mitochondrial membranes. Our recently published 
single-channel electrophysiological experiments are well in line with the channel activity 
of recombinant CLIC proteins. The experimental evidence seems to be inevitably, though 
slowly converging on a connection between single-channel activity and the identity of 
the mitochondrial chloride channel protein.

Keywords: chloride channel, mitochondria, cardiomyocyte, inner membrane anion 
channel—IMAC, chloride intracellular ion channel—CLIC

1. Introduction

Ion channels permeable to anions were underrated for a long time concerning their role in the 
life of a cell. The role of chloride channels in mitochondria was particularly underrated. This 
chapter focuses on the chloride channels of the inner mitochondrial membrane. The different 
electrophysiological descriptions of these channels that have appeared since 1987 are com-
pared. In addition to single-channel current measurements, measurements of mitochondrial 
membrane potential oscillations in whole cardiomyocytes provided information about the role 
of the mitochondrial chloride channel. At the molecular level, super-resolution fluorescence  
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imaging and Western blot analysis yielded invaluable information about the localization of 
chloride intracellular channel (CLIC) isoforms in the mitochondrial membrane. The results 
from these different fields of research are discussed and combined to identify a connection 
between measured chloride channel activities and the identity of the corresponding proteins.

2. First chloride channels on (electrophysiological) stage

One of the earliest studies of anion channel activity was reported in 1979 by White and Miller 
[1]. The authors used membrane vesicles from the electric organ of Torpedo californica fish 
and fused these vesicles into a planar lipid bilayer to measure the single-channel current. The 
fascinating story about the discovery of these channels was recounted by Miller [2]. Indeed, 
the reconstitution of intracellular ion channels in planar lipid bilayers in combination with 
the single-channel patch-clamp approach was extensively used to characterize ion channels 
of different origins and cellular localizations. The following years were fruitful with discover-
ies of new chloride channels. At present, chloride channels are classified into several groups; 
some are based on the genetic information known about the channel proteins, and others are 
defined only according to the described single-channel electrophysiological properties [3]. 
The first member of the ‘chloride channel’ (ClC) family was cloned more than 20 years ago 
[4]. Since then, several other members have been identified [5]. When the ClC homologues 
from Escherichia coli and Salmonella typhimurium were crystallized, the dimeric structure of 
these channels was revealed; each of the two monomers has its own conducting pore [6]. This 
‘double-barrel’ structure is reflected at the level of electrophysiological measurements by the 
presence of two open-channel levels with equal conductances of approximately 10 pS each 
[1, 7–9]. Another chloride channel group contains ligand-regulated channels, such as glycine 
and γ-aminobutyric acid (GABA) receptors [10, 11]; these two channels have a neuronal ori-
gin, and they were described at the single-channel level in 1983. The cAMP-activated cystic 
fibrosis transmembrane conductance regulator (CFTR) group represents a separate chloride 
channel family localized in epithelial cells [12, 13]. The CFTR channel was purified, recon-
stituted into liposomes and measured at the single-channel level in 1992 [14]. The last of the 
chloride channel groups to be genetically distinguished was the group of chloride intracel-
lular ion channels (CLICs); the first member of this group was described at the single-channel 
level in 1987 [15]. We return to CLICs later, in part 6. In addition, finally, there are channels 
that have unknown encoding genes—swelling-activated chloride channels [16] or calcium-
activated chloride channels [17, 18]; both channel types were described at the beginning of 
the 1990s. In the following sections, we focus on the chloride channels localized in the inner 
mitochondrial membrane.

3. A multitude of chloride channels

One of the presumptions of Mitchell’s chemiosmotic hypothesis is that the inner mitochondrial 
membrane is impermeable to ions other than protons [19]; however, with the development  
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of experimental approaches that allowed the detection of ion transport through the mito-
chondrial membrane, evidence showing that the mitochondrial membrane is crowded with 
ion transporters accumulated (rev. in [20]). At the beginning of the 1980s, the commonly used 
methods were rather indirect: the uptake of the radioactive isotope 36Cl− was measured [21], or 
the light scattering from swollen mitochondria was monitored [22, 23], although the biophysi-
cal approach for single-channel current measurement was already available [24–26].

3.1. Anion fluxes in mitochondria

The anion transport through inner mitochondrial membranes of mammalian origin was 
described for the first time in 1979 by Selwyn et al. [27]. This chloride uniporter was later 
named ‘inner membrane anion channel’ (IMAC) [28]. IMAC was characterized by light-scat-
tering measurements of swollen mitochondria in the presence of rotenone, which inhibits com-
plex I of the respiratory chain [28–32]. Beavis and Garlid showed that the transport of anions 
was strongly dependent on pH when Mg2+ ions were depleted from the mitochondria by the 
A23187 ionophore; in the presence of Mg2+, the transport rate was low and could be increased 
by alkaline pH [22]. A role for IMAC in the regulation of mitochondrial volume after patho-
logical swelling has been suggested [28]. The group of Beavis looked for the putative identity 
of IMAC and searched for pharmacological similarities between IMAC and adenine nucleo-
tide translocase (ANT) [33]. They found that several nucleotide analogues (e.g. Cibacron Blue) 
partially inhibit the flux of small anions and block the flux of malonate [33], whereas at low 
doses, these compounds stimulate the flux. The most important difference between IMAC and 
ANT was the effect of the selective ANT inhibitor carboxyatractyloside, which did not affect 
IMAC in any way [33]. The researchers concluded that IMAC is not identical to ANT. Later, 
in 1996, Beavis and Davatol-Hag studied the effect of several stilbene-2,2′-disulfonates [34], 
which are known as nonspecific chloride channel inhibitors [3, 34]. 4,4′-Diisothiocyano-2,2′-
stilbenedisulfonic acid (DIDS) is most often used to inhibit chloride channels. These research-
ers showed that DIDS, which was applied from the side of the intermembrane space, partially 
inhibited the flux of chloride by 30%. The inhibitory effect was more pronounced for malonate 
transport. A possible mechanism of IMAC inhibition by large anionic molecules (DIDS, nucle-
otide analogues) has been proposed [33] where these molecules bind to a binding site within 
the conductive pathway. This hypothesis is based on the fact that neither of the compounds 
could completely block the flux of small ions, which is in contrast to the inhibition of flux of 
larger anions such as malonate. The conductive pathway seems to be large enough to enable 
the entrance (at least partial) of complex compounds such as DIDS, as IMAC is also permeable 
to large anions [22]. The most recent publications concerning IMAC, which was measured by 
the light-scattering technique, appeared in 2004. One of these studies evaluated the combined 
effect of temperature and Mg2+ on IMAC [35], and the second one measured the activation of 
IMAC by fatty acids [36]. Schonfeld et al. [36] showed that fatty acids activated the chloride 
flux through IMAC. The positive effect of fatty acids on activity was confirmed by single-chan-
nel measurements. The authors suggested that long-chain fatty acids directly remove the Mg2+ 
ions from the binding sites of the IMAC protein or that these fatty acids form complexes with 
Mg2+ ions, thus lowering their matrix concentration. However, the described single-channel 
experiments provide questionable support for the proposed mechanism of activation. On the 
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‘double-barrel’ structure is reflected at the level of electrophysiological measurements by the 
presence of two open-channel levels with equal conductances of approximately 10 pS each 
[1, 7–9]. Another chloride channel group contains ligand-regulated channels, such as glycine 
and γ-aminobutyric acid (GABA) receptors [10, 11]; these two channels have a neuronal ori-
gin, and they were described at the single-channel level in 1983. The cAMP-activated cystic 
fibrosis transmembrane conductance regulator (CFTR) group represents a separate chloride 
channel family localized in epithelial cells [12, 13]. The CFTR channel was purified, recon-
stituted into liposomes and measured at the single-channel level in 1992 [14]. The last of the 
chloride channel groups to be genetically distinguished was the group of chloride intracel-
lular ion channels (CLICs); the first member of this group was described at the single-channel 
level in 1987 [15]. We return to CLICs later, in part 6. In addition, finally, there are channels 
that have unknown encoding genes—swelling-activated chloride channels [16] or calcium-
activated chloride channels [17, 18]; both channel types were described at the beginning of 
the 1990s. In the following sections, we focus on the chloride channels localized in the inner 
mitochondrial membrane.

