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Cardiac Ion Channels and Mechanisms
for Protection Against Atrial Fibrillation

Morten Grunnet, Bo Hjorth Bentzen, Ulrik Svane Sgrensen,
and Jonas Goldin Diness

Abstract Atrial fibrillation (AF) is recognised as the most common sustained
cardiac arrhythmia in clinical practice. Ongoing drug development is aiming at
obtaining atrial specific effects in order to prevent pro-arrhythmic, devastating
ventricular effects. In principle, this is possible due to a different ion channel
composition in the atria and ventricles. The present text will review the aetiology
of arrhythmias with focus on AF and include a description of cardiac ion channels.
Channels that constitute potentially atria-selective targets will be described in
details. Specific focus is addressed to the recent discovery that Ca**-activated
small conductance K™ channels (SK channels) are important for the repolarisation
of atrial action potentials. Finally, an overview of current pharmacological treat-
ment of AF is included.

Abbreviations

aERP Atrial effective refractory period
AF Atrial fibrillation

APD Action potential duration

AV Atrioventricular

AV-ERP AV-nodal effective refractory period
BCL Basic cycle length

BPM Beats per minute

CvV Conduction velocity

DAD Delayed afterdepolarisations
EAD Early afterdepolarisations
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SA Sinoatrial

SK channel  Small conductance Ca®* activated K* channel
TdpP Torsades de pointes

vERP Ventricular effective refractory period

VF Ventricular fibrillation

WL Wavelength

Introduction

The mammalian heart is a mechanical pump with the function of assuring pulmo-
nary and systemic blood circulation. This secures the crucial transport of nutrients,
removal of waste products, circulation of hormones and antibodies and exchange
of gases. Under normal non-diseased conditions, the heart will exert its mechanical
pumping in a continuous fashion with a stable rhythm while changing rate
according to systemic needs. This implies that the human heart is capable of
performing approximately 3.000.000.000 beats in an average life span. It also
implies that, in principle, a single inappropriate electrical signal can disturb
the delicate balance between excitation and contraction. In the worst case such an
event can ultimately result in sudden cardiac arrest. Appropriate contraction and
thus pumping of the heart is initiated and controlled by cardiac impulses or
electrical signals that on a cellular level are recognised as cardiac action potentials.

The contrast to the highly stable rhythm of a normal functional heart is
categorised as arrhythmias (from Greek a + rhythmos = loss of rhythm). In its
broadest meaning, arrhythmias can be anything from single events with diminutive
palpitations to fibrillations in the ventricles that can lead to sudden cardiac death.
With the multifaceted and complicated nature of the cardiac excitation-contraction
coupling in mind, it is fascinating that arrhythmias nevertheless are an unusual
incident in young and middle age people.

Excitability of cardiac myocytes is obtained by transient changes in ion perme-
ability across the cell surface membrane. The generation of the cardiac action
potentials therefore relies on the delicate orchestration of openings and closures
of many different ion channels that can allow the selective passage of ions across
the lipophilic plasma membrane. Compared to neuronal action potentials, cardiac
action potentials are unique in appearance as a consequence of a prolonged plateau
phase that can last for several hundred milliseconds. The exact shape and duration
of cardiac action potential is different in different areas of the heart as a conse-
quence of the subtle composition and interplay between different ion channels in
different parts of the heart. Generally, action potentials recorded from the atria will
appear more triangulated in shape compared to ventricular action potentials which
have a more stable plateau phase and thereby a dome-like shape. Both types of
action potentials are different from the electrical activity that can be recorded from
the sinoatrial (SA) and atrioventricular (AV) nodes, where a sliding baseline in the
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membrane potential gives rise to spontaneous electrical activity. In addition, the
width and shape of the dome-like structure of a ventricular action potential differ
between different regions of the heart. A thorough understanding of the ion
channels underlying these differences is valuable in the search for drugs that can
selectively target a specified part of the heart as for example the atria. Representa-
tive examples of action potentials recorded from different cardiac regions are
depicted in Fig. 1.

The profound regulation of ion channels and some redundancy in the excitation-
contraction system are probably important for the stability of the system. Good
examples of partial redundancy is the participation of a number of different K*
channels responsible for repolarising the action potential in both atria and
ventricles. In the ventricles at least three different potassium currents named Ik,
Ik and Ik participate in repolarisation. This phenomenon has been characterised as
the “repolarisation reserve” (Roden 1998) to underline the overlapping function
and, in this manner, the redundancy in the system. In the atria, a number of different
K* channels also participate in terminating or repolarising the action potential.
Importantly, from a functional perspective some of these channels are almost
exclusively active in the atria, thereby giving the opportunity to specifically target
these ion channels with a reduced risk of ventricular side effects. Examples of K*
channels that are selectively expressed in the atria are K, 1.5 as responsible for Iy,

SA Nodal

| 100 mv
N

AV Nodal

Purkinje Fibre —N

Midmyocardial ’ “
Epicardial l\'\

|
0.2 sec

Septum

RV Lv

Fig. 1 Differences in action potential morphology in various regions of the heart. Notice how
differences exist both transmurale in ventricles (epicardial to endocardial) and between chambers.
Furthermore, the action potential morphology is unique in nodes with a sliding diastolic baseline
and more depolarised resting membrane potentials (membrane potential not indicated). From
(Nerbonne 2000)
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K;3.1/K;;3.4 as accountable for Ixscn, and, more recently, small conductance
Ca’*-activated K* channels responsible for Ixc, (Boyle and Nerbonne 1992;
Ravens and Dobrev 2003; Xu et al. 2003).

The term “arrhythmia” includes a number of diverse diseases. In the attempt to
understand and treat arrhythmic conditions, it is a requirement to understand the
regulation and function of cardiac ion channels. Furthermore, it is important to
acknowledge the diverse compositions and distributions of ion channels in the heart
to be able to selectively treat specific diseases such as AF. In the following, we will
give a general description of the prerequisites for obtaining an arrhythmia as well as
an introduction to cardiac ion channels. Special emphasis will be on the recent
discovery that Ca**-activated small conductance K* channels (SK channels) are
important for the repolarisation of atrial action potentials. Finally, an overview of
mode of action of different anti-AF drugs targeting ion channels will be given.

Mechanisms and Aetiology of Arrhythmias

In a wide sense, any kind of abnormal heart rhythm can be regarded as an
arrhythmia. Events can vary from a gentle transient palpitations to much more
severe conditions that can ultimately lead to cardiac arrest and thereby sudden
death. Simple arrhythmias can be a too slow heart beat frequency which is termed
bradycardia (in humans less than 60 beats per minute), or an abnormally fast heart
beat frequence known as tachycardia (in humans more than 100 beats per minute at
rest). Tachycardia will be monomorphic or polymorphic in origin and can progress
into fibrillation that describes a completely uncoordinated electrical activity of the
heart. A common denominator for complex arrhythmias is the initiation by a trigger
and the sustainability that depends on the presence of a substrate. In the following
we will give a description of the mechanisms behind both triggers and substrates
and also introduce re-entry based arrhythmias based upon the leading circle and
spiral wave theories.

Triggers of Arrhythmias

Arrhythmias are always initiated by a trigger. Abnormal focal automaticity is a
typical trigger of AF. “Automaticity” is the basis of cardiac pacemaking function.
Several areas of the heart show automaticity, but normally the SA node is the fastest
pacemaker and therefore the one that controls the heart rate. If an area outside the
SA or the AV nodes starts an impulse it is considered as abnormal automaticity, and
such an area is called an ectopic focus. Acute myocardial ischaemia, increased
sympathetic drive or remodeling of ion channel expression as a consequence of AF
can enhance the risk for unwanted atypical automaticity (Boyle and Nerbonne
1992; Ravens and Dobrev 2003).
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Abnormal focal activity can also arise from so-called afterdepolarisations (Fig. 2a).
During the plateau of the action potential (phase 2), the free intracellular concentration
of Ca®* increases sharply. This free intracellular Ca®* is returned to baseline level by

my
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Early after- depolarisations

Fig. 2 Triggers and substrates for arrhythmias. Arrhythmias are initiated by a triggering event.
Three examples are demonstrated in a. The upper panel depicts how accelerated normal automa-
ticity will increase the heart rate. Delayed afterdepolarisations (DADs) taking place in the diastolic
interval are shown in the middle panel in a. An extra beat will occur if the depolarisation is
adequate for Na* channel activation. The lower panel in a demonstrates an early afterdepolar-
isations (EADs). EADs are unintended re-activations of voltage gated Ca>* channels that disturb
the normally repolarising. DADs and EADs can both trigger arrhythmias. Normal and re-entry
propagation of electrical signals are demonstrated in b. In a non-disturbed situation the electrical
signal extends around a non-conducting are a with equal velocity (1 and 2). The two signals will
propagate in the left and right direction with equal velocity. When colliding in point 3 they will
therefore encounter refractory tissue and die out. In contrast the presence of a unidirectional block,
represented by the grey area, can act as the substrate for a re-entry based arrhythmia. The signal
can only pass in one direction represented by branch 1. If the conducting signal re-encounters
point 1 at a time where the tissue is no longer refractory re-excitation can happen and result
in self sustained wave propagation. The green star represents a recording electrode recording
arrhythmogenic or normal action potentials. The principle of decreased wavelengths according to
the leading circle re-entry is illustrated in ¢. Wavelengths will normally be sufficiently long to
encompass only few re-entry waves. Since the wavelength is defined as the product of conduction
velocity (CV) times effective refractory period (ERP) it is evident that decreased CV, decreased
ERP or a combination of both will shorten wavelengths. The more wavelengths that can be
encompassed in a given area of tissue the greater is the likelihood for a re-entry based arrhythmias.
a is from (Nattel and Carlsson 2006) and c is from (Nattel et al. 2005)



6 M. Grunnet et al.

uptake into the sarcoplasmatic reticulum or by transmembrane extrusion via the
Na*/Ca®* exchanger. The latter process exchanges three Na* ions for one Ca®* ion.
In effect, one positive charge is moved into the cell for each Ca®* ion leaving via this
mechanism, thereby producing a net inward current. This can give rise to a delayed
afterdepolarisation (DAD) in the diastolic interval (phase 4 of the action potential)
(Zygmunt et al. 1998; Nagy et al. 2004; Homma et al. 2006; Venetucci et al. 2007).
Another kind of afterdepolarisation is the early afterdepolarisation (EAD) which
takes place during the repolarizing phase of the action potential (phase 3). Mecha-
nistically, EADs are associated with inappropriate reactivation of L-type Ca®*
channels. The initial depolarisation in the cardiac action potential (phase 0) will
activate the voltage gated Ca®* channels in a process that is followed by both
voltage and Ca”* dependent inactivation. Consequently, inactivation can be
released by a reduction in the membrane potential and in intracellular Ca®*
concentrations. If this release of inactivation happens at a membrane potential
that is still sufficiently depolarised to allow activation of L-type Ca®* channels,
an inappropriate reopening of these channels will instigate an EAD (Shorofsky and
January 1992; Yamawake et al. 1992; Zeng and Rudy 1995). The time interval
where reactivation of the L-type Ca?* channels is possible during the repolarisation
phase of the action potential, is defined as a “vulnerable window”. This will
typically be between 30% to 90% repolarisation of the action potential
(APD3(—APDy). Even though EADs typically originate in tissue areas with long
action potentials, such as the Purkinje system, this trigger has been associated with
AF (Yamashita et al. 1997; Satoh and Zipes 1998; Burashnikov and Antzelevitch
2003). It should also be mentioned that it is not only the action potential duration
per se that determines whether an EAD might originate. The exact morphology of
the reactivation phase is also very central (Hondeghem et al. 2001). In situations
with increased triangulation of action potentials, which can be observed in atria
from patients with AF, the vulnerable window will typically increase and thereby
enhance the probability for EADs. Prolongation of the action potentials without
increasing triangulation can actually be antiarrhythmic (Hondeghem et al. 2001).

Substrates of Arrhythmias

In order for sustained AF to occur, the trigger must initiate a self-sustained event of
action potential propagation and a prerequisite for such an accidental continued
circulation of action potentials is a so-called substrate (Fig. 2b). This can be an
anatomical obstacle or be based upon inappropriate electrophysiological heteroge-
neity. The common denominator is that the substrate will permit sustained excita-
tion and propagation of the electrical signals. This can happen if the electrical
propagation is sufficiently slow, or if the travelled path is sufficiently long for the
tissue to regain its excitability once the action potentials reach their original starting
point. Such self-sustained continuous propagation of electrical signals is therefore
referred to as re-entry arrhythmias.
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The hypothesis that AF is a result of multiple re-entrant wavelets was put
forward by Moe et al. more than 60 years ago and has been the dominant theory
for many years (Moe et al. 1964; Nattel 2002). The theory was substantiated by the
work of Allessie et al. who proposed the “leading circle” mechanism of re-entry and
showed that re-entry can occur in tissue even when no obvious anatomical obstacle
is present (Allessie et al. 1973, 1975, 1976, 1977). According to Allessie et al. «. ..
the smallest possible pathway in which the impulse can continue to circulate is the
circuit in which the stimulating efficacy of the circulating wavefront is just enough
to excite the tissue ahead which is still in its relative refractory phase. In other
words, in this smallest circuit possible, which we designated as the “leading circle,”
the head of the circulating wavefront is continuously biting in its own tail of
refractoriness. Because of this tight fit, the length of the circular pathway equals
the “wavelength” of the circulating impulse”(Allessie et al. 1977). In brief, the
wave length (WL) depends on the product of the effective refractory period (ERP)
and the conduction velocity (CV) as WL = ERP x CV. The shorter the WL the
more current circuits can be encompassed in a given tissue area and consequently a
decreased WL is considered to be pro-arrhythmic. From this perspective it is also
worth mentioning that remodelling conditions leading to atrial dilatation or enlarge-
ment will also be pro-arrhythmic since more tissue area is available to encompass
circulatory current propagation. Atrial enlargement is seen as a consequence of both
congestive heart failure and atrial tachycardia and is believed to be an important
predictor for clinical maintenance of atrial fibrillation (Henry et al. 1976; Shi et al.
2001). It follows accordingly, that anti-arrhythmic effects can be obtained by an
increased WL. This will typically be achieved by an increased ERP obtained by a
prolongation of the action potential duration or less commonly by an increased CV
(Fig. 2c) (Nattel et al. 2005). It should be emphasized that this approach calls for an
atria-selective effect since it has clearly been demonstrated that especially
heterogenic prolongation of ventricular action potentials is potentially devastating
due to increased risk for ventricular fibrillation (Pratt et al. 1998; Conrath and
Opthof 2006; Antzelevitch et al. 2007).

The leading circle theory does not, however, explain why blockers of Iy, are
effective in terminating arrhythmias. On the contrary, according to this theory, Iy,
blockers should promote AF by decreasing the conduction velocity and conse-
quently decreasing the wavelength. It is however apparent that inhibition of cardiac
Na™ channels can be a useful anti-arrhythmic principle in many cases as demon-
strated by class Ia-c compounds that by different modes of action all reduce
functional Na* current (Okishige et al. 2000). This perceptible contradiction can
be addressed using a more novel and complex model of cardiac re-entry; the so-
called “spiral wave” model of re-entry (Davidenko et al. 1992; Pertsov et al. 1993;
Skanes et al. 1998; Wijffels et al. 2000; Kneller et al. 2005). According to this
model, a spiral wave continuously and rapidly rotates around a central core. Re-
entry of a curved spiral wave necessitates a highly excitable substrate with short
refractoriness that supports the angle of spiral curvature. In contrast to the leading
circle model, where the central cores of the re-entry circuits are constantly
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refractory because of continual excitation, the core of the spiral wave is non-
activated and excitable. When Iy, is decreased the source current is decreased.
According to the spiral wave model, this reduction of diffusive current leads to an
increased meandering of the core as well as increased core size and decreased
curvature, all of which can be antiarrhythmic. An excellent overview of the
biophysical differences between the leading circle and spiral wave theories has
been given by Comtois et al. (Comtois et al. 2005).

During the last 60 years most attention has been given to the principle of
multiple circuit re-entries such as illustrated for the leading circle and spiral
wave theories. More recent results, however, indicate that ectopic foci and single
re-entry circles especially around the pulmonary veins or mitral valve act as the
foundation for AF. Depending on the conditions, ectopic foci, single re-entry
circles and multiple re-entry circles can probably all be involved in AF (Nattel
et al. 2005).

Atrial Fibrillation

Atrial fibrillation (AF) was first described in 1906, and is characterized by a rapid
and uncoordinated electrical activation of the atria (Fye 2006).

Several classification systems and various labels have been used to describe the
pattern of AF, including acute, chronic, paroxysmal, intermittent, constant, persis-
tent, and permanent fibrillation. The current international guidelines recommend
distinguishing the first-detected episode of AF whether symptomatic and/or self-
limited or not (Fig. 3). When a patient has had two or more episodes, AF is
considered recurrent. If the recurrent AF terminates spontaneously within a week
it is designated as paroxysmal and if the fibrillation is sustained for more than 7
days it is designated as persistent. The term permanent AF is a clinical designation
given to ongoing long-term episodes where cardioversion has either failed or not
been attempted.

Builjapoway

ﬁ \
First detected Paroxysmal’4 Persistent?4 Permanent?

N

Fig. 3 Patterns of atrial fibrillation. (1) Episodes that generally last 7 days or less. (2) Episodes
that usually last longer than 7 days. (3) Cardioversion failed or not attempted. (4) Both paroxysmal
and persistent AF may be recurrent. The progression from paroxysmal to permanent AF is
associated with increased degree of atrial remodeling
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As a result of the lack of coordinated atrial contraction the ventricular filling is
reduced and blood stasis occurs in the atria, which predispose to heart failure and
thromboembolic stroke, respectively (Wolf et al. 1991; Wang et al. 2003). AF
increases the risk for stroke nearly fivefold and it is estimated that 15% of all strokes
are attributable to AF — a proportion which increases markedly with age (Wolf et al.
1991). Even though AF is not per se a fatal arrhythmia, there is a significantly
increased risk of death after the onset of AF, primarily due to the increased risk of
stroke (Kannel et al. 1983).

Among cardiac arrhythmias, AF is the most common, accounting for approxi-
mately one third of hospitalizations for heart rhythm disturbances (Fuster et al.
2011). The lifetime risk for developing AF is approximately 25% in the general
population (Lloyd-Jones et al. 2004).

Ion Channel Composition in Atria and Ventricles

Although the mammalian heart is from an overall morphological perspective more
or less identical in different species, there is nevertheless a large degree of variation
in ion channel compositions. This is reflected both as variation in the actual shape
and duration of action potentials and in the actual heart rates in different species. An
illustrative example is the tenfold difference between the resting heart rates of man
and mouse being approximately 60 and 600 beats per minute. To add further to the
variation in shape and duration of action potentials, ion channel distribution will
also vary within the same species according to their intra-cardiac location.
As illustrated in Fig. 1, variations can be observed between atria, ventricles,
the conduction system and the nodes. Also, more local differences are evident for
example between different transmural ventricular layers. The action potential in
both atria and ventricles is divided into five distinct phases (phase 0—4, Fig. 4). The
following section will give an account on ion channels occupied in shaping the
human cardiac action potential. For ion channels involved in both atrial and
ventricular electrical activity, a brief description will be included while more
emphasis will be given to atria-selective channels. Finally, it should be emphasised
that atrial fibrillation per se can lead to a change in the overall presence of cardiac
ion channels in a qualitative and quantitative fashion in a process recognised as
remodeling. The following description will focus on action potentials in sinus
rhythm and subsequently give an account of important changes in ion channel
distribution as a consequence of remodeling of cardiac tissue.

Phase 0

This initial phase of the action potential represents the transition from the diastolic
to systolic interval. Activation of voltage gated cardiac Na* channels drives the
corresponding depolarising of the membrane potential. The predominant cardiac
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Fig. 4 Ionic currents in atrial and ventricular action potentials. Phase O is defined by activation of
voltage-dependent Na* channels giving rise to inward movement of Na*. Phase 1 is the combined
inactivation of Na* channels, activation of Cay channels and transient K channels. Phase 2 results
from Ca”* influx via sustained activation of voltage gated Ca®* channels. Phase 3 repolarisation is
accomplished by Cay channel inactivation and increased conduction through different K* channels
and phase 4 is the resting phase, controlled mainly by K* channels. The relative contribution from
the different ion currents, in time and amplitude, to the different phases of the action potential is
illustrated by the black shading. The figure is modified from (Nerbonne and Kass 2005)

Na* current is conducted by Na,1.5 and encoded by the gene SCN5A. Cardiac
Na, 1.5 channels are characterised by the very low sensitivity to the neurotoxin
tetrodotoxin (TTX) (Fozzard and Hanck 1996; Yu and Catterall 2003). Few reports
have identified other Na* channels in the cardiac myocardium than Na, 1.5. At least
mRNA has been identified for Na,1.1, Na,1.3 and Na, 1.4 (encoded by the genes
SCNIA, SCN3A and SCN4A, respectively) (Rogart et al. 1989; Sills et al. 1989;
Dhar Malhotra et al. 2001; Zimmer et al. 2002). It should however be emphasised
that only very few studies have succeeded in identifying TTX sensitive voltage
gated Na* current in cardiac myocytes (Rogart et al. 1989; Sills et al. 1989; Dhar
Malhotra et al. 2001; Zimmer et al. 2002). The notion that cardiac Na* current is
predominantly conducted by Na,1.5 channels therefore seems justified. Na,1.5
channels are responsible for the initial depolarisation in atria, ventricles and the
Purkinje system while depolarisation in the nodes relies on voltage gated Ca®*
channels (Nerbonne and Kass 2005).

Activation of Na,1.5 channels is fast and is characterised by a steep voltage
dependency starting from potentials around —55 mV (Fozzard and Hanck 1996).
In addition to the fast peak current, which drives the initial depolarisation, Na, 1.5
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channels also conduct a more persistent current. The biophysical explanation for
this persistent current is the partial voltage overlap between activation and inacti-
vation. This generates a co-called “window” or persistent Na* current (Attwell et al.
1979). The persistent Na* current is absolutely minor compared to the initial peak
current constituting 1%o to 1% of the total current (Wang et al. 1996). The persistent
Na* current can anyhow have a substantial impact on the action potential morphol-
ogy and thereby also for the probability for developing arrhythmias (Weidmann
1951; Bennett et al. 1995).

Finally, it should be emphasised that even though Na, 1.5 channels are encoded
from the same gene and are expressed in both atria and ventricles, a functional
difference exists between the two types of chambers. The half inactivation voltage
(Vo.5) for Na, 1.5 channels is more negative, or left-ward shifted, in atria compared
to ventricles in both canine and guinea pig (Li et al. 2002; Burashnikov et al. 2007).

Phase 1

The initial depolarisation in phase 0 is followed by a transient repolarisation termed
phase 1. This phase is evident in both atria and ventricles but is most prominent in
atria. In ventricles the regional differences in the amplitude is seen with a more
pronounced repolarisation in epicardium compared to endocardium. The transient
repolarisation is ascribed to voltage dependent inactivation of Na,1.5 channels in
combination with activation of transient voltage gated K* channels giving rise to an
outward current. This current is named I, that is further divided into I, fast OF Lio ¢
and Iy, gjow OF Lo, s (Xu et al. 1999). Both are activated at potentials above —30 mV
and are characterised by a fast inactivation (Nerbonne and Kass 2005). The pore
forming subunit of I, ¢ is K,4.2 and K,4.3 channels. These proteins are encoded by
the genes KCND2 and KCND3, respectively. K 4.2 and K,4.3 channels are
expressed in both Purkinje fibers, in atria and in ventricles in many different species
excluding guinea pig and rabbit (Fermini et al. 1992; Inoue and Imanaga 1993;
Nerbonne and Kass 2005). The K* channel underlying I, ¢ is K, 1.4 (KCNA4) (Guo
et al. 1999). In smaller mammals, heteromeric K,4.2/4.3 subunits will constitute
Lo £ while in larger species such as canine and human I, ¢ largely consists of K,4.3
(Kong et al. 1998; Guo et al. 2002). In addition, the accessory subunits KChIP2 and
DPP6 are necessary to recapitulate native I, ¢ (Guo et al. 2002; Radicke et al. 2005).
In large mammals the transmural gradient of KChIP2 is likely responsible for the
more prominent I, ¢ in epicardium as compared to the endocardium (Rosati et al.
2001; Soltysinska et al. 2009).

An important electrophysiological difference between atria and ventricles is
the presence of the atria-selective ultra-rapid delayed rectifier current, Ix,,. Ixy, 1S
conducted by K, 1.5 channels encoded by the gene KCNAS. This potassium current
will further add to the transient repolarisation in phase 1 and is one of the reasons
why atrial action potentials appear more triangulated in shape relative to ventricular
action potentials. Because of its slow and partial inactivation, Ik, plays a role
during both phase 1, 2, and 3, and will be described further in section “Phase 3”.
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Phase 2

The primary difference between cardiac action potentials and their neuronal
counterparts is the long lasting phase 2 or plateau phase of the cardiac action
potential. The extended phase 2 is primarily a consequence of activation of voltage
gated Ca®* channels (Bers 2002). This activation is necessary and sufficient to
initiate excitation-contraction coupling in the myocardium. Influx of Ca** through
the voltage gated Ca”* channels in the plasma membrane (or sarcolemma) activates
ryanodine receptors located intracellular in the sacroplasmic reticulum. This results
in a Ca®* dependent Ca”* release from intracellular stores that serves as a trigger for
muscle contraction (Bers 2002). Voltage gated Ca®* channels of two different types
are present in mammalian myocardium. The most commonly accepted nomencla-
ture for these channels are T-type and L-type Ca, channels (Nilius et al 1985; Bean
1985). It has been argued that humans express only L-type channels (Perez-Reyes
2003). This notion is however challenged by the fact that mibefradil is effective
against stable angina pectoris. This compound is selective for T-type channels
pointing to the fact that functional T-type channels exist in humans at least in
vessel related cardiac tissue (Lee et al. 2002). The nomenclature L- and T-types are
based upon biophysical properties and names were given before the molecular
compositions of these channels were known. The T-type name refers to the fact
that channels have a transient current and a tiny single channel conductance (Nilius
et al. 1985). In contrast L-types have long lasting currents and large single channel
conductance (Nilius et al. 1985). When cloning became obtainable, it was demon-
strated that most cardiac L-type channels are encoded by the gene CACNAIC that
translates into the protein Cay1.2 or a;c (Soldatov 1994). L-type channels are
expressed ubiquitously in the heart including both the SA and AV nodes (Munk
et al. 1996; Boyett et al. 2000). It has been suggested that T-type channels could be
functionally more important than L-type channels in the nodes (Zhang et al. 2002).
Another feature of the T-type channels is their activation at only slightly
depolarised potentials (more positive than —50 mV) (Bean 1985; Perez-Reyes
2003). In contrast, activation of L-type channels requires more depolarised mem-
brane potentials (more positive than —30 to —20 mV) (Bean 1985). Activation and
inactivation are both fast processes (Carbone and Lux 1987). Inactivation is a slow
process lasting up to hundreds of milliseconds, which secure sufficient Ca>* inflow
in the systolic interval for proper contraction and encompasses a voltage dependent
and a Ca**/calmodulin dependent component (Marban and O’Rourke 1995; Bers
and Perez-Reyes 1999; DeMaria et al. 2001). Termination of phase 2 of the action
potential is due to the combined effect of L-type channel inactivation and the
simultaneous activation of K channels.

A final electrogenic component worth mentioning in phase 2 is the Na*/Ca®*
exchanger encoded by the SLCSAI gene. This co-transporter can in the initial part
of the phase 2 contribute to inward Ca®* flux. The stoichiometry of the protein is
3 Na* for 1 Ca®*, resulting in a net movement of a positive charge. Under normal
circumstances this will result in a reversal potential around —30 mV. As a
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consequence the initial phase 0 depolarisation reaching slightly positive membrane
potentials will drive the Na*/Ca®* exchanger in reverse mode resulting in an influx
of Ca**. This Ca®* influx is however a very transient phenomenon giving rise to
only a minor part of Ca?* influx during phase 2 in normal hearts (Bers 2002;
Armoundas et al. 2003).

Phase 3

Phase 3 of the action potential represents the transition from plateau phase to
reestablishment of the diastolic resting membrane potential. As mentioned previ-
ously, the phase 3 repolarisation is as a consequence of two concurrent events;
the Ca?* and voltage dependent inactivation of voltage gated Ca®* channels and
an increased activity of K* channels. In humans and other large mammals three
different potassium currents are mainly responsible for the repolarisation. These are
named Iy, Ixs and Ix; and have diverse but partly overlapping functions.
To emphasize this redundancy in the repolarisation process a common denominator
for these three currents has therefore been the ‘“repolarisation reserve”
(Roden 1998).

The molecular components for the three currents are as follows;

Ik, is conducted via the protein K, 11.1 also known as ERG1 or just hERG. This
channel is encoded by the gene KCNH2. K,11.1 exists in two different variants
called K 11.1a (ERGl1a) and K,11.1b (ERGI1D). In general, literature describing
K,11.1 channels only refers to the Kvll.1a variant. However, functional Iy, is
likely to consist of a mixture of both K,11.1a and K,11.1b (London et al. 1997,
Larsen et al. 2008). Additionally, it has been argued that the presence of B-subunits
might be necessary to recapitulate native Iyx,. Two different f-subunits, namely
KCNE1 and KCNE2 have been described to interact with K, 11.1 (McDonald et al.
1997; Abbott et al. 1999). The proposed K, 11.1/KCNEI1 interaction has not been
confirmed. For the K, 11.1/KCNE2 combinations some evidence has emerged even
though the interaction is still controversial (Weerapura et al. 2002).

Ik, is conducted via the pore forming a-subunit K, 7.1 (KCNQ1 ) in obligate con-
junction with the B-subunit KCNE1 (or minK) (Barhanin et al. 1996; Sanguinetti
et al. 1996). K, 7.1 channels seem to be rather promiscuous in their interaction with
B-subunits in the KCNE family that consist of five members (KCNEI-5)
(McCrossan and Abbott 2004). All five subunits are found in the heart and have
been demonstrated to have a functional interaction with K,7.1. The relative expres-
sion of KCNE genes in human hearts is KCNE4>KCNEI1>KCNE3>KCNE2>
KCNE5 (Bendahhou et al. 2005). It is however likely that the only functional
important interaction is the K,7.1/KCNE]1, since both KCNE4 and KCNES5 dra-
matically right-shift the activation curve for the channel complex making them non-
functional at physiologically relevant membrane potentials and interaction between
K,7.1 and KCNE2 and KCNE3 seem to be most important in non-cardiac tissue
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(Angelo et al. 2002; Grunnet et al. 2002, 2005; Bendahhou et al. 2005; Jespersen
et al. 2005).

Ik, is conducted via K;2.X proteins. Four members named K;2.1 (IRK1/
KCNJ2), Ki2.2 (IRK2/KCNJI12), K;2.3 (IRK3/KCNJ4) and K;2.4 (IRK4/
KCNJI14) have been identified (Kubo et al. 1993; Bond et al. 1994; Takahashi
et al. 1994; Bredt et al. 1995; Topert et al. 1998).

The contribution to phase 3 repolarisation and the partly overlapping function of
the three repolarisation reserve currents can be elegantly explained by their bio-
physical properties. Ik, and Ix, are voltage gated currents even though with differ-
ent capabilities. I, is characterised by a fast activation and even faster inactivation
approximately 10 times faster than the activation process (Piper et al. 2005). Since
an inactivated channel is functionally equivalent to a closed condition, I, will
contribute only very little to phase 0-2 of the action potential. The opposite is valid
in phase 3. The initiation of the repolarising process will release Iy, from inactiva-
tion and bring the underlying channel into an open state. The subsequent deactiva-
tion of the channel, or transition to the closed state, is a relatively slow process.
Consequently, I, will be in a conducting state during phase 3 and part of the
diastolic phase 4 of the action potential. I is also voltage gated but the biophysical
properties is very different from Ig,. Due to the presence of the KCNEI1 B-subunit
the activation curve for the Ik, is right-shifted to a degree that requires membrane
potentials more positive than —20 mV before activation is initiated. Activation is
also characterised by very large t-values being equivalent to slow activation
(Jespersen et al. 2005). Finally, inactivation of I is almost absent (Splawski
et al. 1997). To recapitulate, these properties sums up to a current that will slowly
build in amplitude during phase 2 and finally become an important potassium
conductance in phase 3. Ix; is fundamentally different from voltage gated Ik, and
Ik since K;;2.X channels only consist of 2 transmembrane regions and thereby
is without the normal voltage sensing part of voltage gated ion channels
(Heginbotham et al. 1994). K;,2.X channels are however recognised as inward
rectifiers. Even though this name implies some kind of voltage dependency this is
apparently not the case but rely on the fact that K;. channels are inhibited by
intracellular Mg?* and polyamines such as spermine (Vandenberg 1987; Fakler
et al. 1995; Guo and Lu 2000; Lopatin and Nichols 2001). A consequence of this is
that K* flux through K;;2.X channels will be larger in amplitude in the inward
direction compared to the outward direction. From a biophysical perspective this is
equivalent to a strong rectification (McAllister and Noble 1966). From a physio-
logical perspective only outward current flow is possible through these potassium
channels. A consequence of the strong rectification of K;, channels is therefore that
conduction will be absent at positive potentials meaning that these channels will not
participate in phase 0-2 of the action potential. When phase 3 repolarisation has
reached a value of approximately —40 mV the K;;2.X channels will be released
from intracellular inhibition and Ig; will therefore especially contribute to
repolarisation in the late part of phase 3 (Lopatin and Nichols 2001). This also
implies that Ix;will be important for controlling diastolic or resting membrane
potential. This is emphasised by the fact that ventricles with high Ix; expression
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have a resting membrane potential around —80 mV while the resting membrane
potential in nodes lacking Ik is approximately —50 mV (Schram et al. 2002). The
relative conductance of the three repolarising reserve currents Iy, Ixs and Iy
during the action potential and their partly overlapping functions are illustrated
in Fig. 5.

In addition to the repolarisation reserve currents Iy, Ix, and Ix; other potassium
currents can have a significant impact on repolarisation of cardiac action potentials.
Some examples that are especially important for the atria are:

The K,1.5 potassium channels encoded by the gene KCNAS that underlies
the cardiac current Ik, as mentioned under phase 1, (Boyle and Nerbonne 1992).
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Fig. 5 The repolarisation reserve constituted by combined biophysical properties of Ik,, Iy and
Ix. A typical ventricular action potential is illustrated in a. Repolarisation is in a different species,
including humans, due to the highly coordinated function of the three currents Ik, Ixs and I ;. The
current development for these currents during the action potential are shown in b, ¢ and d. Due to
slow activation of Ik, this current will increase progressively through the plateau phase to a level
where it can impact repolarisation. Repolarisation will release I, from inactivation and conse-
quently this current will give a profound impact to the continued repolarisation due to slow
deactivation kinetics. Finally, when reaching sufficiently repolarised potentials, Ix; will come
into play and participate in the last part of repolarisation. The cooperation between these channels
therefore elegantly demonstrates how distinct biophysical properties can be very well matched to
perform a given physiological function. The partly overlapping physiological role of these currents
has lead to the “repolarisation reserve” name. The figure is a courtesy from Anders-Peter Larsen
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Ikur has a fast activation and only partly inactivates during the entire phase 2 and 3
of the action potential. This channel will therefore participate in repolarisation in
both phase 1, 2 and 3. In mice, functional Iy, has been demonstrated in both atria
and ventricles. In contrast, in larger mammals, including humans, Ik, is believed to
be atria-specific (Nerbonne and Kass 2005). Ix acp, is another potassium current also
generally believed to be atria-specific. The two genes KCNJ3 and KCNJ5 encoding
K;;3.1/K;;3.4 (or GIRK1/GIRK4) proteins is the molecular entity of Ixsc,. Within
the potassium channel family Ixa.p, is unusual as it is directly activated by interac-
tion with the By part of G;-proteins connected to muscarinic 7TM receptors. In
contrast to most other G; proteins these muscarinic acetylcholine receptors have the
dual property of both inhibiting adenylyl cyclase and moreover activating ion
channels (Brown and Birnbaumer 1990; Hille 1992). K;,3.1/K;,3.4 thereby become
cornerstones in controlling heart rate. As a consequence of vagal stimulation
cardiac muscarinic receptors will be activated. The dissociation of the By part of
the G-protein will subsequently increase the activity of Ixach. Ki3.1/K;3.4
channels are important in both the SA node and in the atria. In the SA node the
increased K* conductance will give rise to a slower depolarisation of the pacemaker
potential and therefore result in a slowing of the heart rate (Medina et al. 2000;
Ravens and Dobrev 2003). K;3.1/K;3.4 channels are also important for
atrial repolarisation and activating these channels will therefore increase the
repolarisation capacity and shorten the atrial action potential.

Ca**-activated K* channels have not received much attention in cardiac tissue.
The last couple of years have however provided evidence for important cardiac
functions for this channel family. There is in addition an emerging support for this
channel family being an interesting target for development of new drugs against
AF. A separate overview of cardiac Ca**-activated K* channels is given in section
“Cardiac Calcium Activated K™ Channels”.