3. A multitude of chloride channels

One of the presumptions of Mitchell’s chemiosmotic hypothesis is that the inner mitochondrial 
membrane is impermeable to ions other than protons [19]; however, with the development  
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of experimental approaches that allowed the detection of ion transport through the mito-
chondrial membrane, evidence showing that the mitochondrial membrane is crowded with 
ion transporters accumulated (rev. in [20]). At the beginning of the 1980s, the commonly used 
methods were rather indirect: the uptake of the radioactive isotope 36Cl− was measured [21], or 
the light scattering from swollen mitochondria was monitored [22, 23], although the biophysi-
cal approach for single-channel current measurement was already available [24–26].

3.1. Anion fluxes in mitochondria

The anion transport through inner mitochondrial membranes of mammalian origin was 
described for the first time in 1979 by Selwyn et al. [27]. This chloride uniporter was later 
named ‘inner membrane anion channel’ (IMAC) [28]. IMAC was characterized by light-scat-
tering measurements of swollen mitochondria in the presence of rotenone, which inhibits com-
plex I of the respiratory chain [28–32]. Beavis and Garlid showed that the transport of anions 
was strongly dependent on pH when Mg2+ ions were depleted from the mitochondria by the 
A23187 ionophore; in the presence of Mg2+, the transport rate was low and could be increased 
by alkaline pH [22]. A role for IMAC in the regulation of mitochondrial volume after patho-
logical swelling has been suggested [28]. The group of Beavis looked for the putative identity 
of IMAC and searched for pharmacological similarities between IMAC and adenine nucleo-
tide translocase (ANT) [33]. They found that several nucleotide analogues (e.g. Cibacron Blue) 
partially inhibit the flux of small anions and block the flux of malonate [33], whereas at low 
doses, these compounds stimulate the flux. The most important difference between IMAC and 
ANT was the effect of the selective ANT inhibitor carboxyatractyloside, which did not affect 
IMAC in any way [33]. The researchers concluded that IMAC is not identical to ANT. Later, 
in 1996, Beavis and Davatol-Hag studied the effect of several stilbene-2,2′-disulfonates [34], 
which are known as nonspecific chloride channel inhibitors [3, 34]. 4,4′-Diisothiocyano-2,2′-
stilbenedisulfonic acid (DIDS) is most often used to inhibit chloride channels. These research-
ers showed that DIDS, which was applied from the side of the intermembrane space, partially 
inhibited the flux of chloride by 30%. The inhibitory effect was more pronounced for malonate 
transport. A possible mechanism of IMAC inhibition by large anionic molecules (DIDS, nucle-
otide analogues) has been proposed [33] where these molecules bind to a binding site within 
the conductive pathway. This hypothesis is based on the fact that neither of the compounds 
could completely block the flux of small ions, which is in contrast to the inhibition of flux of 
larger anions such as malonate. The conductive pathway seems to be large enough to enable 
the entrance (at least partial) of complex compounds such as DIDS, as IMAC is also permeable 
to large anions [22]. The most recent publications concerning IMAC, which was measured by 
the light-scattering technique, appeared in 2004. One of these studies evaluated the combined 
effect of temperature and Mg2+ on IMAC [35], and the second one measured the activation of 
IMAC by fatty acids [36]. Schonfeld et al. [36] showed that fatty acids activated the chloride 
flux through IMAC. The positive effect of fatty acids on activity was confirmed by single-chan-
nel measurements. The authors suggested that long-chain fatty acids directly remove the Mg2+ 
ions from the binding sites of the IMAC protein or that these fatty acids form complexes with 
Mg2+ ions, thus lowering their matrix concentration. However, the described single-channel 
experiments provide questionable support for the proposed mechanism of activation. On the 
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other hand, the A23187 ionophore [22] caused the depletion of the Mg2+ matrix pool [36], lead-
ing to IMAC activation. The inhibitory effect of Mg2+ ions on IMAC activity was not only pH-
dependent but also temperature-dependent [35]. At 25°C, the flux through IMAC was blocked 
by Mg2+ ions at physiological pH. Researchers have opined that the activation of IMAC in 
physiological processes is unlikely and that its role under these conditions is unclear [37, 38]. 
Beavis and Powers estimated that at physiological Mg2+ concentrations and 37°C, IMAC activ-
ity is ∼7% of its maximum. The authors concluded that other factors regulating the activity of 
IMAC are probably involved and are waiting to be discovered [35].

3.2. Electrophysiology measurements of the inner mitochondrial membrane

The largest advance in the study of anion transport in mitochondria occurred in 1987 when 
the current through giant mitoplasts, that is, mitochondria deprived of the outer membrane 
[39], was first measured by a relatively novel (at the time) electrophysiological patch-clamp 
method [25]. To obtain the giant mitoplasts necessary to allow the stable connection of the 
patch pipette to the mitoplast membrane, mice were fed cuprizone. The researchers observed 
a slightly selective anion channel, with voltage-dependent activity and a mean single-channel 
conductance of 107 pS (in 150 mM KCl); this channel was later named the centum-pS channel 
[40]. This channel was also found in the inner membrane of the liver and heart mitochondria 
of oxen and mice that were not treated with cuprizone [41]. The centum-pS channel responds 
to nanomolar concentrations of mitochondrial benzodiazepine receptor (mBzR) ligands. 
The channel activity is completely inhibited by protoporphyrin IX, PK11195 and Ro5-4864  
(4-chlorodiazepam) with IC50 values in the nanomolar range. The high affinity of the benzodi-
azepine ligands to this channel suggests a putative association of the channel protein with the 
mBzR present in the outer membrane of mitochondria [40, 42]. Apart from the voltage-sensi-
tive centum-pS channel [43, 44], Kinnally et al. also observed a 15-pS channel (low conductance 
channel, LCC) in the inner mitochondrial membrane patches; this channel was activated by 
alkaline pH and was inhibited by the presence of Mg2+ ions, and the authors suggested that 
this channel corresponds to IMAC [44]. With the increasing number of electrophysiological 
experiments on mitoplasts or isolated submitochondrial vesicles, the number of observed 
anion channel types has multiplied. There are actually several slightly differing anion chan-
nels that have been described, although one cannot conclude with certainty which of them 
could correspond to IMAC [44–49]. The anion channels were measured from mitochondrial  
membranes of different origin.