IxaTp is another non-voltage gated potassium channel in cardiac tissue. This
current is conducted by the pore-forming o-subunit K;6.2 (KCNJI1) that is
associated with the B-subunit SUR2A (ABCC9) (Burke et al. 2008; Flagg et al.
2008). This channel is actually one of the more abundant ones in the heart but will
during normal physiological conditions remain quiescent or non-conducting. This
is due to the fact that the normal intracellular ATP level is sufficiently high to
inhibit the channels. In situations such as hypoxia and ischemia the intracellular
ATP level will be diminished and consequently result in an activation of K; 6.2
channels (Isomoto and Kurachi 1997; Findlay 2004). K;6.2 channels have an
overall membrane topology similar to K;2.X channels conducting Ix; They do
however possess a smaller degree of rectification relative to K;2.x channels and
will therefore, when activated, conduct current during the entire phase 0-3. As a
result a marked triangulation of the action potential can be observed.

Finally, it should be mentioned that various 2-pore K* channels have been
identified in cardiac tissue. These also belong to non-voltage gated channels and
are thought to comprise a leak or background current (Backx and Marban 1993;
Zhang et al. 2008; Gurney and Manoury 2009).



Cardiac Ion Channels and Mechanisms for Protection Against Atrial Fibrillation 17
Phase 4

Phase 4 describes the interval between two successive action potentials and thereby
represents the resting membrane potential. In broad terms, this will be equivalent to
the diastolic interval. Phase 4 is characterized by very limited net charged move-
ment. This does not imply that all ion channels will be closed. The resting
membrane potential is generally in closest proximity to the equilibrium potential
for potassium. Though small in amplitude, relatively more K* conductance will
prevail compared to Na* and Ca®* conductance during phase 4. Due to their
biophysical properties, 2-pore and K;, potassium channels are active in phase 4.
Additional channels with slow deactivation kinetics, that being K,11.1 and K,7.1,
can also remain active at least in the initial part of phase 4. This overall persistent
K™ current will counteract possible depolarizing events from DAD’s. The impact
from this K" conductance is however seldom enough to withstand massive
depolarising impacts such as a new wave of action potentials. The most efficient
way to prolong the effective refractory period is therefore still to prolong the action
potential.

Finally, it should be mentioned that the duration and the degree of hyperpo-
larisation in phase 4 will impact the morphology of the subsequent action potential.
This arises from the fact that both Ca** and Na* channels undergo voltage and time
dependent release from inactivation. The number of Na* and Ca®* channels that can
be engaged in a subsequent action potential will therefore increase if more time at
more hyperpolarised potentials is spent in phase 4.

Remodeling

Atrial fibrillation is a disease that tends to progress over time. When AF is present, a
remodeling of the atria, both structurally and electrically, takes place. Electrical
remodeling involves changes in the overall presence of cardiac ion channels in a
qualitative and quantitative fashion and structural remodeling can involve changes
such as increased amounts of unconductive fibrotic tissue, atrial dilatation, and
hypertrophy. Many patients with few episodes of paroxysmal AF eventually prog-
ress to persistent atrial fibrillation (Fig. 3). The phenomenon that AF is self-
perpetuating, has given rise to the expression “AF begets AF.” As a consequence
of atrial remodeling the propensity for subsequent incidences of AF will increase as
atrial tissue will become more vulnerable to premature beats that can serve as
triggers for AF and, once initiated, AF sustainability will be increased (Wijffels
et al. 1995; Allessie et al. 2002; Nattel 2002; Dobrev and Ravens 2003). In addition
to being a direct consequence of AF, remodelled atria can also be a secondary effect
of cardiac diseases not directly related to arrhythmia. Examples of this are acute
myocardial infarction and congestive heart failure (Nattel et al. 2007). The follow-
ing description of remodeling will focus on atrial effects. It should be underlined
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that effects on specific proteins can be completely opposite in ventricles but
extending this paragraph to also encompass these effects is beyond the scope of
the present review.

From an acute perspective the immediate remodeling response to increased
atrial contractility is beneficial but the long term perspectives are unfortunately
potentially devastating. A very consistent observation after tachypacing or AF is
a reduction in L-type Ca®* channels and thereby an acute reduction in the Ca**
influx to the myocytes. This is a logical response to prevent Ca** overload that can
potentially be lethal. This phenomenon has been confirmed in many different
species (Yue et al. 1997; Bosch et al. 1999, 2003; Workman et al. 2001; Yagi et al.
2002; Christ et al. 2004). The reduction in inward Ca®* seems to be obtained
without involving a remodeling of T-type Ca”* channels (Yue et al. 1997). The
apparent benefit of reducing Ca®* overload by a reduction in L-type Ca®* channels
is in longer perspective jeopardized by the fact that decreased Ca®* current will
reduce action potential duration and reduce the plateau phase, or phase 2, thereby
creating a shorter and more triangulated action potential. This has pro-arrhythmic
consequences due to a concomitant increased risk of triggers and especially a
reduction in atrial ERPs. The propensity for EADs is dually affected by the
remodeling. Triangulation will increase the vulnerable window for reactivation
of L-type Ca®* channels while the concomitant reduction in the expression of
these channels will counteract this tendency. The exact outcome is therefore
complex but it should be mentioned that atrial EAD related arrhythmias have
indeed been reported (Satoh and Zipes 1998; Burashnikov and Antzelevitch
2003).

Another important contributor to the action potential shortening is the
up-regulation of K channels. As described in detail previously, K;;2.1 channels
are the main component of Ix; current and both mRNA and protein levels are
increased for this channel as a consequence of AF (Hara et al. 1999; Gaborit et al.
2005; Pandit et al. 2005; Zhang et al. 2005). Such an increase in one of the K*
channel components of the repolarization reserve will naturally add to the
shortening of the action potential duration and a hyperpolarization of the resting
membrane potential. The upregulation of Ix; seems to be exclusively related to
tachypacing or AF since remodeling models based upon congestive heart failure
and myocardial infarction both results in a reduced Ik; level or no change in the
atrial content of Ix; (Pinto and Boyden 1998; Li et al. 2000).

A consistent finding in remodelled atria seems to be a down-regulation of I,
(Van Wagoner et al. 1997; Workman et al. 2001; Bosch et al. 2003). The functional
consequence of this is distorted by the fact that reduced I, has a relatively small but
complex impact on action potential duration in the atria. An implication of reduced
I, might be indirect increase in peak Na™ current as a result of less K™ conductance
to balance the upstroke of the action potential (Nattel et al. 2008).

Few and conflicting results are reported for remodeling of Na,1.5 and thereby
the cardiac In,. A reduction has been observed in dogs after sustained tachypacing
(Gaspo et al. 1997). Peak Iy, density was also found to be significantly reduced by
16% in atrial (right appendage) cardiomyocytes from patients in AF as compared to
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sinus rthythm (Sossalla et al. 2010). However, other studies on human atrial tissue
did not observe similar effects of AF (Bosch et al. 1999; Gaborit et al. 2005).

Finally, it is worth mentioning that connexins and thereby gap junctions can be
affected by atrial remodeling. Effects on the overall expression level demonstrates
some inconsistency among different studies with reports of both reduced, enhanced
or unchanged connexion levels (Nattel et al. 2007). More important for the propen-
sity to promote AF might actually be the subcellular distribution rather than the
total amount of connexin 40 and 43. A result of AF remodeling is a translocation of
connexin from intercalated disks to lateral membranes (Polontchouk et al. 2001;
Kostin et al. 2002), and such distributional change will increase the heterogeneity of
impulse propagation and likely increase the propensity for AF.

Lastly, some remodeling consequences not directly related to ion channels and
tachypacing should be briefly mentioned. Conditions such as atrial dilation, inflam-
mation and acute ischemia can also contribute to increased substrate necessary for
maintenance of AF (Nattel et al. 2008). Atrial dilation and thereby enlargement of
the tissue area will give a situation that can encompass more re-entry circuits and
therefore be pro-arrhythmic. This condition can be obtained both by tachypacing
and as a consequence of heart failure (Shi et al. 2001). Another important contribu-
tor to substrates is the increased amount of fibrotic atrial tissue primarily seen in
conjunction with AF associated to heart failure (Li et al. 1999; Shinagawa et al.
2002). For a brief overview of decrease in conduction velocity and shortening and
triangulation of atrial action potentials see Fig. 6.

Remodeling of Atria-Selective Currents

Remodeling is also evident for the three potassium currents that have demonstrated
some degree of atrial selectivity, namely Ixach, Ikur and Ixc,. In AF based
remodeling, the effect of Ixacy is actually that a reduction is seen in the agonist
dependent component of this channel. However, the constitutive, or agonist inde-
pendent, component of the channel conductance is increased thereby increasing the
pro-arrhythmic consequences of Ix o, remodeling (Dobrev et al. 2005; Voigt et al.
2008). It should additionally be mentioned that increased parasympathetic tone, or
vagal activation, promotes AF also in clinical settings (Yeh et al. 2007). This
phenomenon is from a mechanistic perspective explained by the activation of
Ixacn and consequently shortened atrial effective refractory period that is likely
to stabilize atrial re-entrant rotors (Kneller et al. 2002).

Remodeling in AF of Ik, (conducted by K,1.5 channels) is more equivocal.
Results are pointing in the direction of no changes or reduction in current density
(Van Wagoner et al. 1997; Bosch et al. 1999; Brandt et al. 2000; Workman et al.
2001). Finally, it is worth mentioning that in rare cases of lone AF, where a heritable
component has been identified, a few reports have associated loss of function muta-
tions in KCNAS, and thereby Ik, to an increased risk for AF (Olson et al. 2006;
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Fig. 6 Remodeling as a consequence of atrial tachycardia. The wavelength is decrease as a con-
sequence of decreased conduction velocity (CV), decreased effective refractory period (ERP) or a
combination of both. CV can be reduced as a consequence of diminished gap junction or subcellular
re-location of gap junctions resulting in increased lateralisation that will disturb and reduce normal
conduction. Action potential shortening and increased triangulation is the consequence in the
expression pattern of a number of ion channels as mentioned in the text. From (Nattel et al. 2007)

Yang et al. 2009). An overview of consequences of atrial remodeling is given in
Figs. 6 and 7.

Not much is known about remodeling as a consequence of AF of the small
conductance Ca®* activated K* (SK) channels conducting the Ixc,. Increased
membrane trafficking of SK2 and progressive shortening of pulmonary vein action
potentials due to increased Ik, has been observed as a result of intermittent burst
pacing of pulmonary vein cardiomyocyte sleeves (Ozgen et al. 2007). Furthermore,
very recently an article published in Chinese reported an upregulation of apamin-
sensitive current in cardiomyocytes from patients with persistent AF (Li et al.
2011).

Cardiac Calcium Activated K* Channels

Recently, small-conductance Ca**-activated potassium (SK) channels have
emerged as a seemingly atria-selective target (Nattel 2009). Overall, the Ca**-
activated K* channel family consist of three subfamilies of channel subunits,
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Fig. 7 Important ion channel changes as a consequence of atrial remodeling. Significant changes
for the remodelled atria are a down regulation of I, Ix,,, and I,. Equally central is upregulation of
Ik and constitutively active part of Ix_acn. A consequence of these changes is abbreviation of
action potential duration and increased triangulation. From (Antzelevitch and Burashnikov 2009)

traditionally named after their single channel conductance; big (BK/Kc,1.1/
KCNMAI), intermediate (IK/Kc,3.1/KCNN4), and small (SK1, SK2, SK3/
Kca2.1, Kca2.2, Kc,2.3/KCNNI, KCNN2, KCNN3) conductance potassium
channels (Grunnet et al. 2009; Berkefeld et al. 2010; Weatherall et al. 2010). Of
these, only SK channels have been demonstrated to be functional in surface
membranes of cardiomyocytes. These channels have been described in the hearts
of mice, rats, guinea pigs, rabbits, dogs and humans (Xu et al. 2003; Tuteja et al.
2005; Ozgen et al. 2007; Li et al. 2009; Nagy et al. 2009; Diness et al. 2010, 2011).
An SK channel consists of four a-subunits, each possessing six-transmembrane
domains with intracellular N- and C-termini, that associate to form a tetramer
(Vergara et al. 1998). Cardiac SK channels have been shown to form both homo-
and heteromultimers (Tuteja et al. 2010).

SK channels represent a unique family of K channels because they are gated
solely by intracellular Ca?* in a time- and voltage-independent manner and they
thereby integrate changes in intracellular Ca** with changes in K* conductance
(Weatherall et al. 2010). The Ca**-sensitivity of SK channels is conferred by the
calcium-binding protein calmodulin, which binds constitutively to the calmodulin-
binding domain at the C-terminus of the o-subunit. The activation of SK channels is
steeply Ca®* dependent with a Hill coefficient of approximately 4-5 and a half-
maximal activation at ~300 nM (Xia et al. 1998).

A functional coupling between voltage gated L-type Ca”* channels and SK
channels has been described in cardiac tissue via the cytoskeletal linker protein
a-actinin2 (Lu et al. 2007).
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Historically, a defining feature of native SK channels has been considered to be
the block by apamin, even though it has long been known that not all SK channels
are apamin-sensitive (Romey et al. 1984; Vergara et al. 1998). Apamin is a highly
potent and specific peptide isolated from bee venom and inhibits all three subtypes
of SK channels at nM concentrations whereas it is inactive on BK and IK channels
as well as Na*, Ca2+, and Cl™ channels. By many, apamin has been considered
a state-of-the-art blocker of SK, and it has been used extensively as a tool to
elucidate a number of physiological roles of SK channels in neurons, skeletal
muscle, hepatocytes, and T lymphocytes (Bond et al. 1999; Pribnow et al. 1999;
Jager et al. 2000; Barfod et al. 2001).

Several toxins isolated from scorpion venom, e.g. scyllatoxin and tamapin, also
block the pore of SK channels (Stocker 2004; Wulff et al. 2007). Small molecule
compounds such as tubocurarine and UCL1684 (Rosa et al. 1998) mimic the
structural elements of the binding residues on these selective SK neurotoxins
whereas another class of small molecules, represented by N-(pyridin-2-yl)-
4-(pyridin-2-yl)thiazol-2-amine, has been suggested to act by blocking the channels
through its chelation to a cation (Gentles et al. 2008). All the above compounds
displace ['*°I]-apamin binding and are considered as pore blockers acting at the
apamin binding site (for reviews see (Liegeois et al. 2003; Wulff et al. 2007)).

Another class of selective SK channel inhibitors, exemplified by the compound
NS8593, that do not block the channel pore, has recently been described (Strobaek
et al. 2006; Sorensen et al. 2008). ['*’I]-Apamin is not displaced by these
compounds in binding studies, and they still inhibit SK channels in which point
mutations of essential amino acids have disrupted the apamin binding site
(Sorensen et al. 2008). NS8593 indiscriminately modulates all SK1-3 subtypes
negatively by decreasing the sensitivity towards Ca>* (Strobaek et al. 2006).
Although it could therefore be speculated that they interact with the C-terminal
region near the calcium-binding protein calmodulin, it has recently been elucidated,
by a chimeric approach and subsequent point mutations, that this class of SK
channel modulators interact with gating structures deep within the channel pore
(Jenkins et al. 2011).

Literature on SK Channels in the Atria

Interestingly, shortly after the separation of bee venom into its chemical com-
ponents, a technical report from Edgewood Arsenal, Maryland, reported on the
effects of apamin in isolated, perfused hearts from mongrel dogs and rhesus
monkeys as well as in intact animals (Vick et al. 1972). This was before the
pharmacological actions of apamin on any ion channel were known, but neverthe-
less apamin was found to be clearly antiarrhythmic, increasing the heart rate and the
force of contraction with no effects on blood pressure or electrocardiogram (ECG).
However, the apamin used in this study was not entirely pure and the findings did
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apparently not lead to follow-up studies of this interesting effect of apamin (Gauldie
et al. 1976).

The hypothesis that Ca**-activated K* channels are present in the heart is not
new. Several reports of supposed Ixc, currents in the heart were made in the 1970s
(Eisner and Vaughan-Jones 1983). The presence of Ca®*-activated K™ channels
relating intracellular free Ca>* with the opening of K* channels would in principle
make a lot of sense and explain many of the effects that free cytosolic Ca** has on
transmembrane currents. However, not until 1999, when Wang et al. reported of
Kca2.3/SK3 subunits and Ik, currents in myocytes from a cell-line derived from
rat ventricles, were there any convincing evidence of the presence of cardiac Ca®*
activated K* channels (Wang et al. 1999). In 2003, Xu et al. provided evidence for
substantial apamin-sensitive current in human and mouse atrial myocytes with a
surprisingly low concentration of only 50 pM apamin. In mouse, the amount of
apamin-sensitive current was found to be significantly larger in atrial myocytes than
in ventricular myocytes which was in line with the finding that the SK2 channel has
an atria-selective distribution in human and mouse hearts (Xu et al. 2003). In 2005,
Tuteja et al. detected all three SK channel subtypes in mouse hearts, with Kc,2.1/
SK1 and K,2.2/SK2 showing an atria-selective distribution (Tuteja et al. 2005).

In 2007, Ozgen et al. provided the first — however only circumstantial — evidence
for a potential role of Ixc, in AF (Ozgen et al. 2007). They observed increased
membrane trafficking of K¢,2.2/SK2 and progressive shortening of pulmonary vein
action potentials due to increased Ixc, as a result of intermittent burst pacing of
pulmonary vein cardiomyocyte sleeves.

More direct evidence for a role of Ixc, in AF was given by Li et al. in early 2009
(Li et al. 2009) where they showed that atrial myocytes isolated from mice lacking
Ka2.2/SK2 upon genetic knockout had prolonged atrial APD’s, and had inducible
EADs under certain conditions. Furthermore, in vivo experiments showed that the
Kca2.2/SK2-deficient mice could have AF induced by premature extrastimulation
protocols. These findings are counterintuitive, as prolongation of the atrial effective
refractory period (aERP) would be expected to be antiarrhythmic. Also, the prema-
ture extrastimulation protocol is much more effective in causing re-entry than the
EAD arrhythmias postulated by Li, but re-entry should in principle be less likely
due to the APD prolongation (Nattel 2009).

Later in 2009, a study was published by Nagy et al. reporting no functional role
for SK channels in rat, dog and human ventricular cells under normal physiological
conditions (Nagy et al. 2009). The Nagy study did not observe any effects of
100 nM apamin on atrial nor ventricular APDs from rat and dog (and a single
human) multicellular preparations as well as from single cardiomyocytes, even
though care was taken to allow any SK channels to be activated by high intracellu-
lar Ca®* concentrations before applying apamin, thus seriously contradicting the
findings by Xu et al. in 2003 (Xu et al. 2003).

The first direct link between clinical AF and SK channels was provided in 2010
when a meta-analysis of genome-wide association studies in 1,335 individuals with
lone AF and 12,844 individuals with no AF, conducted by Ellinor et al., concluded
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that common variants in the gene encoding Kc,2.3/SK3, KCNN3, are associated
with lone AF (Ellinor et al. 2010).

Shortly after the publication by Ellinor et al., it was demonstrated that Ixc,
inhibition is antiarrhythmic in models of AF in isolated perfused heart preparations
from rat, guinea pig, and rabbit as well as in an in vivo model of AF in rat (Fig. 8)
(Diness et al. 2010). These findings were further substantiated in 2011 with two
publications documenting that inhibition of SK channels can prolong aERP in vivo
in rat, and that this prolongation of aERP correlates to antiarrhythmic activity
(Diness et al. 2011; Skibsbye et al. 2011). Furthermore, the effects of Ixc, inhibition
were examined in aging, spontaneously hypertensive rats, which have earlier
been shown to exhibit atrial remodeling and increased susceptibility to atrial
tachyarrhythmias (Choisy et al. 2007). SK channel inhibition was as effectively
antiarrhythmic in this setting of hypertension-induced atrial remodeling as in
younger, normotensive rats (Diness et al. 2011).

In the beginning of 2011, two articles (written in Chinese) regarding atrial SK
channels were published (Lietal. 2011; Yuetal. 2011). According to both abstracts,
apamin-sensitive current is present in cardiomyocytes from AF patients in sinus
rhythm, and one of the abstract reports of an upregulation of apamin-sensitive
current in cardiomyocytes from patients with persistent AF (Li et al. 2011).

Discussion of Data on the Effects of Apamin in Atrial
SK Channels

The peptide apamin is considered the state-of-the art blocker of SK channels, but
nevertheless the evidence for the effects of apamin in cardiac preparations appear to
be conflicting. The significant prolongation of APD by 50 pM apamin in murine
and human atrial myocytes reported by Xu et al. (Xu et al. 2003) could not
be reproduced by Nagy et al. (Nagy et al. 2009) in single- and multicellular
preparations from rat and dog cardiomyocytes with a concentration apamin 2,000
times higher than that used by Xu et al. According to two Chinese publications,
apamin sensitive current is present, and 100 nM apamin is able to increase APD
significantly in human atrial myocytes (Lietal. 2011; Yuetal. 2011). When tested in
cardiac myocytes from guinea pig, apamin has been reported to slightly increase
APD at 2 Hz pacing rate and to show no significant effect at 1 Hz (Diness et al. 2010).

In models of AF, apamin has also shown non-uniform results (Diness et al.
2010; Skibsbye et al. 2011). When tested in an in vivo rat model of AF, apamin
(0.1 mg/kg) did not affect aERP significantly even though a trend towards an
increase was seen, and some protection against AF was also demonstrated, although
not as pronounced as the effects seen with small-molecule SK channel inhibitors.
In two experiments in a model of AF in guinea pig Langendorff hearts, concen-
trations of apamin as high as 1 uM did not revert sustained AF. Although apamin
has some effects in models of AF, these effects seem to be much less pronounced
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Fig. 8 Effects of Ixc, inhibition in isolated, perfused hearts from rat (Qa—c) and guinea pig (d). (a)
Representative recordings from isolated, perfused rat heart of ECG and MAPs from left ventricle
and left atrium in the presence of no drug, 10 puM NS8593 (representing a negative modulator of
SK channels), and after washing combined with S2 stimulation and with 10 pM NS8593 also
combined with burst pacing. S2 stimulation elicits sustained AF in the presence of no compound.
Perfusion with 10 pM NS8593 terminates AF and protects against the re-induction of AF by S2
stimulation and by burst pacing. After washing, AF can be re-induced by S2 stimulation. (b)
Application of 10 pM NS8593 prolongs the atrial effective refractory period (aERP) in the rat
hearts from 15.5 & 3.8 ms in the control situation to 43.5 £ 7.0 ms (p < 0.001, n = 6). After
wash-out aERP is shortened to 23.0 = 5.2 ms, which is not significantly different from the control
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than the effects seen with a range of small-molecule inhibitor of SK channels. This
apparent lack of effect of apamin could have a number of explanations. At
supramaximal concentrations (1 pmol/L), apamin has been found to leave almost
half of the SK currents unblocked in Chinese hamster ovary cells stably expressing
Kca2.1-3/SK1-3 (Dale et al. 2002). Several possible explanations to this could in
principle be postulated. One hypothesis could be the existence of auxiliary subunits
able to prevent apamin binding. SK channels have been reported to heteromeric
channel complexes, and it could be speculated that some of these have decreased
sensitivity towards apamin (Tuteja et al. 2010). Other possibilities could be that
apamin block is modulated by phosphorylation or that apamin might have separate
mechanisms for binding and blocking that allow the channel to be in a conducting
state even when apamin is bound — as opposed to other blockers of SK channels
(Dale et al. 2002; Weatherall et al. 2010). Thus, apamin may constitute its own third
class of SK channel inhibitors different from both the negative modulators and the
small-molecule pore blockers such as dequalinium or UCL1684. Also, the exis-
tence of an apamin- and scyllatoxin-insensitive isoform of the human K,2.3/SK3
channel has been reported (Wittekindt et al. 2004). In conclusion, it appears
possible that SK channels in the heart have properties that decrease the blocking
effects of apamin and, whether or not that is the case, the ambiguous results
obtained so far with apamin in cardiac preparations could indicate that apamin is
unsuited for addressing SK currents in the heart.

Management of AF

The two principal strategies in the management of AF are rhythm- and rate control.
Rate control aims to reduce the ventricular rate while the atria are still fibrillating,
whereas the goal of rhythm control is to restore and maintain sinus rhythm. Rate
control is accomplished by prolonging the AV nodal refractoriness and slowing the
conduction through the AV node using beta blockers, calcium channel blockers,
digoxin or amiodarone.

Several large clinical studies have compared the effects of rhythm control to
those of rate control and found that rhythm control was not superior to rate control
in reducing the occurrence of major endpoints such as stroke or death (AFFIRM,
RACE, PIAF, STAF, and HOT CAFE trials) (Hohnloser et al. 2000; Van Gelder
et al. 2002; Wyse et al. 2002; Carlsson et al. 2003; Opolski et al. 2004). The non-
superiority of rhythm control in these studies is counter-intuitive, since rhythm
control would be expected to have advantages over rate control by reducing the risk

Fig. 8 (continued) situation. (¢) S2 stimulation elicits sustained AF in the presence of no
compound in all hearts. Perfusion with 10 pM NS8593 terminates AF and protects against the
re-induction of AF by S2 stimulation and by burst pacing in all hearts. After washing, AF can be
re-induced by S2 stimulation in all hearts. (d) NS8593 concentration-dependently increases aERP
with no effect on QT interval in concentrations from 0.3 to 3 pmol/L
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of stroke, increasing the hemodynamic parameters and alleviating the symptoms of
atrial fibrillation.

As a consequence of these studies one could speculate, that this would spell an
end to the era of rhythm control in the treatment of atrial fibrillation. However, this
has not been the case.

For one thing, the RACE and AFFIRM trials did not address atrial fibrillation in
younger, symptomatic patients with little underlying heart disease, and the interna-
tional guidelines still consider restoration of sinus rhythm by cardioversion with
antiarrhythmic drugs or nonpharmacological interventions a useful therapeutic
approach in these patients (Fuster et al. 2011).

Secondly, in a later on-treatment analysis of the AFFIRM trial it was determined
that the presence of sinus rhythm was an independent predictor of a reduction of the
risk of death, consistent with the findings in the DIAMOND study (Pedersen et al.
2001; Corley et al. 2004). However, in the same on-treatment analysis, the use
of rhythm control drugs was associated with a significantly increased mortality
(hazard ratio = 1.49). One explanation to these seemingly conflicting data could be
that the currently available drugs for rhythm control are not very effective in
actually obtaining sinus rhythm and that they have poor safety profiles including
long term extracardiac toxicity and potentially fatal proarrhythmic effects in the
ventricles. E.g. proarrhythmic effects of encainide, flecainide, and moricizine were
shown in the Cardiac Arrhythmia Suppression Trial (CAST) (Echt et al. 1991;
Epstein et al. 1991). Also, in the SWORD Trial, d-sotalol increased mortality when
given prophylactically after myocardial infarction (Waldo et al. 1996).

The AFFIRM on-treatment analysis treated the presence of sinus rhythm and
treatment with an antiarrhythmic drug as separate variables, and found that the
antiarrhythmic drugs only had deleterious effects after adjustment for the presence
of sinus rthythm. When the models were not adjusted for sinus rhythm, the antiar-
rhythmic drugs were no longer associated with adverse outcomes (Corley et al.
2004).

The results of the AFFIRM on-treatment analysis suggest that if an effective
method for restoring and maintaining sinus rhythm with fewer adverse effects were
available, it might improve survival. Consequently, ongoing drug development has
focused on increasing safety by developing atrial-specific agents.

The two main determinants of AF initiation and maintenance are ectopic activity
and re-entry formation (Nattel et al. 2008). The aim of rhythm control therapy is
therefore to remove the ectopic trigger and to disrupt the re-entry circuits. Currently
this can be achieved by non-pharmacological procedures such as ablation therapy
and electrical cardioversion, or by pharmacological conversion and maintenance of
sinus rhythm. Depending on patient category, the guidelines for management of AF
recommend the use of amiodarone, dofetelide, flecainide ibutilide and propafenone
for pharmacological conversion of AF. In addition to these drugs, sotalol, beta
blockers disopyramide and dronedarone have also been proven effective in
maintaining sinus rhythm (Fuster et al. 2011; Wann et al. 2011). The anti-arrhythmic
drugs work by suppressing the excitability of the atrial tissue and by prolonging the
refractory period.
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Reduction of excitability can be achieved by Na* channel block, which is
the hallmark of Vaughan- Williams class I anti-arrhythmic agents. Flecanide and
propafenone are members of this class, but they also inhibit a number of K*
channels (for review see (Tamargo et al. 2004)). Both drugs have proven effective
in converting AF and maintaining sinus rhythm, but they also increase adverse
events (Lafuente-Lafuente et al. 2006).

The second strategy for terminating AF is to prolong the refractoriness of the
atria. This can be accomplished by potassium channel blockers. With respect to the
traditional anti-arrhythmic drugs it is achieved by blocking the repolarising K*
currents, which results in a prolongation of the cardiac action potential and refrac-
tory period. This will increase the wavelength of the re-entrant wave that sustains
the AF and thereby cause the wave front to reach refractory atrial tissue, resulting in
collapse of the wavelets and ultimately in termination of AF (Comtois et al. 2005).
Dofetilide and ibutilide are archetypical class III drugs. The former is a specific Ik,
blocker, while the latter also inhibits the late Na* current (Carmeliet 1992; Lee
1992). Drugs belonging to class III, including sotalol prolong the action potential
duration and ERP of both the atria and ventricles. The ventricular effects are not
surprising considering that these drugs were originally developed for treating
ventricular arrthythmia. Excessive prolongation of the ventricular APD might pro-
duce ventricular EADs which can trigger polymorphic ventricular tachycardia, also
known as torsades de pointes (TdP) that can potentially degenerate into ventricular
fibrillation (Sanguinetti and Tristani-Firouzi 2006). This was also demonstrated in
the “Survival With Oral d-Sotalol” SWORD clinical trial, which was terminated
due to increased mortality (Waldo et al. 1996). One problem shared by sotalol and
other traditional class III anti-arrhythmic drugs is that their ERP prolonging effect
declines when the heart rate increases. This reverse use-dependence is unfavourable
as these drugs show least efficacy during tachycardia, and induce maximal ADP
prolonging effects during bradycardia or during the consecutive beat following an
extrasystole. However, prolongation of the QT-interval is per se not pro-arrhyth-
mic. An example of this is the currently most effective drug for sinus rhythm
maintenance, amiodarone, which when chronically administered prolongs the
QT-interval while displaying no reverse use-dependence and is associated with
little probability of inducing TdP (Hondeghem and Snyders 1990; Kaufman et al.
2004).

For now, the multi ion channel blocker amiodarone is the most effective
compound for maintenance of sinus rhythm in AF patients. However, its chronic
use is associated with non-cardiac toxicity. In comparison, the follow-up and
recently approved drug dronedarone, a structurally close analogue of amiodarone,
has a better safety profile but is less effective in terminating AF (Piccini et al. 2009).

Ideally, novel drugs for the treatment of AF should be devoid of unwanted
ventricular effects and extra cardiac toxicity and display improved efficacy. This
might be achieved by targeting ion channels that are predominantly expressed in the
atria, or by taking advantage of chamber specific electrophysiological differences.
The former is achieved for the Ky/1.5, K;,3.1/K;,3.4 and SK channels, whereas
the latter holds for certain drugs targeting the sodium channel and a potential benefit
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of atrio-ventricular differences in resting membrane potential, differences in action
potential morphology and in the inactivation kinetics between atria and ventricles.
The pathological state of AF might also contribute to atrial selectivity. In this way,
rapid activation rate during AF, or electrical remodeling, might confer atrial
selectivity.

With time, many of the drugs that have been introduced and claimed to be
specific modulators of a single ion channel group have in fact turned out to affect a
broader range of cardiac ion channels. Despite this, often a single ion channel can
be identified which is primarily responsible for the anti-AF effects. In the following
we will look into more detail on compounds developed to selectively target the
apparently atrial specific currents Ixach, and Igy,.

Ixacn Blockers

The acetylcholine activated K* channels K;.3.1/K;;3.4 are predominantly found in
the atria, where they are important for repolarising the atrial cardiac action potential
(Ravens and Dobrev 2003). Therefore, K;,3.1/K;;3.4 could constitute an important
drug target for the treatment of AF as inhibition of the channel would be expected
to leave the ventricles unaffected and so holds minimal risk for ventricular
proarrhythmia. Furthermore, studies have found that the Ix ¢y, density is increased
in atrial cells from electrically remodelled canine hearts and that these cells display
Ikacn activity in the absence of muscarinic stimulation (Cha et al. 2006). Impor-
tantly, the fraction of such constitutively active K;,3.1/K;,3.4 channels has also been
found to be increased in atrial cells isolated from patients with chronic AF (Dobrev
et al. 2005). Further evidence for K;.3.1/K;,;3.4 channel involvement in AF has been
obtained from K;3.4 knock-out mice. Under normal condition parasympathetic
activation, and thereby K;;3.1/K;;3.4 channel activation, will increase the propen-
sity for AF. This was not observed in K;;3.4 knock-out mice (Kovoor et al. 2001).
Therefore, Ixacy is not only a “selective” atrial target, but might also be a patho-
physiological target. It should be mentioned that a recent study identified a loss-of-
function mutation in KCNJ5 in a large Chinese family with congenital long QT
syndrome, suggesting a role of Ixacy in the ventricles (Yang et al. 2010).

Many compounds that display multi channel blocking effects have also been
found to inhibit Ix oc,. These include amiodarone, dronedarone, AVEO118, E-4031,
vernakalant, sotalol and flecanid (Mori et al. 1995; Watanabe et al. 1996;
Guillemare et al. 2000; Gogelein et al. 2004; Fedida 2007).

NTC-801

Until recently, no compounds had been reported to selectively target the K; 3.1/
K;:3.4 channel. However, Machida et al. recently demonstrated that the compound
NTC-801 selectively inhibits Ixacn, with a margin of >1,000-fold over other
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cardiac ion channels (Machida et al. 2011). Furthermore, this compound shows
subtype selectivity having a 34-fold higher potency on heteromeric channels
composed of K;3.1 and K;;3.4 (ICs¢ of 0.7 nM) compared to K;3.1/K;;3.2. This
selectivity is of interest as K;;3.1/K;;3.2 channels are primarily found in the CNS.
Inhibition of Iy oc, by NCT-801 reversed the action potential shortening induced by
carbachol or adenosine in isolated atrial guinea pig cardiomyocytes. The anti-AF
potential of NTC-801 was investigated in three in vivo dog models and found to
dose-dependently convert AF induced by either ectopic automaticity (by
aconitine) or by vagal nerve stimulation.

Rapid pacing of the canine atrium generates electrical remodeling and has been
found to generate constitutively active K¢y, channels. In this model NTC-801 was
found to reduce the inducibility of AF and to prolong the atrial ERP regardless of
pacing frequency. ERP measurements on the ventricles and atria were conducted in
the vagal nerve stimulated dogs and here NTC-801 produced a dose dependent
prolongation of the atrial ERP but had no effects on the ventricular ERP (Machida
et al. 2011). The atria-selective effect together with the findings of no QT prolon-
gation in conscious dogs indicates that NTC-801 is unlikely to induce adverse
ventricular effects.

NTC-801 is developed by Nissan Chemical Industries, and in Japan it is cur-
rently under Phase II clinical trial with Teijin Pharma Limited. A licensing agree-
ment was announced in 2009 with Bristol-Myers Squibb Company (BMS) for
development and marketing outside Japan.

NIP-151 and NIP-142

Another selective Ixac, inhibitor, NIP-151, has also been reported by Nissan
Chemical Industries. It potently inhibits Ixacy, With an in vitro ICsg of 1.6 nM in
HEK?293 cells expressing the K;,3.1/K;;3.4 channel, and showed dose-dependent
effect in terminating AF induced in beagle dogs by either vagal nerve stimulation or
by aconitine stimulation (Hashimoto et al. 2008). As expected the compound
prolongs the aERP without significant effect on ventricular ERP. NIP-142 is an
in vitro less potent inhibitor of human K;3.1/K;;3.4 (ICsq 0.64 uM in HEK-293
cells) which in isolated guinea-pig atrial tissue reversed the shortening of the APD
action potential duration induced by either carbachol or adenosine. NIP-142 also
inhibits other potassium, calcium and sodium channels but the atria-selective
antiarrhythmic effects are assigned to a predominant block of Iy, and Ixach
currents (Tanaka and Hashimoto 2007). Further data on the in vitro profile of
NIP-142 are the recent reports of inhibition of the KCNQ1/KCNE]1 channel current
(Iks), with and ICsq of 13.2 uM (Namekata et al. 2011) as well as a blockade in
Xenopus laevis oocytes of mouse K, 1.5, K,4.2 and K,4.3 channel current, with the
most prominent effect on K, 1.5 (Tanaka et al. 2010). These effects may contribute
to the anti-arrythmic effect of NIP-142 and this latter study also reported a
prolongation of APD, aERP and contractility in isolated mouse atrial myocardium.
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Ix,, Blockers

K, 1.5 is expressed predominantly in atria (Nerbonne and Kass 2005) and conse-
quently Iy, is almost absent from ventricles (Amos et al. 1996). Blocking Ik,
could therefore produce atria-selective effects by prolonging the atrial ERP without
affecting QT, and this has resulted in substantial interest in developing selective
Ik blockers for the treatment of AF (Ford and Milnes 2008). However, this
concept has also been challenged in a study where the compound 4-aminopyridine
showed a prolongation of canine ventricular action potentials in Iy, sensitive
(micromolar) concentrations (Sridhar et al. 2007).