Anion channels in the inner membrane of brown adipose tissue mitochondria were char-
acterized by a conductance of 108 pS in 150 mM KCl solution [45, 49]. These channels were 
measured by the patch-clamp technique in mitoplast-attached mode. Klitsch and Siemen [45] 
showed that this channel is inhibited by a low concentration of purine nucleotides; however, 
the channel is not identical to the uncoupling protein (UCP) [45, 50, 51]. UCP from brown adi-
pose tissue mitochondria was also shown to behave as a chloride channel, with two steps of 
75-pS conductance (in 100 mM KCl), to be sensitive to voltage and to be inhibited by nucleo-
tides and DIDS. UCP is unaffected by pH changes and Mg2+ ions [50]. According to Borecky 
et al., the 108-pS channel may be a candidate for IMAC because of several properties: the 
most convincing ones are the pH dependence of the channel activity (quantified as the open 
probability of the channel) and the inhibition by Mg2+ ions [49]. Its activity was inhibited by 
propranolol [52], similar to the anion fluxes through IMAC [53].
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In yeast mitochondria, a 45-pS channel (in 150 mM KCl) was detected; this channel was char-
acterized by low activity, which was only slightly affected by voltage. The channel could be 
inhibited by ATP [47, 54].

A more thorough description of anion channels derived from sheep cardiac mitoplasts was 
given by Hayman et al. [46, 55]. Channels permeable to chloride were observed after the 
incorporation of vesicles into a planar lipid bilayer; one type of channel had a conductance 
of 100 pS in 150 mM KCl, was named intermediate conductance mitochondrial anion chan-
nel (INMAC), and had multiple subconductance states; the other type of channel had 50-pS 
conductance, had two distinct subconductance states, and was named small conductance 
mitochondrial anion channel (SMAC). Both channels were more selective for anions than for 
the potassium cation (PCl/PK ∼7–9). The responses of INMAC channels to pH changes were 
consistent with those of the brown adipose tissue 108-pS channel [49]; however, the response 
was not sensitive to ATP, Mg2+ ions or voltage [46].

Native chloride channel with a conductance of 129 pS in 250 mM KCl [56] and 97 pS in 
150 mM KCl [57] were detected in purified rat cardiac mitochondria. These channels were 

Name 
(citations)

Origin Method G [Ps] ([KCl]) PCl/PK Kinetic 
features

Substates

IMAC [34, 53] Light scattering of 
swollen mitoplasts

Not defined for IMAC flux

Centum pS 
[39, 40]

Mouse liver Patch clamp 107 (150 mM) ∼4.5 Bursts

Centum pS 
[41]

Mouse heart and 
liver, ox heart

Patch clamp ∼100 (150 mM)

108 pS [45] Brown adipose tissue Patch clamp 108 (150 mM) ✓

108 pS [49] Brown adipose tissue Patch clamp 108 (150 mM) Bursts

UCP [50] Brown adipose tissue Patch clamp 2 × 75 (100 mM) ∼17

45 pS [47, 54] Yeast Patch clamp 45 (150 mM) ∼3.2

INMAC 
[46, 55]

Sheep heart BLM 100 (150 mM) ∼9 ✓

SMAC 
[46, 55]

Sheep heart BLM 50 (150 mM) ∼7 ✓

97-pS [56, 57] Rat heart BLM 97 (150 mM) ∼3 Burst ✓

LCC [44, 52] Rat liver Patch clamp 15 (150 mM)

CLIC5 [21, 
83, 85]

Recombinant BLM 26–400 (140 mM) ∼0.5–9 ✓

BLM is the method of ion channel reconstitution into a planar lipid bilayer. The conductance (G) and the selectivity 
for chloride over potassium ions (PCl/PK) are summarized in columns 4 and 5, respectively. The concentration of KCl 
in which the conductance was determined is shown next to the value of conductance. Some channels possess a typical 
kinetic feature—bursts (column 6). The final column shows the presence of subconductance states (substates). The cells 
are empty when the corresponding information is missing.

Table 1. Origin, method of detection and biophysical parameters of different chloride channels from the inner 
mitochondrial membrane.
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other hand, the A23187 ionophore [22] caused the depletion of the Mg2+ matrix pool [36], lead-
ing to IMAC activation. The inhibitory effect of Mg2+ ions on IMAC activity was not only pH-
dependent but also temperature-dependent [35]. At 25°C, the flux through IMAC was blocked 
by Mg2+ ions at physiological pH. Researchers have opined that the activation of IMAC in 
physiological processes is unlikely and that its role under these conditions is unclear [37, 38]. 
Beavis and Powers estimated that at physiological Mg2+ concentrations and 37°C, IMAC activ-
ity is ∼7% of its maximum. The authors concluded that other factors regulating the activity of 
IMAC are probably involved and are waiting to be discovered [35].

3.2. Electrophysiology measurements of the inner mitochondrial membrane

The largest advance in the study of anion transport in mitochondria occurred in 1987 when 
the current through giant mitoplasts, that is, mitochondria deprived of the outer membrane 
[39], was first measured by a relatively novel (at the time) electrophysiological patch-clamp 
method [25]. To obtain the giant mitoplasts necessary to allow the stable connection of the 
patch pipette to the mitoplast membrane, mice were fed cuprizone. The researchers observed 
a slightly selective anion channel, with voltage-dependent activity and a mean single-channel 
conductance of 107 pS (in 150 mM KCl); this channel was later named the centum-pS channel 
[40]. This channel was also found in the inner membrane of the liver and heart mitochondria 
of oxen and mice that were not treated with cuprizone [41]. The centum-pS channel responds 
to nanomolar concentrations of mitochondrial benzodiazepine receptor (mBzR) ligands. 
The channel activity is completely inhibited by protoporphyrin IX, PK11195 and Ro5-4864  
(4-chlorodiazepam) with IC50 values in the nanomolar range. The high affinity of the benzodi-
azepine ligands to this channel suggests a putative association of the channel protein with the 
mBzR present in the outer membrane of mitochondria [40, 42]. Apart from the voltage-sensi-
tive centum-pS channel [43, 44], Kinnally et al. also observed a 15-pS channel (low conductance 
channel, LCC) in the inner mitochondrial membrane patches; this channel was activated by 
alkaline pH and was inhibited by the presence of Mg2+ ions, and the authors suggested that 
this channel corresponds to IMAC [44]. With the increasing number of electrophysiological 
experiments on mitoplasts or isolated submitochondrial vesicles, the number of observed 
anion channel types has multiplied. There are actually several slightly differing anion chan-
nels that have been described, although one cannot conclude with certainty which of them 
could correspond to IMAC [44–49]. The anion channels were measured from mitochondrial  
membranes of different origin.