Block of Ik, with low concentrations of 4-aminopyridine in atrial trabeculae
from patients in sinus thythm elevates the AP plateau to more positive potentials
and shortens the APD (Wettwer et al. 2004). How a block of a repolarising current
(Ixyr) results in shortened action potential duration is explained by the changes in
action potential morphology after inhibition of Ik,,. The elevation of the plateau
phase allows for more I, activation, which accelerates repolarisation. This possible
explanation was found using computer simulation and verified by electrophysio-
logical recordings (Wettwer et al. 2004). In AF the action potential triangulates as a
result of electrical remodeling. Inhibition of I, in cardiomyocytes from chronic
AF results in only a slight elevation of the plateau potential, and in contrast to
measurement on atrial tissue from patients in sinus rhythm; it causes a prolongation
of the action potential duration. The reduced elevation in plateau potential and the
increase in Ix; in AF will shorten the period where Ik, is activated. This might
explain the prolongation in APD observed after Ik, block in tissue from AF patient
(Wettwer et al. 2004).

The question however still remains whether a pure I, blocker is sufficient for
AF suppression. It is noteworthy that chronic AF in humans has been reported to
result in reduced K,1.5 expression and Ik, density (Van Wagoner et al. 1997,
Christ et al. 2008), and that I, density is reduced at high stimulation frequencies,
as occur in AF (Feng et al. 1998). Furthermore, a safety concern has appeared as it
has been found that loss of function mutation in KCNAS5 (Ik,.,) is associated with
familial AF (Olson et al. 2006; Yang et al. 2009). Several drugs targeting K, 1.5
have been discovered.

AVE(0118

AVEO0118 is a blocker of Ik, (ICs5o 1.1 pM), but it also inhibits I, and Ixacy, in
similar concentration ranges, and K,11.1 with an ICsq of 10 pM. (Gogelein et al.
2004).

In conscious goats and anaesthetised pigs, AVEO118 prolongs the atrial ERP,
without affecting the QT-interval. It furthermore reduces the inducibility of AF
and converts AF to sinus rhythm (Wirth et al. 2003; Blaauw et al. 2004; de Haan
et al. 2006).
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Studies on isolated human cardiomyocytes have found that AVEO118 prolongs
the APDyq and ERP of atrial cardiomyocytes from chronic AF patients. Notably,
atrial cardiomycocytes from chronic AF patients demonstrated a large fraction of
AVEO0118 insensitive Ik, (Christ et al. 2008).

Thromboembolism is one of the major complications of AF. Studies have found
that thrombus formation not only occurs during AF but also after conversion to
sinus rhythm (Black et al. 1994; Fatkin et al. 1994). To circumvent the mechanical
stunning of atria after cardioversion and consequently reduce the risk of thrombus
formation, positive inotropic agents have been tested; however they show limited
safety and efficacy (DeCara et al. 2000; Date et al. 2002; Sanders et al. 2003).
AVEO0118 was found to enhance the contractility of atrial muscle strips obtained
from patients in both sinus rhythm and AF. The positive inotropic effect was likely
due to changes in the shape of the action potential, elevated and prolonged plateau
potential, which enhances Ca®* entry primarily via reverse mode Na®/Ca®*
exchange (Schotten et al. 2007). In comparison the Iy, blocker dofetilide prolonged
the action potential but only produced small effects on the plateau potential.
Because the amount of calcium that enters the cells during the late repolarisation
is small, dofetilide was found not to have any significant effects on contractility
(Schotten et al. 2007). The combination of anti-AF and positive inotropy is an
interesting new therapeutic principle for AF management.

AVEO0118 has been abandoned for further clinical development.

An analogue of AVEO0118, AVEI12231, for oral administration has also
demonstrated anti-AF properties (Wirth et al. 2007).

DPO-1

DPO-1 is an open channel blocker of Ik, but also affects Ix; and Ix. Expectedly,
the potency of the Ik, block increases with pacing frequency. This use-dependency
would be beneficial in the setting of AF, where rapid activation rates are encoun-
tered (Lagrutta et al. 2006). It furthermore prolongs atrial APD and elevates the
atrial action potential plateau level, without affecting ventricular APD measured
from isolated human cardiomyocytes. In accordance, a study on African green
monkey found that 10 mg/kg DPO-1 elicited significant increases in atrial refracto-
riness (approximately 15% increase), with no change in ventricular refractory
period (Regan et al. 2000).

S9947

59947 was found to be primarily an open state blocker of both heterologously
expressed K, 1.5 and native (Ix,,) cardiac potassium currents (Bachmann et al.
2001; Strutz-Seebohm et al. 2007). In anaesthetised pig studies, S9947 was found
to be atria-selective and it prolonged the atrial ERP with no apparent effect
on ventricular repolarisation (Knobloch et al. 2002). The effects of S9947 on
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atrial ERP were larger on the left atrium than on the right atrium, and it reduced
the vulnerability to arrhythmia induced by premature (S2) stimulation (Knobloch
et al. 2002).

KVI-020/WYE-160020

KVI-020 is reported as a selective Ky1.5 blocker, with ICsy values many fold
higher then for other cardiac currents, including K,11.1. It prolonged the atrial
ERP, whereas ventricular ERP remained unchanged in beagle dogs. These studies
also demonstrated no significant effects on cardiac function after treatment with
KVI-020 as compared to vehicle treatment. In a atrial/ventricular tachypacing
canine cardiac model, oral administration of KVI-020 was found to decrease the
success rate of inducing AF by burst pacing, and it also decreased the total time in
AF (AF burden) by 52% (Blass et al. 2009).

XEN-D0101 and XEN-D0103

XEN-DO0101 is a compound currently under development (Phase 1) by Xention for
the treatment of AF. XEN-DO0101 inhibits Ky,1.5 and human atrial I, with an ICs
of 241 and 154 nM, respectively (Ford and Milnes 2008). XEN-D0103 is, according
to Xention, a more potent and more selective Kv1.5 inhibitor with high selectivity
over non-atrial ion channels such as K,11.1, Nay 1.5 and the L-type cardiac calcium
channel. XEN-DO0103 is claimed to cause a significant prolongation of the APD in
human atrial tissue with no effect on the APD in ventricular tissue. XEN-D0103 is a
follow-up to XEN-DO101 and has recently completed pre-clinical development.

Atria-Selective Sodium Channel Block

Inhibition of atrial sodium channels is able to terminate AF, but sodium channel
block in the ventricles can be proarrhythmic, particularly in patients with
myocardial infarction (Echt et al. 1991; Fuster et al. 2011). To avoid potential
ventricular proarrhythmic effects, atria-selective sodium channel blockers are
warranted.

The more depolarised resting membrane potential in atrial as compared to
ventricular cardiomyocytes prevents a larger proportion of sodium channels to
recover from inactivation during diastole. At least in guinea pig and dog, the
potential for half maximum inactivation is more negative in atria versus ventricles
(Li et al. 2002; Burashnikov et al. 2007). This means that more negative voltages
are required to obtain full availability of sodium channels in the atria compared to
ventricles. Taken together, this increases the fraction of inactivated sodium
channels and reduces the number of channels in the resting state in the atria as
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compared to the ventricles (Comtois et al. 2008; Antzelevitch and Burashnikov
2009). Because recovery from sodium channel block, for most sodium channel
blockers, occurs in the resting state of the Na* channel, there will be a predominant
accumulation of sodium channel block in the atria.

Due to the slower phase III repolarisation in the atrial action potential as compared
to the ventricular action potential, rapid activation rates diminish the diastolic interval
in the atria but not in the ventricles. Therefore, in the atria, less time will be spent in
the resting state of the sodium channel where the drug can dissociate from the
channel, and more time is spent in the open/inactivated state where drug binding
occurs. Consequently, during AF an atrial specific use-dependent sodium channels
block develops (Antzelevitch and Burashnikov 2009).

Not all sodium channel blockers display atrial selectivity. It requires that the
dissociation of the drug from the ventricular sodium channel is fast enough to allow
complete unbinding of the compound during diastole at the ventricular resting
membrane potential and at physiological ventricular rates. Ranolazine is an exam-
ple of a compound with a relatively fast dissociation constant and it indeed displays
atrial selectivity. In contrast, propafenone has slow dissociation kinetics and show
limited atrial selectivity (Antzelevitch and Burashnikov 2009). Despite this, lido-
caine, which holds rapid dissociation constants, did not show any significant AF
suppressing effects in a clinical trial (Marrouche et al. 2000). This argues for that a
pure sodium channel block in the absence of concomitant APD prolonging by K*
channel inhibition might not be sufficient for conversion of AF (Antzelevitch and
Burashnikov 2009). However, agents that combine a sodium channel block with
inhibition of Ix, have been found to be anti-arrhythmic, including ranolazine,
vernakalant, amiodarone, dronedarone, AZD1305 and AZD7009. These agents
will be described in separate sections. Whether it is the inhibition of K* channels
or the block of Iy, that is predominantly responsible for the atria-selective
prolongation of ERP and anti-AF properties is not clear.

It is important to mention that electrical remodeling of the atria as a consequence
of AF or other pathological condition can change the pharmacological response of
Na™ channel blockers. Changes in peak Na* current density and Nay1.5 channel
expression caused by AF has been studied in both humans and dogs. Peak Iy,
density was found to be significantly reduced by 16% in atrial (right appendage)
cardiomyocytes from patients in AF as compared to sinus rhythm (Sossalla et al.
2010). Another study, using similar cell preparations, found that peak Iy, was not
significantly reduced (Bosch et al. 1999), but that the voltage-dependent inactiva-
tion of Iy, was shifted to more positive potentials in cells isolated from AF patients.
This would result in fewer channels in the inactivated state and less sodium channel
block accumulation. Peak I, was also found to be decreased in atrially tachypaced
dogs (Gaspo et al. 1997; Yagi et al. 2002).

In addition to atria-specific effects of blocking peak sodium currents, inhibition
of the late sodium current, Iy, 1, has also attracted attention. Sossalla et al. found
that In,, 1ae current density was significantly increased in atrial cardiomyocytes
isolated from patients in permanent AF as compared to I, 1. measured in cells
from patients in sinus rhythm (Sossalla et al. 2010). It was hypothesised that the
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increased Iy, 1ae causes accumulation of intracellular Na* and consequently cyto-
solic Ca”* overload due to reverse mode Na*/Ca®* exchanger activity. This causes
spontaneous release of calcium from the sarcoplasmic reticulum, which may result
in triggered activity and initiation of atrial arrhythmia. Inhibition of the Ina, jate.
using ranolozine, demonstrated anti-arrhythmic effects in isolated human atrial
trabeculae (Sossalla et al. 2010). However, selective inhibition of Iy, jae, Would
be expected to further shorten the APD in AF patients and promote re-entry
arrhythmia. Application of ranolazine does however not shorten the atrial APD,
likely due to its additional class III effects (Antzelevitch et al. 2004).

Ranolazine

Ranolazine is approved for use in chronic angina pectoris. The MERLIN-TIMI 36
trial also demonstrated that ranolazine significantly reduced the occurrence of
supraventricular tachycardia (Scirica et al. 2007). This finding has been followed
up by several smaller clinical studies where ranoalzine has proven efficacious in
terminating newly onset or paroxysmal AF (Kumar et al. 2009; Murdock et al.
2009). However, larger controlled prospective trials are needed to investigate the
efficacy and safety of ranolazine in AF. Ranolazine has demonstrated beneficial
effects in several experimental models of AF. In isolated perfused dog atria,
ranolazine suppresses both vagally and adrenergic induced AF (Burashnikov
et al. 2007). In the same preparation, ranolazine demonstrated atrial predominant
use-dependent reduction of V., of the action potential upstroke and atrial conduc-
tion velocity and an increase in diastolic threshold of excitation. There was also a
marked rate dependent prolongation of atrial ERP, which was not observed in the
ventricles. This resulted in atrial refractoriness that exceeded the APD (post
repolarisation refractoriness) (Burashnikov et al. 2007). Studies using the same
experimental setup have found that in concentrations where ranolazine only
produces modest effects on sodium channel parameters, ERP and AF suppression,
co-administration of amiodarone or dronedarone results in synergistic effects
(Burashnikov et al. 2010b; Sicouri et al. 2010). This synergism was suggested to
stem from the fact that amiodarone and dronedarone are primarily inactivated-state
sodium channel blocker whereas ranolazine is an open-state sodium channel
blocker. The combination would therefore inhibit the sodium channel by two
independent mechanisms (Burashnikov et al. 2010b; Sicouri et al. 2010). In
anaesthetised pigs, it was found that ranolazine prolonged atrial ERP two times
more than ventricular ERP. It also increased conduction time and lowered AF
inducibility (Kumar et al. 2009). Intrapericardial infusion of ranolazine in
anaesthetised pigs also demonstrated atrial predominant effects on ERP and
increased fibrillation inducability (Carvas et al. 2010).

Ranolazine is a multi ion channel blocker, and blocks Iy, Ixs, Ica s Ina, 1ate> INa, peak
(Antzelevitch et al. 2004). The atrial predominant reduction in V., and conduction
velocity as well as the increased ERP and diastolic threshold for excitation are all due
to atrial specific block of peak Iy, This can be explained by atrio-ventricular
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differences in factors such as the biophysical properties of the sodium channel,
resting membrane potential, morphology of the action potential and faster activation
rates in the atria during AF (Li et al. 2002; Burashnikov et al. 2007). The inhibition of
peak Iy, is both voltage and rate dependent and it is believed to be the primary
mechanism behind the antifibrillatory effects of ranolazine (Antzelevitch et al. 2011).
In addition, the inhibition of Ik, also plays a role by eliminating the diastolic interval
in the atria during AF, which aids in sodium channel block accumulation. The I,
block could potentially result in ventricular arrhythmia, but this is counteracted by the
inhibition of the persistent In,, jae (Burashnikov and Antzelevitch 2010).

Whether ranolazine will be capable of terminating and preventing AF in more
advanced AF where both electrical and structural remodeling is present needs
further experimental and clinical investigation.

Multichannel Blockers

In addition to the atria-selective ion channel blockers, a range of multichannel
blocking drugs with class III properties are under development for the treatment of
AF, some of which (amiodarone) have been on the market for years whereas others
only recently have been approved (dronedarone). In addition to their anti-AF effects
these drugs also demonstrate ventricular effects.

Amiodarone

Amiodorane was originally used for treatment of angina pectoris, but today it stands
as the most effective anti-arrhythmic drug for AF treatment. However, amiodarone
is associated with extracardiac toxic effects such as thyroid dysfunction, hepatic
toxicity, pulmonary fibrosis, photosensitivity and neurological disorders, which
makes it a second in line drug in many cases. However, in patients with left
ventricular hypertrophy, heart failure and ischemic heart disease, amiodarone is
associated with low proarrhythmic potential and can be used to prevent AF recur-
rence (Fuster et al. 2011). Amiodarone both displays acute and chronic effects and
has properties of class I, IT, Il and IV. It inhibits both inward Ca®* and Na* currents
and outward K* currents. The sodium channel block is stronger at less negative
diastolic potentials and at higher frequencies, which might account for the atrial
selectivity of the Iy, block. Many of the cardiac potassium currents are inhibited by
amiodarone, including I, Ik, Ikachs lios Ikur and Ix;. In addition, amiodarone has
adrenoceptor blocking effects, which is beneficial in obtaining ventricular rate
control. Chronic treatment with amiodarone causes electrical remodeling of the
heart, and changes in the repolarising potassium current gene expression has been
found, likely mediated by triiodothyronine antagonism. This effect on the
repolarising current probably explains the APD prolongation observed after chronic
treatment (for review see (Kodama et al. 1997)). Despite the observed QT
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prolongation, amiodarone treatment is associated with little probability of inducing
TdP (Kaufman et al. 2004). This safer profile has been suggested to be a result of the
block of Ina, 1ae Which helps to keep the Ik, inhibition in check and counteracts
the proarrhythmic effects of Iy, inhibition (Burashnikov and Antzelevitch 2010).
The anti-arrhythmic properties of amiodarone are likely a consequence of reduced
excitability and prolonged refractoriness.

K201 (JVT-519)

K201 (JTV-519) was originally discovered as an effective suppressant of sudden
cardiac cell death due to Ca** overload. It has been tested and found to produce
beneficial effects in models of heart failure, ischemic heart disease, AF and VF. It is
a multichannel blocker and inhibits Iy, Ica Ike Ikach, Ik1 (for review see (Kaneko
et al. 2009)), consequently it also affects the ventricles causing a prolongation of the
QTc-interval. However, it was reported not to induce TdP in the methoxamine
sensitised rabbit model of TdP (Hasumi et al. 2007). It also suppresses spontaneous
Ca®* release (sparks) from the sarcoplasmic reticulum by inhibiting the sarcop-
lasmatic reticulum Ca®*-ATPase (SERCA2a/ATP2A2) and the ryanodine receptor
(RyR2) (Loughrey et al. 2007). The reduction of sarcoplasmatic reticulum Ca**
overload could provide anti-arrthythmic effects through reduction of DADs. Most
recently, the effect of K201 was assessed in isolated working rabbit heart where
it significantly improved mechanical function of the heart during pharmacologically-
induced Ca®* overload (Kelly et al. 2011). Sequel Pharmaceuticals is currently
developing K201 for the treatment of AF.

Tedisamil

Tedisamil is a multichannel blocker which has been found to block Ik, Lo, IxaTp,
Ix:, and Ik,. It has demonstrated anti-VF abilities in ischemic animal models and anti-
AF properties in canines, with the underlying antifibrillatory mechanism being
a prolongation of the action potential. In both animals and humans QT prolongations
were observed (for review see (Freestone and Lip 2004)), and in healthy volunteers
tedisamil caused a reverse use-dependent QT-interval prolongation (Demolis et al.
1997). A clinical trial performed in patients with symptomatic AF or atrial flutter of
3 to 48 h duration; found that tedisamil was superior to placebo in converting AF or
atrial flutter. Significant prolongations of QTc-intervals were observed and in the
highest dosing group one episode of TdP and one of a self-terminating monomorphic
ventricular tachycardia were observed (Hohnloser et al. 2004).