Anion channels in the inner membrane of brown adipose tissue mitochondria were char-
acterized by a conductance of 108 pS in 150 mM KCl solution [45, 49]. These channels were 
measured by the patch-clamp technique in mitoplast-attached mode. Klitsch and Siemen [45] 
showed that this channel is inhibited by a low concentration of purine nucleotides; however, 
the channel is not identical to the uncoupling protein (UCP) [45, 50, 51]. UCP from brown adi-
pose tissue mitochondria was also shown to behave as a chloride channel, with two steps of 
75-pS conductance (in 100 mM KCl), to be sensitive to voltage and to be inhibited by nucleo-
tides and DIDS. UCP is unaffected by pH changes and Mg2+ ions [50]. According to Borecky 
et al., the 108-pS channel may be a candidate for IMAC because of several properties: the 
most convincing ones are the pH dependence of the channel activity (quantified as the open 
probability of the channel) and the inhibition by Mg2+ ions [49]. Its activity was inhibited by 
propranolol [52], similar to the anion fluxes through IMAC [53].
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In yeast mitochondria, a 45-pS channel (in 150 mM KCl) was detected; this channel was char-
acterized by low activity, which was only slightly affected by voltage. The channel could be 
inhibited by ATP [47, 54].

A more thorough description of anion channels derived from sheep cardiac mitoplasts was 
given by Hayman et al. [46, 55]. Channels permeable to chloride were observed after the 
incorporation of vesicles into a planar lipid bilayer; one type of channel had a conductance 
of 100 pS in 150 mM KCl, was named intermediate conductance mitochondrial anion chan-
nel (INMAC), and had multiple subconductance states; the other type of channel had 50-pS 
conductance, had two distinct subconductance states, and was named small conductance 
mitochondrial anion channel (SMAC). Both channels were more selective for anions than for 
the potassium cation (PCl/PK ∼7–9). The responses of INMAC channels to pH changes were 
consistent with those of the brown adipose tissue 108-pS channel [49]; however, the response 
was not sensitive to ATP, Mg2+ ions or voltage [46].

Native chloride channel with a conductance of 129 pS in 250 mM KCl [56] and 97 pS in 
150 mM KCl [57] were detected in purified rat cardiac mitochondria. These channels were 

Name 
(citations)

Origin Method G [Ps] ([KCl]) PCl/PK Kinetic 
features

Substates

IMAC [34, 53] Light scattering of 
swollen mitoplasts

Not defined for IMAC flux

Centum pS 
[39, 40]

Mouse liver Patch clamp 107 (150 mM) ∼4.5 Bursts

Centum pS 
[41]

Mouse heart and 
liver, ox heart

Patch clamp ∼100 (150 mM)

108 pS [45] Brown adipose tissue Patch clamp 108 (150 mM) ✓

108 pS [49] Brown adipose tissue Patch clamp 108 (150 mM) Bursts

UCP [50] Brown adipose tissue Patch clamp 2 × 75 (100 mM) ∼17

45 pS [47, 54] Yeast Patch clamp 45 (150 mM) ∼3.2

INMAC 
[46, 55]

Sheep heart BLM 100 (150 mM) ∼9 ✓

SMAC 
[46, 55]

Sheep heart BLM 50 (150 mM) ∼7 ✓

97-pS [56, 57] Rat heart BLM 97 (150 mM) ∼3 Burst ✓

LCC [44, 52] Rat liver Patch clamp 15 (150 mM)

CLIC5 [21, 
83, 85]

Recombinant BLM 26–400 (140 mM) ∼0.5–9 ✓

BLM is the method of ion channel reconstitution into a planar lipid bilayer. The conductance (G) and the selectivity 
for chloride over potassium ions (PCl/PK) are summarized in columns 4 and 5, respectively. The concentration of KCl 
in which the conductance was determined is shown next to the value of conductance. Some channels possess a typical 
kinetic feature—bursts (column 6). The final column shows the presence of subconductance states (substates). The cells 
are empty when the corresponding information is missing.

Table 1. Origin, method of detection and biophysical parameters of different chloride channels from the inner 
mitochondrial membrane.
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also permeable to large anions such as acetate. Concerning the selectivity of these channels, 
the channels were slightly selective for anions over potassium ions (PCl/PK ∼3) and practi-
cally nonselective among several tested types of anions. The channels responded to pH 
changes by changing their ionic conductance. An alkaline environment caused an immedi-
ate decrease in conductance but did not affect the activity. On the other hand, acidification 
induced a slow increase in conductance, as well as an abrupt inhibition after a delay of 
approximately 1 min [56]. A similar effect of pH on channel activity was seen in the study 
of the centum-pS channel from brown adipose tissue mitochondria [49], but no changes 
in conductance due to pH shifts were reported. The pH dependence of the conductance 
of the rat mitochondrial chloride channels was also measured with the gluconate anion, 
which was impermeant at 7.4 pH. Interestingly, gluconate conductance appeared at acidic 
pH and gradually increased with the acidity of the environment [56]. However, it seems 

Name Voltage Mg2+ pH DIDS

IMAC [34, 53] Inhibition Acidic pH—inhibition

Alkaline pH—activation

Partial inhibition

Centum pS 
[39, 40]

Sensitive (Mg2+ not present in the 
solutions)

Insensitive

Centum pS 
[41]

Sensitive Insensitive

108 pS [45]

108 pS [49] Sensitive Inhibition Acidic pH—inhibition

Alkaline pH—high activity

UCP [50] Sensitive Insensitive Insensitive Inhibition

45 pS [47, 54] Minimal Insensitive

INMAC  
[46, 55]

Slightly sensitive or 
insensitive

Insensitive Acidic pH—inactivation

Alkaline pH—active 
channel

SMAC [46, 55] Decrease in amplitude Insensitive

97 pS [56, 57] Sensitive Activation Acidic pH—slow ↑ G 
followed by inhibition

Alkaline pH—high activity, 
↓ G

One-sided inhibition

LCC [44, 52] Insensitive Inhibition Activation by alkaline pH

No activity at acidic pH

CLIC5 [21, 
83, 85]

The table summarizes the effect of voltage, Mg2+ ions, pH and the nonspecific anion channel inhibitor DIDS on the 
activity of the chloride channels. Regulation by pH also affected the conductance of the channels (G); the arrows indicate 
the change in conductance. The cells are empty when the corresponding information is missing.

Table 2. Regulation of chloride channels from the inner mitochondrial membrane.
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that in addition to the spatial dimensions of the anion size, the change in conductance 
can be a consequence of the change in hydration energy at different pH values and/or the 
change in the surface charge in the pore vestibule [58]. As mentioned before, DIDS is com-
monly used as a nonspecific inhibitor of anion channels, although not all of these channels 
are sensitive to DIDS. The chloride channels from rat cardiac mitochondria are inhibited 
by DIDS from one side only, with IC50 of ∼12 μM. DIDS affected the complicated kinetics 
of these channels, which was previously described in detail [57]. In native mitochondrial 
chloride channels, the dependence of the activity on voltage has an approximately bell-
shaped character [57], and these channels are more active in the presence of 1 mM Mg2+ 
ions than in Mg2+-free solution [56]. Again, for these channels, some but not all properties 
correspond to IMAC.