AZD1305

AstraZeneca, the company behind AZD1305, another multi/combined ion channel
blocker, in 2010 decided to discontinue the development of this compound due to an
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unfavarouble risk-benefit profile. Intravenous infusion of AZD1305 was found to
effectively convert AF to sinus rhythm, but produced a dose-dependent increase in
QTc and was associated with induction of TdP in two patients (Ronaszeki et al.
2011). The pharmacological profile of AZD1305 has been investigated, and it blocks
Ixr > Ica;g > Ina and delays repolarisation and increases the refractoriness of both
atria and ventricles (Carlsson et al. 2009). This profile is associated with prolongation
of the QT-interval but, in contrast to the clinical trials in human, the QT prolongation
observed in animals was found to have low pro-arrhythmic potential. The delayed
repolarisation was not associated with any changes in pro-arrhythmic markers such as
beat to beat variability of repolarisation, instability and it did not induce TdP.
In comparison, “pure” Iy, blockers (dofetilide and E4031) were found to induce
instability, which resulted in TdP (Carlsson et al. 2009; Andersson et al. 2010). It was
suggested that the mechanism behind the lack of increase in pro-arrhythmic signs,
despite a delayed repolarisation, was the inhibition of I, e and Ic, which
antagonizes the effect of AZD1305 on the outward Ig, (Carlsson et al. 2009;
Andersson et al. 2010). In dogs, AZD1305 was found to have atrial predominant
depressive effects on sodium channel dependent parameters such as diastolic thresh-
old of excitation, V ,,.x, and conduction time. AZD1305 also preferentially prolonged
the atrial APD. It was found that AZD1305 produced much greater effects on the
atrial Iy, as compared to ventricular Iy, (Burashnikov et al. 2010c). In the atria,
during rapid pacing, the APD prolonging effect of AZD1305 diminished the diastolic
interval (Burashnikov et al. 2010c). This is a stage where Na® channels would
normally be released from inactivation, and AZD105 should dissociate from
the sodium channel. This, together with the finding of a tonic block, contributed to
the inhibition of the sodium channel preferentially in the atria at high heart rates,
and allowed for accumulation of the use-dependent sodium channel block
(Burashnikov et al. 2010c). AZD1305 was found to prolong post repolarisation
refractoriness and to prevent and suppress the induction of AF in an acetylcholine
induced canine AF model (Burashnikov et al. 2010c¢). In the canine pulmonary sleeve
preparations AZD1305 was found to suppress DAD triggered activity in (Sicouri
et al. 2010). As it was found in animal models, invasive electrophysiological
investigations in patients with atrial flutter found that AZD1305 prolonged the ERP
of both the atria and right ventricle (Toivonen et al. 2010). Another compound from
AstraZeneca (AZD7009), with similar ion channel blocking properties, also
demonstrated anti-AF effects in humans, but was discontinued due to induction of
flu like symptoms in elderly on repeated oral administration (comment in (Toivonen
et al. 2010)).

Derivatives of Existing Drugs

An alternative strategy used in the development of new anti-AF drugs is to take
advantage of drugs that have already demonstrated effects in the clinic and modify
these to improve efficacy, safety and pharmacokinetic properties.
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Dronedarone

Dronedarone (SR33589) is a non-iodinated analogue of amiodarone developed by
Sanofi-Aventis. The iodine groups are considered to be responsible for the toxicity
of amiodarone (Mason 1987), and so the lack of the iodine group is expected to
result in better drug tolerance while maintaining the anti-arrhythmic potential
(Sun et al. 1999). Like amiodarone, dronedarone is a multi ion channel blocker
and a B1 adrenoceptor antagonist (for review see (Patel et al. 2009)). It blocks the
repolarising potassium currents (Ik,, Iks, Ix1, lio) and the depolarising Iny, Ic, with
higher potency compared to amiodarone. Dronedarone also shows a 100-fold
higher potency for blockage of Ixacn as compared to amiodarone (Guillemare
et al. 2000). There are only a few experimental studies published addressing the
atrial effects of dronedarone, and divergent data are found (Manning et al. 1995;
Sun et al. 2002; Burashnikov et al. 2010a). Acute superfusion of isolated rabbit
atrial tissue with dronedarone abbreviates APD and atrial ERP to a similar extend
as for amiodarone. In comparison, four weeks treatment with dronedarone or
amiodarone resulted in an increased APD and aERP. However, both durations of
treatment slowed the action potential upstroke velocity (Sun et al. 2002). The APD
shortening in the acute setting is likely a consequence of the Iy, and Ic, block
whereas the chronic effects could represent sustained block of the repolarising
potassium currents (Sun et al. 2002). In contrast, when comparing the acute effects
of amiodarone and dronedarone on coronary-perfused canine atrial preparations,
both compounds prolonged the atrial refractoriness, but amiodarone was found to
produce significantly greater prolongation of APDy, and atrial ERP (Burashnikov
et al. 2010a). The acute atrial ERP prolonging effects of dronedarone was also
observed in anaesthetised dog experiments (Manning et al. 1995). Results from the
isolated perfused canine atrial preparation also demonstrated that the action poten-
tial upstroke velocity, diastolic threshold of excitation and conduction velocity
were decreased significantly more for amiodarone as compared to dronedarone.
When the atrial tissue was exposed to acetylcholine, AF could easily be induced and
amiodarone was superior in terminating AF compared to dronedarone. Likewise,
pretreatment with amiodarone prevented the induction of AF to a greater extent
than dronedarone (Burashnikov et al. 2010a). These differences are explained by
a much greater development of post repolarisation refractoriness in the amiodarone
treated hearts. The experimental difference in anti-AF efficacy found in this study
has also been found in clinical trials comparing the efficacy of the two drugs
(Le Heuzey et al. 2010).

A number of clinical studies on the effects of dronedarone have been conducted.
In the DAFNE trial, dronedarone reduced ventricular rate and prevented AF relapse
after cardioversion in patients with persistent AF, but only in the lowest dose
tested (Touboul et al. 2003). Dronedarone treatment resulted in a dose-dependent
prolongation of QTc-interval and one case of TdP was reported (Hohnloser et al.
2009). However, dronedarone was not associated with any thyroid, ocular, or
pulmonary toxicity. The rhythm control effect was also demonstrated in the
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ADONIS and EURIDIS studies where dronedarone postponed the time to first AF
recurrence in paroxysmal AF patients (Singh et al. 2007). Furthermore, the ventric-
ular rate was also found to be lowered in these twin trials. This rate control effect
was further substantiated in the ERATO study which demonstrated a reduction in
sinus rate of ~12 BPM (Davy et al. 2008) in patients with paroxysmal AF. In the
ANDROMEDA trial, the effect of dronedarone on mortality was compared to
placebo in patients with systolic left ventricular dysfunction. The study was prema-
turely discontinued due to increased mortality. In the ATHENA study, patients with
paroxysmal AF or persistent AF that received dronedarone experienced a signifi-
cant reduction in mortality and cardiovascular admissions as compared to the
placebo group (Hohnloser et al. 2009). A comparative study of amiodarone and
dronedarone (DIONYSOS) in patients with persistent AF found that dronedarone
was better tolerated but less efficient in decreasing AF recurrence (Le Heuzey et al.
2010). Very recently the FDA issued a safety announcement that the use of
dronedarone had been associated with hepatic failure.

Budiodarone (ATI-2042)

A different strategy to circumvent some of the side effects of amiodarone was
chosen in the development of budiodarone (ATI-2042). Amiodarone has a long
elimination half-life and this likely aggravates the adverse effects observed (Jafari-
Fesharaki and Scheinman 1998). An ester modification of amiodarone gave
a compound (budiodarone) with reduced plasma half-life (7 h) and distribution
volume relative to amiodarone, but with retained pharmacological action on multi-
ple cardiac ion channels and comparable anti-arrhythmic efficacy (data from ARYx
Therapeutics, (Juhasz and Bodor 2000; Morey et al. 2001)). The ester modification
renders budiodarone available for rapid elimination following ester cleavage by
plasma and tissue esterases. This faster metabolism and elimination may reduce
tissue accumulation and toxicity, thereby improving the safety profile of the
compound. A proof of concept study in six women with paroxysmal AF has
demonstrated that budiodarone significantly reduced the AF burden, defined as
the time spent in AF divided by the total recording time (Arya et al. 2009). There
was in this study a tendency towards an increase in the number AF fibrillation
episodes but this was offset by the decreases in episode duration. Aryx Therapeutics
reported that a randomised, double-blind, placebo-controlled phase 2b study on 72
patients with paroxysmal AF has substantiated these findings by demonstrating that
budiodarone significantly reduced the time patients spend in AF by up to 83%.

Celivarone
Celivarone is a non-iodinated derivate structurally related to amiodarone, which

would suggest better tolerability without risk of hypothyroidism and thyrotoxicosis
(Han et al. 2009). As is the case for amiodarone, it is a multi channel blocker with
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anti-adrenergic properties and therefore calivarone holds class I, II, III, and IV anti-
arrhythmic properties (Gautier et al. 2004). In several animal ex vivo and in vivo
models it has been found to prolong both the atrial and ventricular ERP and action
potential duration. Celivarone also shows anti-arrhythmic effects in both AF and
VF models, with the effects being superior or equipotent to amiodarone or
dronedarone (Gautier et al. 2005). Celivarone is developed by Sanofi-Aventis and
is currently undergoing clinical trials as an anti-arrhythmic agent.

Novel Drugs Approved for the Treatment of AF

Vernakalant

Vernakalant was in 2010 granted marketing approval in the European Union for the
rapid conversion of recent onset AF to sinus rhythm by intravenous infusion. The
compound was discovered by Cardiome and developed together with Merck and
Astellas in Europe and North American, respectively. Acute intravenous infusion of
vernakalant resulted in a significantly higher rate of conversion from AF to sinus
rhythm in patients with recent onset AF (3 hours-7 days) as compared to placebo.
However, the anti-AF effects were not observed in AF patients with longer duration
of AF (8—45 days) (Roy et al. 2008; Pratt et al. 2010). In patients with post cardiac
surgery AF (lasting 3—72 h) vernakalant resulted in significantly higher conversion
rate as compared to placebo (Kowey et al. 2009). In the AVRO trial intravenous
treatment with vernakalant resulted in a significantly larger proportion of recent
onset (3—48 h) AF patients converting from AF to sinus rhythm within the first
90 min as compared to amiodarone (Camm et al. 2011). In the clinical trials,
vernakalant was found to be well tolerated, but it caused hypotension and a transient
prolongation of QTc. Enrolment to the phase 3b study of Vernakalant injection in
patients with recent onset symptomatic AF (ACT V) was recently suspended
following a single serious case of cardiogenic shock in a patient who received the
drug (http://clinicaltrials.gov/ct2/show/NCT00989001 ?term=act+v&rank=1).

The anti-arrhythmic action of vernakalant is attributed to its multi channel
blocking effects on both depolarising and repolarising cardiac currents. It inhibits
Ina and its potency is dependent on the stimulation rate and resting membrane
potential. It is a more potent blocker at fast rates and depolarised resting membrane
potentials (at 20 Hz with a resting membrane potential of —80 mV ICsy = 9 uM; at
1 Hz with a resting membrane potential of —80 mV ICsy = 107 uM). Vernakalant is
an open state/inactivated state sodium channel blocker, and display fast onset of action
when the channel is repeatedly activated, as it would be found in the setting of AF.
Vernakalant also displays relative fast dissociation constants (Fedida et al. 2005)
which are thought to be important for atrial selectivity (Antzelevitch and Burashnikov
2009). The voltage dependence of the sodium channel block contributes to the atrial
selectivity, since more negative resting membrane potentials, as it is found in the
ventricles, is needed for full availability of the sodium channels and unbinding of the
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drug. Hence the more depolarised resting membrane potential found in the atria will
potentiate the sodium blocking properties. Vernakalant also inhibits Ix,, (ICso = 13

4 1) and Ixacn ICso = 10 £ 1), and I, IC5o = 15 % 2) with higher potency as the
stimulation frequency increases. The effective free plasma concentration in patients
that were converted by vernakalant was ~5 UM (Roy et al. 2004). Vernakalant also
inhibits K, 11.1 with an ICsq value of 21 uM. This potentially pro-arrhythmic effect
is counteracted by the block of the persistent Na* current by vernakalant, which
limits the APD prolongation and risk of EAD developing (Orth et al. 2006). The
combined Iy, inhibition and the Ix blocking effects would be expected to result in
prolonged atrial refractoriness and slowed atrial conduction. Data published in
abstracts have demonstrated that vernakalant holds anti-AF effects in vagally
stimulated and atrially tachypaced canine AF models and in atrially tachypaced
goats. In both dogs and goats, vernakalant increased the atrial ERP without changes
in QT. Atrial predominant effects on effective refractory period where also found in
non-human primates (for review see (Billman 2010)). Likewise, when vernakalant
was infused to produce a steady state plasma concentration similar to what was
found in the human clinical trials, only the atrial ERP was significantly prolonged
(Bechard et al. 2011). Human electrophysiological studies confirmed the atrial
selectivity of the drug by demonstrating slowing of atrial conduction velocity and
prolonged atrial refractoriness and no changes in ventricular ERP or QTc (Dorian
et al. 2007), although later larger clinical trials demonstrated transient prolongation
of QTc after vernakalant infusion.

Currently, vernakalant is investigated as an oral formulation for maintenance of
sinus rhythm following conversion of AF. Cardiome reported that data from a phase
2b study demonstrated that that the 500 mg dosing group significantly reduced the
rate of AF relapse as compared to placebo. It was recently announced that Merck
has confirmed its plans for development of an oral formulation of vernakalant.
So far no phase III data are available.

Conclusion

The current strategy for rhythm control in AF includes the use of class I sodium
channel blockers. These are however contraindicated in patients with ischemic and
structural heart disease, because they potently slow conduction in the ventricles.
The other choice is potassium channel blockers, but these predispose to acquired
long QT and increase the risk of torsade de pointes arrhythmias, because they
potently prolong ventricular repolarization. Currently the multi ion channel blocker
amiodarone is the most effective compound for maintenance of sinus rhythm in
AF patients. However, its chronic use is associated with extracardiac toxicity.
In comparison, dronedarone has a better safety profile but is less effective in
terminating AF (Piccini et al. 2009). Preferably, novel drugs should be devoid of
unwanted ventricular effects and extracardiac toxicity as well as displaying
improved efficacy. Perhaps this will be achieved by targeting ion channels that
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are predominantly expressed in the atria, or by taking advantage of chamber
specific electrophysiological differences.

Increased knowledge about the relative importance of atrial and ventricular ion
channels has guided the mechanistical understanding of normal cardiac sinus
rhythm and pathophysiological arrhythmogenic conditions. It is evident that phar-
macological treatment of AF should rely on atrial selectivity but the number of
possible atria-selective targets is sparse and has until recently been limited to the
channels underlying the currents Ixacn and Ik,,. Among ion channels being either
expressed predominantly in the atria, or being from a functional perspective more
important in the atria, Ca’*-activated small conductance K* channels (SK channels)
are the more recently identified. Inhibition of these channels has proven anti-
arrhythmic in several acute conditions of AF in rodents but the propensity for
these channels to be valuable targets for AF treatment in larger species and in
more persistent situations of AF still await to be addressed.

Overall, pre-clinical data certainly points in the direction of interesting
possibilities for treatment of AF with minimal side effects using an atria-selective
approach. From a clinical perspective this notion also seems to be valid at least for
acute conversion of paroxysmal AF. Whether an atria-selective target approach can
also be valid for conversion of more sustained AF and reduce the long term burden
of AF remains to be seen from further clinical studies.
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Intrinsically Photosensitive Retinal
Ganglion Cells

Gary E. Pickard and Patricia J. Sollars

Abstract Intrinsically photosensitive retinal ganglion cells (ipRGCs) respond to
light in the absence of all rod and cone photoreceptor input. The existence of these
ganglion cell photoreceptors, although predicted from observations scattered over
many decades, was not established until it was shown that a novel photopigment,
melanopsin, was expressed in retinal ganglion cells of rodents and primates.
Phototransduction in mammalian ipRGCs more closely resembles that of inverte-
brate than vertebrate photoreceptors and appears to be mediated by transient
receptor potential channels. In the retina, ipRGCs provide excitatory drive to
dopaminergic amacrine cells and ipRGCs are coupled to GABAergic amacrine
cells via gap junctions. Several subtypes of ipRGC have been identified in rodents
based on their morphology, physiology and expression of molecular markers.
ipRGCs convey irradiance information centrally via the optic nerve to influence
several functions including photoentrainment of the biological clock located in the
hypothalamus, the pupillary light reflex, sleep and perhaps some aspects of vision.
In addition, ipRGCs may also contribute irradiance signals that interface directly
with the autonomic nervous system to regulate rhythmic gene activity in major
organs of the body. Here we review the early work that provided the motivation for
searching for a new mammalian photoreceptor, the ground-breaking discoveries,
current progress that continues to reveal the unusual properties of these neuron
photoreceptors, and directions for future investigation.
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Early Hints of a Third Photoreceptor in the Mammalian Retina

The perception of shapes, color and objects moving in the world begins in the outer
retina where light is absorbed by photopigments that are integral membrane
apoproteins (opsins) covalently linked to a retinaldehyde chromophore in the rod
and cone photoreceptors. The capturing of photons by rod and cone photoreceptors
initiates a signaling cascade in which photon capture is converted into an electrical
signal. The simplest common pathway these signals take from the eye to the brain is
from the photoreceptors to bipolar cells to ganglion cells. Retinal ganglion cells
(RGCs) convey the signals centrally as action potentials, transmitted via their axons
in the optic nerve, to higher brain regions for integration and the further processing
required for conscious visual perception (Fig. 1). Among non-mammalian verte-
brates, photoreceptors are also found in locations outside the retina, including the
pineal gland and in the brain itself. These extra-ocular photoreceptors mediate tasks
not associated directly with visual perception (non-image forming functions such as
hormone regulation). However, since the pioneering descriptions of the vertebrate
retina by Santiago Ramoén y Cajal in the late 1800s, it was believed that the retinal
rods and cones were the only photoreceptors in mammals (Cajal 1894).
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Fig. 1 Schematic vertical section of retina depicting ipRGCs (red) and rod and cone
photoreceptors. ipRGCs reside in the ganglion cell layer (GCL) whereas rods and cones have
their cells bodies in the outer nuclear layer (ONL). The three morphological types of ipRGC (M1,
M2 and M3) are shown. Dendrites of M1 ipRGC:s stratify in the distal inner plexiform layer (/PL),
near the border of the inner nuclear layer (/NL) in the traditional “OFF” sublamina of the IPL.
Dendrites of M2 ipRGCs are confined to the proximal “ON” sublayer of the IPL whereas M3
ipRGCs are bistratified. Conventional RGCs (black) receive signals from rods and cones via input
from bipolar cells located in the INL. M1 ipRGCs and dopaminergic amacrine cells (DA) receive
ON bipolar input in the “OFF” sublamina of the IPL via ectopic synapses of ON bipolar cell axons
as they pass through the IPL. Conventional RGCs and ipRGCs send axons from the eye to
communicate with the brain. M1 ipRGCs also drive excitatory responses in DA presumably by
their dendrites that co-stratify in the IPL near the border of the INL. OS, outer segment layer;
OPL, outer plexiform layer. Adapted from Berson (2003) and reprinted with permission from
Pickard GE, Sollars PJ (2010) Intrinsically photosensitive retinal ganglion cells. Science China
Life Sciences 53:58-67



Intrinsically Photosensitive Retinal Ganglion Cells 61

The first suggestion that a non-rod, non-cone photoreceptor might exist in the
mammalian retina appeared in 1927. Van Gelder (2008) recalls the story of a young
graduate student at Harvard named Clyde E. Keeler, who in 1923 used a wild mouse
from several he had caught in his dormitory room, as one of the subjects for an
assignment he was given to compare histological sections from the eyes of several
different vertebrates. The fact that the histological sections he prepared from the
retinas of this mouse were devoid of all rod and cone photoreceptors almost ended
his scientific career early, as it was assumed he had done a rather poor job of sectioning
the retinal tissue. Keeler, however, convinced that the lack of rods and cones was not
a consequence of his histological technique, went on to describe that these mice had
actually lost their photoreceptors (Keeler 1924). He next described that, despite having
no photoreceptors in the outer retina, the apparently visually blind mice maintained
their ability to constrict the iris in response to light stimulation (i.e., the pupillary light
reflex) albeit somewhat more slowly than mice with the normal complement of rods
and cones. He offered the heretical possibility that “direct stimulation of the internal
nuclear or ganglionic cells” by light may have been responsible for the observed
behavior of the iris (Keeler 1927). It appeared more likely to others at the time that
the mouse iris itself may have been light sensitive and attention to what turns out
to have been an important observation, diminished with time.

The Convergence of Retinal Physiology and Internal
Time Keeping

Daily rhythms in nature such as the opening and closing of flowers or our patterns of
sleep and wakefulness and their association with the perpetual alteration of night
and day were perhaps so obvious that their origins were not questioned until the
eighteenth century. Jean-Jacques d’Ortous de Marian, a French astronomer, asked if
the leaves of the Mimosa plant opened in response to light. He maintained the plants
in the dark and noted that the leaves continued to open in the absence of sunlight.
Although this is the first description of the endogenous nature of leaf movements,
De Marian concluded that the plants must still sense the sun by means other
than light (e.g., temperature or humidity) (De Marian 1729). The Swiss botanist
Augustin Pyramus de Candolle is credited with the first suggestion of internal
timekeeping. He observed that leaf movements persisted under constant light
conditions and he concluded from his observations that the rhythm of leaf folding
and unfolding must come “from within the plant” (De Candolle 1832). Charles
Darwin, in his book on the movements of plants, came to the same conclusion,
remarking that “we may conclude that the periodicity of their movements is to
a certain extent inherited” (Darwin and Darwin 1880). During the decades that
followed the observations made by Keeler, investigators became increasingly
aware that not only plants, but all organisms including humans displayed daily
rhythms that were generated by an internal time-keeping system or endogenous
biological clock (Pittendrigh 1954; Aschoff 1960; Hamner et al. 1962). The first
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clear demonstration of this clock-like system in mammals came from a study of
the rhythmic behavior of white-footed mice, Peromyscus leucopus, housed
under constant dim light conditions. Based on his observations, Johnson wrote
“this animal has an exceptionally substantial and durable self-winding and
self-regulating physiological clock, the mechanism of which remains to be worked
out” (Johnson 1939). Richter (1965) sought to determine the clock’s physical
location in the body and he concluded, after making lesions throughout the brain
and removing all major endocrine organs one at a time, that the biological clock was
based in the central nervous system and resided in the hypothalamus.

It had also become clear by this time that retinal projections were required for the
entrainment of rthythmic behavior of rodents to the day/night cycle; under constant
environmental conditions (i.e., constant light or dark) rhythmic behavior “free-
runs,” expressing the species-typical period of the endogenous circadian (circa
“about” and dies “day”) clock. After removing the eyes of hundreds of rats, Richter
observed that the precise 24 h pattern of rhythmic nocturnal behavior obtained
under light:dark conditions free-ran with a circadian period (Richter 1965). The
introduction of autoradiographic techniques for demonstrating axonal connections
in the central nervous system (Cowan et al. 1972) led to the discovery of a
previously unknown retinal projection to the anterior hypothalamus terminating
in the suprachiasmatic nucleus (SCN) (Moore and Lenn 1972; Hendrickson et al.
1972). The description of a retinohypothalamic tract (RHT) coupled with the
observation that ablation of the SCN abolished behavioral circadian rhythms
(Stephan and Zucker 1972) suggested that the SCN was the site of the circadian
clock that is normally entrained to the day/night cycle by retinal signals transmitted
via the RHT.

Although a direct connection between the retina and the SCN was thus
established, it was not known what type of RGC innervated the SCN, whether
these cells projected exclusively to the hypothalamus or what their receptive field
properties were like. The receptive field properties of SCN-projecting RGCs
were determined indirectly by examining the response of SCN neurons to photic
stimulation of the retina; SCN neurons had extremely large receptive fields with no
“surround” antagonism typical of most RGCs and they responded to stimulus
luminance (Groos and Mason 1978, 1980; Meijer et al. 1986). The morphology
of SCN-projecting RGCs was first identified by in vivo injection of tracer molecules
that were retrogradely transported from the SCN to the retina via the RHT. It was
estimated that 1-2% of the total RGC population projected to the SCN and these
cells appeared to have a very simple dendritic morphology (Pickard 1980).
Although the techniques available at the time precluded a complete morphological
description, soma size analysis suggested that more than one type of RGC projected
to the SCN (Pickard 1982).

It was also not known at this time whether rod and/or cone photoreceptors
conveyed signals to SCN-projecting RGCs. The spectral sensitivity of light stimuli
that affect circadian rhythms was first assessed using light-induced phase shifts of
rodent circadian activity thythms as an endpoint. The reported spectral sensitivity
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curve generated from light-induced phase shifts had a maximum near 500 nm,
similar to the absorption spectrum of rhodopsin, implying rod-generated signals.
However, the threshold of the response was unusually high for the rod-dominated
rodent retina and the temporal integration of the stimulus was also unusual for
arod-mediated response (Takahashi et al. 1984). Ebihara and Tsuji (1980) and later
Foster et al. (1991) used rd mice to assess whether rod and/or cone photoreceptors
conveyed photoentrainment signals to the SCN. Mice carrying the retinal degener-
ation mutation (rd, the mutation identified by Keeler 1924), are virtually devoid of
rod and cone photoreceptors by four weeks of age and do not produce recordable
electroretinographic responses or visual evoked potentials (Farber et al. 1994).
These investigators reported that adult rd/rd mice were able to synchronize their
circadian activity rthythms to cycles of light and darkness. Similar to Keeler (1927),
Ebihara and Tsuji (1980) also suggested that cells other than rods and cones in the
retina might be directly light sensitive. However, the universally acknowledged
depiction of the organization of the mammalian retina prevailed despite these
reports indicating that rodents with severe degeneration of the outer retina remained
capable of responding to light (i.e., generating irradiance responses). At the time,
the persistent response to light in retinal degenerate mice was widely attributed to
the few cone photoreceptor remnants (cone photoreceptors lacking outer segments)
that remain in these animals for many months (Drager and Hubel 1978).

However, many who studied circadian photoentrainment believed that the
evidence in support of an unknown “circadian” photoreceptor was compelling
and doubted that a few cone photoreceptors lacking outer segments could account
for the observed photoentrainment of behavioral rhythms; visual neuroscientists on
the other hand, tended to reject the notion that an additional photoreceptor in the
mammalian retina had been overlooked throughout 150 years of investigation.
To directly test the interpretation that residual cone photoreceptor remnants were
responsible for mediating the irradiance responses to light in retinal degenerate
animals, transgenic mice were generated lacking all rod and cone photoreceptors.
The fact that these animals also retained several irradiance responses including
photoentrainment of their circadian locomotor behavior, the pupillary light
reflex, and light-induced suppression of nocturnal pineal melatonin secretion
provided further strong evidence for the existence of a non-rod, non-cone ocular
photoreceptor (Freedman et al. 1999; Lucas et al. 1999) as removal of the eyes
eliminates all irradiance responses (Nelson and Zucker 1981). Additional support
for a non-rod, non-cone ocular photoreceptor came from reports in rodents and
humans describing irradiance responses that had an action spectrum inconsistent
with that of any known retinal photoreceptor (Yoshimura and Ebihara 1996; Lucas
et al. 2001; Brainard et al. 2001; Thapan et al. 2001). Taken together these data
appeared to provide clear evidence for the existence of a non-rod, non-cone
photoreceptor in the mammalian retina, although which retinal cells responded
to light in the absence of rods and cones and what type of photopigment mediated
these responses briefly remained a mystery.



64 G.E. Pickard and P.J. Sollars

Melanopsin, the Photopigment of Intrinsically
Photosensitive Retinal Ganglion Cells

While evidence was accumulating for the existence of a non-rod, non-cone photo-
receptor in the mammalian retina, Provencio et al. (1998) were focusing their
efforts on identifying the photopigment that might be responsible for the irradiance
responses retained in mice lacking rods and cones. But rather than looking in mice
or other mammals, these investigators studied frog skin. It was believed that the
photoresponse of pigment cells (melanophores) in amphibian skin was mediated by
a unique member of the rhodopsin family of G-protein coupled receptors although
the exact nature of the opsin in frog skin remained unspecified (Daniolos et al. 1990).
Provencio and his co-workers, using cultured dermal melanophores from Xenopus
laevis, identified the photopigment responsible for the light-induced dispersion of
melanosomes. In their ground-breaking paper they described the opsin, named
melanopsin, and reported that melanopsin was a member of the opsin family of
G-protein coupled receptors sharing the greatest sequence homology to octopus
(invertebrate) rhodopsin. Importantly they also reported that melanopsin mRNA
was expressed in frog dermal melanophores, in the brain and in the retina, but not
in typical retinal photoreceptors (Provencio et al. 1998). These investigators subse-
quently described the distribution of melanopsin mRNA in the retina of mammals;
in both primates and rodents, melanopsin mRNA was expressed not in rod or cone
photoreceptors, but rather in the ganglion cell layer, providing the basis for
the suggestion that RGCs expressing this novel mammalian opsin were directly
photosensitive (Provencio et al. 2000). Gooley et al. (2001) quickly extended these
findings by demonstrating that melanopsin was expressed in SCN-projecting RGCs.

SCN-Projecting RGCs Are Intrinsically Photosensitive
and Express Melanopsin

The prediction that RGCs were photosensitive was borne out in early 2002 through a
set of landmark reports by Berson, Hattar, Yau and colleagues. Berson and coworkers
recorded from SCN-projecting RGCs in the rat retina and showed that when these
neurons were isolated pharmacologically and physically from all rod and cone
synaptic input, they generated action potentials in response to photic stimulation;
the ganglion cells were intrinsically photosensitive (Berson et al. 2002). Importantly,
they also showed that these intrinsically photosensitive retinal ganglion cells
(ipRGCs) expressed melanopsin (Hattar et al. 2002). The discovery of melanopsin
by Provencio et al. (1998) and the reports describing ipRGCs in the rodent retina
(Berson et al. 2002; Hattar et al. 2002) laid the foundation for what is now an exciting
and rapidly growing new subdivision of retinal biology. However, at the time, two
key questions remained: (1) was melanopsin truly a photopigment; and (2) was
melanopsin required for animals to show irradiance responses such as the pupillary
light reflex or entrainment of circadian behavior to the day/night cycle?
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The generation of melanopsin knockout mice (Opn4~'7) answered the second
question first. Mice lacking the melanopsin protein, with the ipRGCs otherwise
apparently unaffected, retained the ability to entrain to daily cycles of light and
darkness and they generated a pupillary light reflex, although several aspects of
these irradiances responses were altered (Panda et al. 2002; Ruby et al. 2002; Lucas
et al. 2003). Both acute and chronic effects of light on the circadian system were
significantly attenuated in melanopsin-deficient mice (Panda et al. 2002; Ruby et al.
2002) and the pupillary light reflex was described as incomplete at high irradiances
(Lucas et al. 2003). These unexpected results indicated that classical rod and/or
cone photoreceptors and ipRGCs both contribute to irradiance responses. When
melanopsin was knocked out in mice lacking functional rods and cones, all tested
responses to light were eliminated, confirming a role for melanopsin in irradiance
responses to light and also indicating the unlikelihood that any other photoreceptor
in the mammalian retina had remained undetected (Panda et al. 2003).

The observation that melanopsin-deficient mice retain the ability to entrain
behavioral circadian rhythms to the day/night cycle suggested either that conven-
tional (non-melanopsin) RGCs send afferent fibers to the SCN or that ipRGCs
receive synaptic input and relay rod/cone-driven signals to the SCN integrated
with their intrinsic photoresponses. The first electron microscopic examination of
melanopsin-expressing RGCs provided morphological evidence that ipRGCs
receive synaptic input from amacrine cells and bipolar cells (Belenky et al.
2003); in vitro physiological studies of ipRGCs subsequently confirmed that they
are driven by rod and/or cone photoreceptor input (Dacey et al. 2005; Perez-Leon
et al. 2006; Wong et al. 2007; Schmidt et al. 2008). Moreover, the rod and/or cone
photoreceptor-driven input is capable of generating physiological responses in
ipRGCs in the absence of melanopsin and the intrinsic photoresponse (Pickard
et al. 2009; Schmidt and Kofuji 2010). Thus there is no doubt that ipRGCs are
integrated within the conventional signaling pathway in the retina (rod/cone —
bipolar cell — RGC). However, the response of ipRGCs to rod/cone generated
signals is not homogenous, consistent with the observation that there is consider-
able variation among ipRGCs in the neurotransmitter receptors they express
(see below).

The question of whether conventional RGCs innervate the SCN was addressed
initially in double-label studies in rodents. SCN-projecting RGCs were identified
using tracer injections into the SCN, and the identified neurons were then assayed
by in situ hybridization to determine melanopsin mRNA expression or by immu-
nocytochemical staining of melanopsin protein. In the rat (Gooley et al. 2003) and
golden hamster (Morin et al. 2003; Sollars et al. 2003), 80-90% of SCN-projecting
RGCs were classified as melanopsin-expressing; in the mouse virtually all (>99%)
SCN-projecting RGCs express melanopsin (Baver et al. 2008). Genetic or
immunotoxin-induced ablation of melanopsin RGCs in the mouse eliminates
these animal’s ability to entrain to light/dark cycles, confirming that in this species,
rod and/or cone influences on circadian entrainment are mediated via melanopsin
expressing ipRGCs which act as a conduit for rod/cone signals to reach the SCN
(Goz et al. 2008; Goler et al. 2008; Hatori et al. 2008).
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In the rodent retina approximately 2—4% of all RGCs express melanopsin
(Sollars et al. 2003; Hattar et al. 2006; Baver et al. 2008; Berson et al. 2010). As
indicated above, in the mouse it appears that only melanopsin immunoreactive
RGCs send afferent fibers to the SCN whereas this does not appear to be the case in
the rat and golden hamster. The dissimilarity in findings among these three different
rodents may represent true species differences, but it remains to be demonstrated
using physiological techniques that the “non-melanopsin” SCN-projecting RGCs
identified in the rat and golden hamster are not intrinsically light sensitive. It is
possible that these RGCs either express too little melanopsin to be detected (Baver
et al. 2008; Ecker et al. 2010) or express a melanopsin isoform not recognized by
the antibodies currently available (Torii et al. 2007; Pires et al. 2009; Davies et al.
2011). The number of “non-melanopsin” RGCs sending afferent fibers to the SCN
in the golden hamster and rat is small (i.e., 100-200) making the task of recording
from these cells difficult. A complete description of the morphology and dendritic
arborization pattern of “non-melanopsin” SCN-projecting RGCs would be
useful for comparison to SCN-projecting melanopsin RGCs to ascertain if the
“non-melanopsin” neurons projecting to the SCN represent a unique RGC type
(Wassle 2004). Although genetic mouse models have played an important role in
advancing our understanding of ipRGCs, studies are required on additional species
before generalizations regarding RGC input to the SCN can be made.

Melanopsin Is a Photopigment

Evidence confirming the identification of melanopsin as a photopigment was
derived from the heterologous expression of melanopsin in several different cell
lines. The first data came from purified melanopsin protein harvested from
melanopsin transfected COS cells. While it was shown that melanopsin was
a photopigment that bound retinaldehyde and was capable of activating a G-protein
(Newman et al. 2003), the spectral properties (i.e., maximal absorbance at
~424 nm) were not consistent with the action spectrum observed by Berson and
colleagues for melanopsin-expressing RGCs (/484 nm) (Berson et al. 2002).
Subsequently, the photopigment properties of melanopsin were confirmed after
its expression in HEK cells that also expressed transient receptor potential C3
channels (Qiu et al. 2005), Neuro-2a cells (Melyan et al. 2005), and Xenopus
oocytes (Panda et al. 2005). Together these studies provided convincing evidence
that melanopsin was indeed a photopigment. However, one group again reported
a melanopsin absorption maximum ~420 nm (Melyan et al. 2005) whereas the
others indicated that expressed melanopsin maximally absorbed light at ~480 nm
(Panda et al. 2005; Qiu et al. 2005), matching more closely the spectral tuning of
pharmacologically isolated rat (Berson et al. 2002) and primate (Dacey et al. 2005)
ipRGCs. It should be noted that non-mammalian melanopsin also shows peak
spectral sensitivity ~480 nm, in close agreement with mammalian ipRGCs
(Koyanagi et al. 2005; Torii et al. 2007; Davies et al. 2011). Thus, it is now
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generally agreed that mammalian melanopsin maximally absorbs light at ~480 nm
although direct in vitro spectroscopic analysis of purified mammalian melanopsin is
still needed (Bailes and Lucas 2010).

ipRGC Physiological Responses to Light

Several characteristics of the ipRGC response to light set these ganglion cell
photoreceptors apart from mammalian rod and cone photoreceptors. In particular,
ipRGCs are less sensitive to photic stimulation and their response kinetics
are extremely slow compared to that of rods and cones. In addition, the melanopsin
phototransduction cascade appears similar to that of many invertebrates, with the
result that the polarity of the ipRGC response to light is opposite that of rods and
cones, resulting in the generation of action potentials.

ipRGC Response Kinetics

ipRGCs are relatively insensitive to light and their response to light stimulation is
extremely sluggish compared to conventional RGCs. Response latency is inversely
related to stimulus intensity and under dim light conditions ipRGCs can take many
seconds to reach a peak response; the response may also persist for minutes after
stimulus termination (Berson et al. 2002; Warren et al. 2003). On the other hand,
ganglion cell photoreceptors are similar to rods and cones in that they show
adaptation by adjusting their sensitivity according to lighting conditions (Wong
et al. 2005). While slow to respond to dim light conditions, ipRGCs appear capable
of responding to the capture of a single photon of light (Do et al. 2009). Thus the
relatively low sensitivity to light does not appear to be the result of inefficient
phototransduction but rather of poor photon catch. It has been estimated that the
membrane density of melanopsin is about a thousand times lower than that of
photopigments in the outer segments of rod and cone photoreceptors; this relatively
low density may account for the poor absorption rate of ipRGCs (Brown and Lucas
2009; Do et al. 2009).