The origin, methodical approach, biophysical properties and regulation of the inner mito-
chondrial membrane chloride channels are summarized in Tables 1 and 2. In these tables, 
the frequent value of ∼100-pS conductance (in 150 mM KCl) and the similar selectivities 
suggest that the 108-pS channel, INMAC and the channel from purified rat cardiac mito-
chondria might all represent the centum-pS channel. Nevertheless, these studies did not 
lead to a definitive conclusion about the identity of IMAC and did not provide an ultimate 
match at a single-channel level. In addition, the potential role or roles of these channels are 
mostly unclear (rev. in [59]). In the first years of the third millennium, the interest in mito-
chondrial chloride channels began to slowly fade. At this time, the group of Brian O’Rourke 
published a set of studies on the oscillations of the mitochondrial membrane potential in 
whole cardiomyocytes, which revived interest in IMAC by indicating its importance in this 
phenomenon [60–62].

4. Role of mitochondrial chloride channels in mitochondrial 
membrane potential oscillations

Changes in the cardiac action potential (AP) duration lead to ventricular arrhythmias [42]. The 
pattern of AP is also determined by sarcolemmal ATP-sensitive potassium channels (sarcKATP) 
[63], whose activity responds to changes in ATP levels in the cytoplasm. Thus, the perturbation 
of mitochondrial bioenergetics can be one cause of AP heterogeneity because mitochondria pro-
duce the majority of cellular ATP [42]. A decrease in mitochondrial membrane potential (ΔΨm) 
is associated with a lowered ATP production, which affects the sarcKATP that regulate the action 
potential duration [61, 64]. Several years ago, it was shown that metabolic stress can induce a col-
lapse in ΔΨm [60]; this collapse could be abolished by different inhibitors of ion channels of the 
inner mitochondrial membrane that are permeable to anions [37]. Arrhythmias can also arise as a 
consequence of the oxidative stress caused by ischemia/reperfusion [42]. A decrease, oscillations 
and even a collapse of ΔΨm were observed in isolated cardiomyocytes exposed to oxidative stress 
[61]. Oxidative stress can be experimentally induced by exposing a small volume of the cell to 
a laser flash. The energy provided by the laser light induces a local increase in the production 
of reactive oxygen species (ROS) in the mitochondria in the flashed region. In 2000, Zorov et al. 
published a study showing that local ROS production can lead to a synchronous collapse of ΔΨm 
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also permeable to large anions such as acetate. Concerning the selectivity of these channels, 
the channels were slightly selective for anions over potassium ions (PCl/PK ∼3) and practi-
cally nonselective among several tested types of anions. The channels responded to pH 
changes by changing their ionic conductance. An alkaline environment caused an immedi-
ate decrease in conductance but did not affect the activity. On the other hand, acidification 
induced a slow increase in conductance, as well as an abrupt inhibition after a delay of 
approximately 1 min [56]. A similar effect of pH on channel activity was seen in the study 
of the centum-pS channel from brown adipose tissue mitochondria [49], but no changes 
in conductance due to pH shifts were reported. The pH dependence of the conductance 
of the rat mitochondrial chloride channels was also measured with the gluconate anion, 
which was impermeant at 7.4 pH. Interestingly, gluconate conductance appeared at acidic 
pH and gradually increased with the acidity of the environment [56]. However, it seems 

Name Voltage Mg2+ pH DIDS

IMAC [34, 53] Inhibition Acidic pH—inhibition

Alkaline pH—activation

Partial inhibition

Centum pS 
[39, 40]

Sensitive (Mg2+ not present in the 
solutions)

Insensitive

Centum pS 
[41]

Sensitive Insensitive

108 pS [45]

108 pS [49] Sensitive Inhibition Acidic pH—inhibition

Alkaline pH—high activity

UCP [50] Sensitive Insensitive Insensitive Inhibition

45 pS [47, 54] Minimal Insensitive

INMAC  
[46, 55]

Slightly sensitive or 
insensitive

Insensitive Acidic pH—inactivation

Alkaline pH—active 
channel

SMAC [46, 55] Decrease in amplitude Insensitive

97 pS [56, 57] Sensitive Activation Acidic pH—slow ↑ G 
followed by inhibition

Alkaline pH—high activity, 
↓ G

One-sided inhibition

LCC [44, 52] Insensitive Inhibition Activation by alkaline pH

No activity at acidic pH

CLIC5 [21, 
83, 85]

The table summarizes the effect of voltage, Mg2+ ions, pH and the nonspecific anion channel inhibitor DIDS on the 
activity of the chloride channels. Regulation by pH also affected the conductance of the channels (G); the arrows indicate 
the change in conductance. The cells are empty when the corresponding information is missing.

Table 2. Regulation of chloride channels from the inner mitochondrial membrane.
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that in addition to the spatial dimensions of the anion size, the change in conductance 
can be a consequence of the change in hydration energy at different pH values and/or the 
change in the surface charge in the pore vestibule [58]. As mentioned before, DIDS is com-
monly used as a nonspecific inhibitor of anion channels, although not all of these channels 
are sensitive to DIDS. The chloride channels from rat cardiac mitochondria are inhibited 
by DIDS from one side only, with IC50 of ∼12 μM. DIDS affected the complicated kinetics 
of these channels, which was previously described in detail [57]. In native mitochondrial 
chloride channels, the dependence of the activity on voltage has an approximately bell-
shaped character [57], and these channels are more active in the presence of 1 mM Mg2+ 
ions than in Mg2+-free solution [56]. Again, for these channels, some but not all properties 
correspond to IMAC.

The origin, methodical approach, biophysical properties and regulation of the inner mito-
chondrial membrane chloride channels are summarized in Tables 1 and 2. In these tables, 
the frequent value of ∼100-pS conductance (in 150 mM KCl) and the similar selectivities 
suggest that the 108-pS channel, INMAC and the channel from purified rat cardiac mito-
chondria might all represent the centum-pS channel. Nevertheless, these studies did not 
lead to a definitive conclusion about the identity of IMAC and did not provide an ultimate 
match at a single-channel level. In addition, the potential role or roles of these channels are 
mostly unclear (rev. in [59]). In the first years of the third millennium, the interest in mito-
chondrial chloride channels began to slowly fade. At this time, the group of Brian O’Rourke 
published a set of studies on the oscillations of the mitochondrial membrane potential in 
whole cardiomyocytes, which revived interest in IMAC by indicating its importance in this 
phenomenon [60–62].

4. Role of mitochondrial chloride channels in mitochondrial 
membrane potential oscillations

Changes in the cardiac action potential (AP) duration lead to ventricular arrhythmias [42]. The 
pattern of AP is also determined by sarcolemmal ATP-sensitive potassium channels (sarcKATP) 
[63], whose activity responds to changes in ATP levels in the cytoplasm. Thus, the perturbation 
of mitochondrial bioenergetics can be one cause of AP heterogeneity because mitochondria pro-
duce the majority of cellular ATP [42]. A decrease in mitochondrial membrane potential (ΔΨm) 
is associated with a lowered ATP production, which affects the sarcKATP that regulate the action 
potential duration [61, 64]. Several years ago, it was shown that metabolic stress can induce a col-
lapse in ΔΨm [60]; this collapse could be abolished by different inhibitors of ion channels of the 
inner mitochondrial membrane that are permeable to anions [37]. Arrhythmias can also arise as a 
consequence of the oxidative stress caused by ischemia/reperfusion [42]. A decrease, oscillations 
and even a collapse of ΔΨm were observed in isolated cardiomyocytes exposed to oxidative stress 
[61]. Oxidative stress can be experimentally induced by exposing a small volume of the cell to 
a laser flash. The energy provided by the laser light induces a local increase in the production 
of reactive oxygen species (ROS) in the mitochondria in the flashed region. In 2000, Zorov et al. 
published a study showing that local ROS production can lead to a synchronous collapse of ΔΨm 
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in whole cardiomyocytes [65]. The increased ROS concentration in the mitochondria causes the 
release of excess ROS into the cytoplasm, in parallel with a fast depolarization of mitochondrial 
membrane potential. This process was named ROS-induced ROS release [65]. Before the ROS are 
scavenged by superoxide dismutase, the ROS cause depolarization of neighboring mitochondria. 
It is assumed that the prevailing form of the ROS responsible for this effect is the superoxide 
radical. Under physiological conditions, local ΔΨm oscillations are characterized by a broad fre-
quency range, and mitochondria act as oscillators that are weakly coupled by ROS. ΔΨm oscil-
lations, which are induced by oxidative stress or by insufficient concentrations of substrate, are 
characterized by one dominant frequency and a high amplitude (up to tens of millivolts) [61]. 
These oscillations spread into the whole cardiomyocyte [66]. Aon et al. showed that the ROS pro-
duced at complex III of the electron transport chain are from the main part responsible for syn-
chronous ΔΨm oscillations. The authors provided evidence that the superoxide radical is the ROS 
involved in the oscillations and their propagation throughout the cell. The role of IMAC in the 
process of ΔΨm regulation was highlighted by the fact that inhibitors of anion channels (DIDS, 
4′-chlorodiazepam) prevented the oscillations and collapse of ΔΨm [61]. The presence of an anion 
channel inhibitor locked the ROS within the mitochondria exposed to a laser flash. These results 
led the authors to assume a double role of IMAC in both the dissipation of energy that causes 
ΔΨm depolarization and the pathway that allows superoxide radicals to leave the matrix [61]. ΔΨm 
changes are also accompanied by redox potential oscillations in the whole cell [61]. The redox 
pair reduced/oxidized glutathione (GSH/GSSG) is the major indicator of the cellular redox state 
[67]. It has been proved experimentally that the GSH/GSSG ratio determines the trend of ΔΨm 
changes and their reversibility [68]. The GSH/GSSG ratio and the absolute concentration of these 
two compounds in cardiomyocytes affect the chloride fluxes in mitochondria under conditions 
of oxidative stress [68]. A computer model of a mitochondrial oscillator was based on oxidative 
phosphorylation, the cytoplasmic ROS-scavenging system, ROS and IMAC [62]. The results of 
this model are in good agreement with experimental data. IMAC, whose identity remains uncer-
tain, was included in this model as an escape route for ROS. The conductance of IMAC was set as 
the conductance of the yeast 108-pS channel [49]. The model assumes that IMAC is activated in a 
positive feedback loop by the leaking of ROS from the matrix, where high concentrations of ROS 
accumulate under oxidative stress conditions. IMAC mediates the release of ROS from mitochon-
dria if the ROS production in the matrix is increased to a critical value. The release of ROS provides  
communication within the mitochondrial network, which results in synchronous ΔΨm oscillations 
throughout the whole cardiomyocyte [62, 69]. According to the model, the flux of anions through 
IMAC is responsible for the fast depolarization phase during the ΔΨm oscillations [62, 66].

The role of IMAC in the process of mitochondrial membrane potential oscillations inspired a 
further search for evidence of the identity of the native chloride channels from highly purified 
rat cardiomyocyte mitochondria.

5. Kinetics, subconductance states and inferred channel structure

The basic biophysical properties and regulation of many of the described mitochondrial chlo-
ride channels are not consistently in agreement among themselves and with the accepted 

Ion Channels in Health and Sickness182

properties of the IMAC pathway, but the gating and permeation through the channel pore 
seem to be more useful properties for comparison of these channels.

The 108-pS channel from brown adipose tissue mitochondria is characterized by bursts of fast 
flickering at negative voltages and long openings at positive voltages [49]. A similar behavior, 
but with inverse polarity, is visible in the traces of sheep chloride channels. These channels were 
reconstituted in a planar lipid bilayer; at an applied voltage of −50 mV, the openings were long, 
and the transitions to the closed state were infrequent. By contrast, the channel under +50 mV 
applied potential also exhibited bursts of fast events (see Figures 2 and 3 in [55]). The different 
polarities of this effect can be caused by different orientations of the channel in the measuring sys-
tem. The bursting behavior was also reported for the chloride channels of rat cardiac mitochondria 
[57]. A report that the gating kinetics was affected by voltage was also found for the 45-pS yeast 
mitochondria channel [47]. It is unfortunate that the gating kinetics was not thoroughly described 
for many of the reported mitochondrial chloride channels; this information might have been help-
ful for comparison of these channels, which differ in pharmacological regulation in many cases.

In general, ion channels can have not only a main conducting state but also states with lower than 
maximal conductance, which are called subconductance states (or simply substates). The pres-
ence of substates was described and analyzed in native chloride channels from rat cardiac mito-
chondria [70], which are similar to the chloride channels from sheep cardiac mitochondria [55]. 
Three distinct substates were detected in the chloride channels of rat origin, and their conduc-
tances corresponded to 29, 50 and 74% of the maximal conductance. The occupancy of states with 
a lower conductance is small and less than 2% for each state. SMACs from sheep mitochondria 
displayed substates with 25 and 50% of the maximal conductance. The occupancy of the 75% sub-
state was rare and below 1% [55]. Hayman proposed that the channel is formed by four subunits. 
INMACs exhibited several substates, but these states were not described in more detail [46].

An unusual observation of the decomposition of the chloride channel of rat cardiac mitochon-
dria into substates was described by Tomasek et al. [70]. This channel is characterized by the 
absence of a maximal conducting state and an increased gating frequency between substates, 
leading to complete loss of the channel activity. The behavior of the channels was in line with 
the suggested model of four conducting subunits that cooperate as one channel. The gating of 
the four units is synchronized, and it seems that the subunits are unstable when they do not 
work in the cooperating complex.

As the occupancy of substates that were analyzed is low, it is not surprising that the occupancy 
has not been described or even mentioned in other studies of chloride channels from the inner 
mitochondrial membranes. On the other hand, the presence of substates was described for 
some chloride intracellular channels called CLICs [71].

6. CLIC localization

Thirty years ago, chloride intracellular channel (CLIC) proteins were isolated from bovine kid-
ney cortex membrane vesicles for the first time [15]. The protein was isolated using a high-
affinity ligand of chloride channels, indanyloxyacetic acid (IAA-94), and the transport through 
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in whole cardiomyocytes [65]. The increased ROS concentration in the mitochondria causes the 
release of excess ROS into the cytoplasm, in parallel with a fast depolarization of mitochondrial 
membrane potential. This process was named ROS-induced ROS release [65]. Before the ROS are 
scavenged by superoxide dismutase, the ROS cause depolarization of neighboring mitochondria. 
It is assumed that the prevailing form of the ROS responsible for this effect is the superoxide 
radical. Under physiological conditions, local ΔΨm oscillations are characterized by a broad fre-
quency range, and mitochondria act as oscillators that are weakly coupled by ROS. ΔΨm oscil-
lations, which are induced by oxidative stress or by insufficient concentrations of substrate, are 
characterized by one dominant frequency and a high amplitude (up to tens of millivolts) [61]. 
These oscillations spread into the whole cardiomyocyte [66]. Aon et al. showed that the ROS pro-
duced at complex III of the electron transport chain are from the main part responsible for syn-
chronous ΔΨm oscillations. The authors provided evidence that the superoxide radical is the ROS 
involved in the oscillations and their propagation throughout the cell. The role of IMAC in the 
process of ΔΨm regulation was highlighted by the fact that inhibitors of anion channels (DIDS, 
4′-chlorodiazepam) prevented the oscillations and collapse of ΔΨm [61]. The presence of an anion 
channel inhibitor locked the ROS within the mitochondria exposed to a laser flash. These results 
led the authors to assume a double role of IMAC in both the dissipation of energy that causes 
ΔΨm depolarization and the pathway that allows superoxide radicals to leave the matrix [61]. ΔΨm 
changes are also accompanied by redox potential oscillations in the whole cell [61]. The redox 
pair reduced/oxidized glutathione (GSH/GSSG) is the major indicator of the cellular redox state 
[67]. It has been proved experimentally that the GSH/GSSG ratio determines the trend of ΔΨm 
changes and their reversibility [68]. The GSH/GSSG ratio and the absolute concentration of these 
two compounds in cardiomyocytes affect the chloride fluxes in mitochondria under conditions 
of oxidative stress [68]. A computer model of a mitochondrial oscillator was based on oxidative 
phosphorylation, the cytoplasmic ROS-scavenging system, ROS and IMAC [62]. The results of 
this model are in good agreement with experimental data. IMAC, whose identity remains uncer-
tain, was included in this model as an escape route for ROS. The conductance of IMAC was set as 
the conductance of the yeast 108-pS channel [49]. The model assumes that IMAC is activated in a 
positive feedback loop by the leaking of ROS from the matrix, where high concentrations of ROS 
accumulate under oxidative stress conditions. IMAC mediates the release of ROS from mitochon-
dria if the ROS production in the matrix is increased to a critical value. The release of ROS provides  
communication within the mitochondrial network, which results in synchronous ΔΨm oscillations 
throughout the whole cardiomyocyte [62, 69]. According to the model, the flux of anions through 
IMAC is responsible for the fast depolarization phase during the ΔΨm oscillations [62, 66].

The role of IMAC in the process of mitochondrial membrane potential oscillations inspired a 
further search for evidence of the identity of the native chloride channels from highly purified 
rat cardiomyocyte mitochondria.

5. Kinetics, subconductance states and inferred channel structure

The basic biophysical properties and regulation of many of the described mitochondrial chlo-
ride channels are not consistently in agreement among themselves and with the accepted 
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properties of the IMAC pathway, but the gating and permeation through the channel pore 
seem to be more useful properties for comparison of these channels.

The 108-pS channel from brown adipose tissue mitochondria is characterized by bursts of fast 
flickering at negative voltages and long openings at positive voltages [49]. A similar behavior, 
but with inverse polarity, is visible in the traces of sheep chloride channels. These channels were 
reconstituted in a planar lipid bilayer; at an applied voltage of −50 mV, the openings were long, 
and the transitions to the closed state were infrequent. By contrast, the channel under +50 mV 
applied potential also exhibited bursts of fast events (see Figures 2 and 3 in [55]). The different 
polarities of this effect can be caused by different orientations of the channel in the measuring sys-
tem. The bursting behavior was also reported for the chloride channels of rat cardiac mitochondria 
[57]. A report that the gating kinetics was affected by voltage was also found for the 45-pS yeast 
mitochondria channel [47]. It is unfortunate that the gating kinetics was not thoroughly described 
for many of the reported mitochondrial chloride channels; this information might have been help-
ful for comparison of these channels, which differ in pharmacological regulation in many cases.

In general, ion channels can have not only a main conducting state but also states with lower than 
maximal conductance, which are called subconductance states (or simply substates). The pres-
ence of substates was described and analyzed in native chloride channels from rat cardiac mito-
chondria [70], which are similar to the chloride channels from sheep cardiac mitochondria [55]. 
Three distinct substates were detected in the chloride channels of rat origin, and their conduc-
tances corresponded to 29, 50 and 74% of the maximal conductance. The occupancy of states with 
a lower conductance is small and less than 2% for each state. SMACs from sheep mitochondria 
displayed substates with 25 and 50% of the maximal conductance. The occupancy of the 75% sub-
state was rare and below 1% [55]. Hayman proposed that the channel is formed by four subunits. 
INMACs exhibited several substates, but these states were not described in more detail [46].

An unusual observation of the decomposition of the chloride channel of rat cardiac mitochon-
dria into substates was described by Tomasek et al. [70]. This channel is characterized by the 
absence of a maximal conducting state and an increased gating frequency between substates, 
leading to complete loss of the channel activity. The behavior of the channels was in line with 
the suggested model of four conducting subunits that cooperate as one channel. The gating of 
the four units is synchronized, and it seems that the subunits are unstable when they do not 
work in the cooperating complex.

As the occupancy of substates that were analyzed is low, it is not surprising that the occupancy 
has not been described or even mentioned in other studies of chloride channels from the inner 
mitochondrial membranes. On the other hand, the presence of substates was described for 
some chloride intracellular channels called CLICs [71].

6. CLIC localization

Thirty years ago, chloride intracellular channel (CLIC) proteins were isolated from bovine kid-
ney cortex membrane vesicles for the first time [15]. The protein was isolated using a high-
affinity ligand of chloride channels, indanyloxyacetic acid (IAA-94), and the transport through 

Lifting the Fog over Mitochondrial Chloride Channels
http://dx.doi.org/10.5772/intechopen.76419

183



the channel was detected by the uptake of the 36Cl− isotope. In 1989, CLIC proteins were purified 
from bovine kidney cortexes and the apical membranes of bovine trachea and reconstituted into 
lipid vesicles; the single-channel properties of CLIC were measured in a planar lipid bilayer 
system [21]. Since then, the family of CLIC proteins has grown, and it contains six vertebrate 
members, three invertebrate members and at least four plant members [71]. These proteins can 
adopt two forms—soluble and integral membrane [72]. The soluble form of CLIC1 was crys-
tallized, and the obtained structure is a structural homologue of the glutathione-S-transferase 
superfamily [72, 73]. The CLIC1 isoform was also crystallized in the presence of glutathione 
(GSH), for which these proteins possess a binding site [72]. CLIC1 has been thoroughly stud-
ied at the single-channel level, but an extremely broad range of channel conductances from 
17 to 160 pS has been reported for this isoform [71, 72, 74–78]. The channel activity was not 
affected by the presence of 1 mM Ca2+ or 1 mM Mg2+, although the activity was blocked by both 
the oxidized and reduced forms of glutathione [74], which is consistent with the presence of a 
glutathione-binding site. This channel is localized in intracellular membranes, as are other CLIC 
family members, and in plasma membranes [71]. The conductance of expressed CLIC4 channels 
was measured in several studies, and the conductance spanned a broad range of values from 
1 [79] up to 43 pS [80, 81]. Although the conductance varies among these studies, there is an 
agreement concerning the selectivity of the channel, which is poorly selective for anions over 
cations (PCl/Pcholine ∼3) [79, 80]. Littler et al. resolved the structure of CLIC4 at 1.8 Å resolution 
[81], indicating that CLIC4 is a monomeric protein, and it was structurally similar to CLIC1 with 
a difference in the domain of CLIC1 that undergoes structural changes upon oxidation. It was 
shown, however, that CLIC4 also responds to redox agents. Incubation with H2O2 favored the 
fusion of CLIC4 into the planar lipid bilayer; on the other hand, pretreatment with DTT resulted 
in no channel activity [81]. Intriguingly, the CLIC4 expressed in HEK293 cells was not affected 
by the nonspecific chloride channel inhibitor DIDS [82]. The absence of DIDS inhibition was also 
found for the centum-pS channel [41], and a one-sided effect was reported for anion channels 
derived from rat cardiac mitochondrial membranes [57].

The recombinant CLIC5 isoform was also studied at the single-channel level [83]. Similar 
to other CLIC isoforms, CLIC5 is poorly selective for monovalent ions (either negatively or 
positively charged), and several values of conductance ranging between 26 and 400 pS were 
reported [21, 84, 85]. Different substates were observed in single-channel current recordings 
of CLIC1 and CLIC5 proteins incorporated into planar lipid bilayers [77, 83]. The observed 
broad range of conductance values was interpreted to indicate a cluster of functioning chlo-
ride channel pores [71, 86].

CLIC proteins possess two peculiar properties. One already mentioned property is that CLIC 
proteins can exist in two different forms: a soluble protein form and an integral membrane 
protein form, which is unusual as the structural characteristics of integral proteins differ from 
those of soluble proteins. This double structure is deduced from the fact that CLIC proteins 
were found in both the aqueous phase and the membrane fraction during the process of 
protein isolation [87]. However, the crystallographic structure of the integral form has not 
yet been determined. The second peculiarity is that these proteins lack the conserved mito-
chondrial targeting sequence [88–90]; nevertheless, in 2016, the research group of H. Singh 
reported that some CLIC isoforms are localized in the mitochondria of cardiomyocytes [89, 90].  
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Indeed, this finding was a breakthrough after three decades of searching for the identity of 
chloride channel proteins in the inner mitochondrial membrane. The CLIC4 and CLIC5 iso-
forms were detected on mitochondrial membranes using immunofluorescence imaging and 
colocalization of fluorescent markers for CLIC isoforms 1, 4 and 5 and MitoTracker dye via a 
super-resolution STED microscope. The presence of the corresponding proteins was detected 
by Western blot analysis of the purified mitochondrial fraction. Interestingly, the CLIC5 and 
CLIC4 proteins do not have the same distribution in the mitochondrial membrane. The CLIC4 
isoform has a cluster distribution similar to that of a voltage-dependent anion channel of the 
outer mitochondrial membrane, VDAC1 [91]. Higher levels of the CLIC4 isoform were found 
in the outer mitochondrial membrane, while CLIC5 had a uniform distribution mainly con-
centrated in the inner mitochondrial membrane.

7. Discussion of the identity of the mitochondrial chloride channel

The spectrum of chloride channels found in the native inner mitochondrial membranes seems 
to be broad, and there are many experimental inconsistencies among these channels. Some 
properties are nevertheless notable when one is searching for the identity of the channel. 
The discussed channels were all measured either from highly purified mitochondrial mem-
brane fractions fused to planar lipid bilayers or from patched mitoplasts. The most frequently 
reported channel has ∼100-pS conductance [39, 41, 46, 49, 57]. Several of the channels share 
a bursting pattern of single-channel activity, voltage-dependent activity and gating kinetics. 
In addition, some of these channels maintain the pH regulation described for the anion flux 
through IMAC [49, 53, 56]. An anion channel having a 100-pS conductance was successfully 
incorporated in a model of the process of ROS-induced ROS release and synchronized mito-
chondrial membrane potential oscillations [62]. This model describes well the measured 
experimental data.

The only chloride channel protein detected in the inner mitochondrial membrane is the CLIC5 
channel. Naturally, the question arises as to whether the CLIC5 channel is identical to the 
channel with the measured single-channel currents described in several studies. To answer 
this question now, we can consider only the available (and not very abundant) experimental 
data from recombinant CLIC5 single-channel measurements [21, 84, 85]. The inhibitory effect 
of IAA-94, which was studied with native mitochondrial chloride channels of the rat heart 
[56], favors a connection between these channels and CLICs. The hints of the structural fea-
tures of native channels of both rat [70] and sheep [55] origin are also in good agreement with 
the structural model suggested for CLICs [71]. Rat mitochondrial chloride channels, which 
are similar in many ways to the centum-pS channel, suggest that these channels correspond 
to IMACs, and the rat mitochondrial chloride channels were reported to be redox-sensitive 
[70]. Unfortunately, the redox regulation has not been thoroughly described, but the behavior 
of the channels in reduced and oxidized environments seems to be consistent with the CLIC 
redox sensitivity. Both CLICs and (the many) mitochondrial chloride channels are poorly 
selective, and the conductance of all the discussed chloride channels is within the broad range 
reported for CLIC channels [71].
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8. Conclusion and future prospects

There is one crucial task ahead of us to reach the ultimate convergence point: the connection between 
the native inner mitochondrial membrane chloride channels and the CLIC protein must be proved 
unambiguously. If this connection was proven, the experimentation on the mitochondrial mem-
brane potential can progress to a completely new level. This progression might provide important 
knowledge concerning the process of cardiac arrhythmias caused by ΔΨm oscillations, with a poten-
tial clinical impact in the future. The use of molecular genetic techniques, such as silencing or condi-
tional knock-out, and studies on the structure-function relationship will be feasible. Once the gene 
for the mitochondrial chloride channel is known, many options for experimentation will become 
available. The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway 
can provide benefits against ischemia/reperfusion injury via changes in the expression or activity 
of some proteins, including the proteins of the respiratory chain [92]. In the context of the ROS-
induced ΔΨm oscillations that occur during mitochondrial stress, it seems to be causally important 
to minimize ROS formation by improving mitochondrial function. STATs, which were also identi-
fied in cardiomyocyte mitochondria, can be useful for this task. In addition to being involved in 
mitochondrial respiratory function [93], STAT3 may regulate the mitochondrial permeability tran-
sition pore [94, 95]. It would be of interest to know whether the inner membrane mitochondrial 
chloride channel is also affected by STAT3 or the STAT3 activation pathway under conditions of 
ischemia/reperfusion.
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