The capture of a single photon in an ipRGC generates a large and prolonged
membrane current, greater than that recorded in rod photoreceptors but also 20-fold
slower (Chen et al. 1999). It has been suggested that the slow response kinetics
of ipRGCs may provide for long temporal integration, which may well suit the
primary function of these cells, assessing ambient light levels via irradiance detec-
tion (Do et al. 2009). Moreover, since ipRGCs are also synaptically driven by rod
and/or cone photoreceptors (Belenky et al. 2003; Dacey et al. 2005; Perez-Leon
et al. 2006; Wong et al. 2007; Schmidt et al. 2008), ganglion cell photoreceptors
themselves may not require the level of intrinsic sensitivity found in the classic
photoreceptors.
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It should be noted, however, that brief (1 s) light pulses (DeCoursey 1972;
Earnest and Turek 1983) or a short series of extremely brief (2 ms), intense light
flashes, which are ineffective as single flashes (van den Pol et al. 1998; Vidal and
Morin 2007) can produce significant phase shifts of the circadian clock. Very brief
stimuli do not appear to demonstrate the same type of temporal integration
associated with light pulses several minutes in duration (Nelson and Takahashi
1999; Vidal and Morin 2007; Morin et al. 2010). The behavioral responses of
the circadian system to brief light flashes may represent an integrated response
of rod/cone and ganglion cell photoreceptors, although the ability of ipRGCs to
generate an intrinsic photoresponse to a 2 ms light flash has not been tested directly.
Nevertheless, rd/rd mice lacking rod and cone photoreceptors show patterns of
locomotor activity suppression similar to wild type mice in response to a series of
2 ms light flashes (Morin and Studholme 2011), suggesting that ipRGCs are indeed
capable of generating a photoresponse to very brief, intense light flashes.

Photon Capture in ipRGCs Results in Membrane Depolarization

In response to light stimulation, ipRGCs depolarize and generate action potentials,
unlike the hyperpolarizing light responses of mammalian rod and cone photo-
receptors (Berson et al. 2002; Warren et al. 2003; Hartwick et al. 2007) but similar
to the light-inducing depolarizing responses of Drosophila and most other inverte-
brate photoreceptors (Yau and Hardie 2009). Perhaps this invertebrate-like
response to light is not surprising since vertebrate melanopsin belongs to the
rhabdomeric-opsin subfamily of opsins characteristic of most invertebrates
(Isoldi et al. 2005; Nickle and Robinson 2007; Yau and Hardie 2009). Perhaps it
should not be a surprise then, that mammalian melanopsin appears to utilize an
invertebrate-like phototransduction signaling cascade.

Opsins in mammalian rod and cone ciliary photoreceptors couple to the
G,-protein, transducin, which activates a phosphodiesterase cascade resulting in
the closure of cGMP-gated channels and cellular hyperpolarization (Yau and
Hardie 2009). Melanopsin in mammalian ipRGCs is believed to be coupled to
a G-protein of the G family as its cognate G-protein in vivo (Berson 2007; Peirson
et al. 2007). In an early study using heterologous expression, melanopsin was
shown to activate a G-protein although no further details were provided (Newman
et al. 2003). Subsequent studies in other heterologous expression systems suggested
a Gy class of G-protein (Panda et al. 2005; Qiu et al. 2005) as did work conducted
in Xenopus dermal melanophores (Isoldi et al. 2005). Melanopsin and G also
co-localize in amphioxus rhabdomeric photoreceptors (Koyanagi et al. 2005).
However, the identity of the native G-protein employed by mammalian ipRGCs
and the downstream cascade triggered by its activation still remain uncertain. There
is some evidence supporting a role for G4/ which would activate the effecter
enzyme phospholipase C, resulting in depolarization, an invertebrate-like
phototransduction cascade (Graham et al. 2008).
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The membrane channel that carries the initial inward current following the
apparent activation of phospholipase C in ipRGCs has also not yet been conclu-
sively identified. Involvement of mammalian homologues of the transient receptor
potential (TRP) channels in Drosophila photoreceptors, termed TRP canonical
(TRPC) channels, is supported by several lines of evidence including pharmaco-
logical blockade of light responses and identification of TRPC channel protein and/
or mRNA in RGCs expressing melanopsin. Of the seven members of the subfamily
of TRPC subunits that combine to form tetrameric channels (Hoffman et al. 2002),
TRPC3, TRPC6, and/or TRPC7 have all been implicated as the TRPC channel
mediating the initial depolarization in ipRGCs (Warren et al. 2006; Hartwick et al.
2007; Sekaran et al. 2007; Graham et al. 2008). However, in vitro recordings from
ipRGCs in mouse lines lacking expression of functional TRPC3, TRPC6 or TRPC7
subunits indicate that light-evoked depolarization persist largely unchanged (Perez-
Leighton et al. 2011). These results indicate that TRPC3, TRPC6, or TRPC7
homomeric channels do not mediate melanopsin-evoked depolarization in ipRGCs,
but the possibility remains that these subunits may form heteromultimeric
assemblies (Perez-Leighton et al. 2011). The demonstration that ectopic expression
of melanopsin in conventional RGCs confers intrinsic photosensitivity to these cells
(Lin et al. 2008) suggests that the channels gated by melanopsin may be widespread
among ganglion cells. In addition, although one study reported that melanopsin
activates diacylglycerol-sensitive TRPC channels in ipRGCs (Warren et al. 2006)
another study failed to observe reduction of light-evoked currents in ipRGCs
exposed to diacylglycerol analogs (Graham et al. 2008). The future development
of more selective TRPC channel blockers and knockout mouse lines in which a
combination of TRPC channels is eliminated will aid in determining the specific
membrane channels mediating phototransduction in mammalian ipRGCs.

In Drosophila, light stimulates Ca”* entry via a TRP channel that has an usually
high Ca®* selectivity (Pc,:Pna > 50:1) and there is minimal light-induced Ca®*
release from internal stores (Yau and Hardie 2009). As in Drosophila thabdomeric
photoreceptors, light stimulates an increase in intracellular calcium in mammalian
ipRGCs (Sekaran et al. 2003; Hartwick et al. 2007). A small percentage of the light-
evoked rise in somal intracellular Ca** appears to result from Ca** entry via the
cation channel that carries the initial inward current (e.g., TRPC channel)
(Hartwick et al. 2007). In HEK cells expressing human melanopsin, the light-
triggered rise in intracellular Ca** results from the release of Ca** from intracellular
stores (Kumbalasiri et al. 2007). However in primary cultures of native rat ipRGCs,
Ca®* release from internal stores does not significantly contribute to the light-
evoked rise in intracellular Ca>* (Hartwick et al. 2007), similar to Drosophlia.
Approximately 90% of the light-triggered rise in intracellular Ca®* in isolated rat
ipRGCs maintained in primary culture is associated with the opening of L-type
voltage-gated calcium channels and the rise in intracellular Ca”* is highly
correlated with action potential firing (Hartwick et al. 2007). The current model
of ipRGC phototransduction and the light-evoked rise in intracellular Ca** is
summarized in Fig. 2.
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Fig. 2 Schematic overview of phototransduction and light-evoked Ca®* influx in mammalian
ipRGCs. After light stimulation of melanopsin photopigment in the plasma membrane, a signaling
cascade is initiated that leads to the opening of the light-gated ion channel and membrane
depolarization (labeled 1). The details of this cascade remain unclear, although there is evidence
that it is G-protein dependent (Warren et al. 2006) with G, a likely candidate and phospholipase C
as the effector enzyme (Graham et al. 2008). The current model suggests a heteromeric TRPC
channel is the light-gated ion channel that may include TRPC6 and TRPC7 subunits (Hartwick
et al. 2007; Perez-Leighton et al. 2011). The ion flux through this 2-APB-sensitive channel
depolarizes (denoted with a lightning bolt in the membrane) the membrane potential, resulting
in the activation of voltaged-gated Na* channels (VGNCs; labeled 2). The Na* flux through TTX-
sensitive VGNCs during action potential firing further depolarizes the membrane, leading to the
activation of verapamil-sensitive L-type voltage-gated calcium channels (VGCCs) (labeled 3).
The relative timing for the opening of these three channel types is illustrated in the boxed drawing
that depicts the changes in membrane voltage induced by light exposure in a typical ipRGC.
Although Ca®* influx through the initial light-gated ion channel contributes to increased somatic
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Chromophore Recycling and Bistability

Another aspect of the ipRGC response to light that appears similar to invertebrate
rhabdomeric type photoreceptors is that of photopigment regeneration. The visual
pigment consists of two components: an apoprotein moiety, the opsin, and the
chromophore, 11-cis-retinal, a vitamin A derivative. Light isomerizes 11-cis-retinal
to all-trans-retinal which results in rapid conformational changes in the opsin
initiating the phototransduction cascade. After all-frans-retinal is reduced to all-
trans-retinol in mammalian rod and cone photoreceptors, it exits the cell where it is
converted in the overlying retinal pigment epithelium (RPE) back to 11-cis-retinal
by RPEG6S5, a retinyl isomerohydrolase for return to the photoreceptors (Yau and
Hardie 2009). Miuller cells are intrinsic glia that span the entire width of the
mammalian retina and are derived from the same set of progenitors as the retinal
neurons. They serve a variety of roles in the mammalian retina, including providing
a barrier for substances moving into and out of the retina, and they play a vital role
in retinal metabolism. Miiller glial cells also recycle 11-cis-retinal using a slightly
different mechanism than the RPE. These glial cells appear to serve only cone
photoreceptors (Wang et al. 2009; Wang and Kefalov 2009) although their role in
chromophore recycling from ipRGCs has not been examined.

Unlike vertebrate rod and cone ciliary photoreceptors, the invertebrate
rhabdomeric photopigment regenerating system has been considered independent
of other cells or tissue. Invertebrate photopigments remain bound to the opsin
moiety and are re-isomerized by light of a longer wavelength than that which
causes the initial photoactivation; these photopigments are thus considered bistable
(Yau and Hardie 2009). It would seem highly unlikely that ipRGCs in the mamma-
lian retina utilize the RPE to recycle 11-cis-retinal in vivo since ipRGCs are located
in the inner retina, quite removed from the RPE. Moreover, native ipRGCs respond
to prolonged light exposure when maintained in vitro in isolation from other retinal
cells including Miller glial cells (Hartwick et al. 2007) suggesting either that
ipRGCs can convert all-frans-retinal back to 11-cis-retinal autonomously or that
native ipRGCs contain more 11-cis-retinal than can be bleached under those
conditions. Thus melanopsin would appear to be a prime candidate for a vertebrate
bistable photopigment, similar to those of invertebrates. Indeed, using heterolo-
gously expressed cephalochordate melanopsin, Koyanagi and colleagues unambig-
uously demonstrated that melanopsin functions as a bistable pigment in vitro acting
as both a photopigment and a photoisomerase (Koyanagi et al. 2005). In zebrafish,
in which five isoforms of melanopsin are expressed, some forms of melanopsin
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Fig. 2 (continued) [Ca®*]; during light stimulation, most of the Ca* signal is the result of the
depolarization-induced opening of VGCCs (Hartwick et al. 2007). The presence of a membrane-
associated microdomain that prevents some of the Ca®* flux through the light-gated channel from
reaching the somatic cytoplasam is also possible. The contribution of intracellular Ca®* stores to
light-evoked elevations in mammalian ipRGC [Ca®*]; is negligible. Figure reprinted with permis-
sion from Hartwick et al. (2007)
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display invertebrate-like bistability and remain within the opsin binding pocket,
while in other forms of melanopsin, the 11-cis-retinal is isomerized and then
released from the opsin similar to classic rod and cone photopigments (Davies
et al. 2011). It remains to be directly demonstrated that melanopsin in mammalian
ipRGCs functions as a bistable photopigment in vivo.

This question has been addressed, first by Fu and colleagues using a mouse
model deficient in 11-cis-retinaldehyde synthesis. These experiments firmly
established that melanopsin in mouse ipRGCs detects light with a vitamin
A-based chromophore and they also suggested that melanopsin may be bistable
(Fu et al. 2005b). Cooper and his coworkers have also addressed the issue of
melanopsin’s bistability in vivo using an indirect approach by recording single-
unit activity in the mouse SCN in response to light stimulation of different
wavelengths. They observed that pre-stimulation of the animal with long-wave-
length light (e.g., 620 nm) enhanced the responses of SCN neurons to 480 nm light
stimulation, consistent with long wavelength light causing re-isomerization and
melanopsin being bistable (Mure et al. 2007). Similarly, these authors examined the
pupillary light reflex in humans and reported that prior exposure to long wavelength
light increases while short wavelength light decreases the amplitude of pupil
constriction, again consistent with the interpretation of a bistable photopigment
(Mure et al. 2009). Surprisingly however, little long-wavelength photic potentiation
was observed when mouse ipRGCs were recorded in vitro using a multielectrode
array (Mawad and Van Gelder 2008). The reasons for these differences are not
apparent (Cooper and Mure 2008; Van Gelder and Mawad 2008). However,
whether or not melanopsin is able to regenerate 11-cis-retinal through sequential
photon absorption, it has also been reported that melanopsin uses a light-indepen-
dent retinoid regeneration mechanism (Walker et al. 2008). Similarly, an enzymatic
chromophore regeneration mechanism has also been described in Drosophlia
despite the presence of a bistable photopigment (Wang et al. 2010). Studies using
mice lacking outer retinal function may help to determine if long wavelength
enhancement of melanopsin-mediated behaviors in vivo is mediated by long wave-
length cone input to ipRGCs. Examination of individual native ipRGCs maintained
in vitro (Hartwick et al. 2007) may also contribute to determining whether mam-
malian melanopsin is truly a bistable photopigment.

Multiple ipRGC Subtypes with Widespread Axonal Projections

The existence of a non-rod, non-cone ocular photoreceptor was originally suspected
based primarily on the observation that mice lacking rods and cones synchronized
their circadian locomotor activity to the day/night cycle by the daily phase resetting
of their endogenous circadian clock (Ebihara and Tsuji 1980; Foster et al. 1991). As
described above, the SCN circadian oscillator regulates this behavior and the SCN
receives direct input from the retina (Moore and Lenn 1972; Hendrickson et al.
1972; Pickard 1982). Thus it was logical to first examine SCN-projecting RGCs for
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melanopsin expression (Gooley et al. 2001) and intrinsic photosensitivity (Berson
et al. 2002; Hattar et al. 2002). However, in their description of the efferent
projections of melanopsin-expressing RGCs, Hattar et al. (2002) indicated that
ipRGCs innervated not only the SCN but other brain regions as well (Hattar et al.
2002). Following these initial observations it has become clear that there are
multiple ipRGC subtypes that send their axons to many areas in the brain and
perhaps even back into the retina.

ipRGCs Targets in the Brain

It was known for some time before the discovery of ipRGCs that RGC axons
terminating in the SCN arose as collateral branches of optic axons (Millhouse
1977) that continued on to the intergeniculate leaflet (IGL) of the thalamus (Pickard
1985), that the IGL projected to the SCN via the geniculohypothalamic tract (GHT)
(Swanson et al. 1974; Pickard 1982) and that this indirect retinal input to the SCN
modulated circadian behavior (Harrington and Rusak 1986; Pickard et al. 1987,
Pickard 1989). Using a reporter mouse in which the melanopsin opn4 gene was
replaced with the tau-lacZ gene, Hattar and colleagues described melanopsin RGC
projections to the IGL in addition to the SCN, consistent with these earlier reports
(Hattar et al. 2002). The fau-lacZ gene codes for a protein consisting of the
B-galactosidase enzyme fused to a signal sequence from tau to promote axonal
transport of the reporter enzyme thus enabling visualization of melanopsin axons
throughout the brain (Hattar et al. 2002). Using this reporter mouse, melanopsin-
expressing RGCs were also described projecting to the olivary pretectal nucleus
(OPN) (Hattar et al. 2002), the region of the midbrain that regulates the pupillary
light reflex, and subsequently these projections were shown also to arise as collat-
eral branches of RGCs innervating the SCN in the rat (Gooley et al. 2003) and
golden hamster (Morin et al. 2003). Moreover, melanopsin RGCs were reported to
terminate in several sites in the rat hypothalamus in addition to the SCN, including
the ventral subparaventricular zone (vSPZ) dorsocaudal to the SCN and the ventro-
lateral preoptic nucleus (VLPO) lateral to the SCN (Gooley et al. 2003). As more
detailed examinations were performed in the mouse, more central targets of
melanopsin RGCs were revealed including the medial amygdala, lateral habenula,
superior colliculus and periaqueductal gray (Hattar et al. 2006). Melanopsin
projections to the superior colliculus were also described in the hamster (Morin
et al. 2003) but not in the rat (Gooley et al. 2003). It is interesting to note that the
dorsal raphe nucleus in the midbrain receives retinal afferent fibers but these do not
appear to originate from ipRGCs (Luan et al. 2011). Figure 3 provides an overview
of ipRGC projections.

Conspicuously lacking among the central targets of melanopsin-expressing
RGCs revealed by [-galactosidase axonal labeling in the tau-lacZ mouse was
a significant projection to the dorsal lateral geniculate nucleus (dLGN),
the thalamic relay to the primary visual cortex mediating visual perception
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Fig. 3 Schematic representation of fore- and midbrain projections of the rodent retina, with
special emphasis on targets of the ipRGCs (purple regions; thick red lines). Except for the median
raphe nucleus (MnR), all other brain regions illustrated are retinorecipient but not necessarily from
ipRGCs. Thick, broken blue line = geniculohypothalamic tract (GHT). Medium, broken black
line = S5HT projection from MnR to SCN. Thin, solid green lines — non-visual projections to IGL.
Thin broken black lines = reciprocal connections between MnR and DR. DLGi and DLGc —
ipRGC projections to the ipsilateral and contralateral dorsal lateral geniculate nucleus, respec-
tively. APTd anterior pretectal nucleus dorsal division; BNST bed nucleus of the stria terminalis;
CPT commissural pretectal nucleus; DLG dorsal lateral geniculate nucleus; DMH dorsomedial
hypothalamic nucleus; DR dorsal raphe nucleus; /GL intergeniculate leaflet; LH lateral hypotha-
lamic area; LPO lateral preoptic area; LP lateral posterior thalamic thalamic nucleus; MeA medial
amygdaloid nucleus; MnR median raphe nucleus; MPO medial preoptic area; MPT medial
pretectal nucleus; NOT nucleus of the optic tract; OPT olivary pretectal nucleus; OT optic tract;
PAG periaqueductal gray; PLi posterior limitans thalamic nucleus; PPT posterior pretectal
nucleus; Rch retrochiasmatic area; RHT retinohypothalamic tract; SC superior colliculus; SCN
suprachiasmatic nucleus; sPVz subparaventricular zone; VLG ventral lateral geniculate nucleus;
VLPO ventral lateral preoptic nucleus. Based on (Morin et al. 1992; Morin and Blanchard 1997,
1998; Hattar et al. 2002; Gooley et al. 2003; Horowitz et al. 2004; Hattar et al. 2006; Ecker et al.
2010). Adapted from Morin LP, (in press) Circadian visual systems of mammals. In: How animals
see the world, Lazareva OF, Shimizu T, Wasserman EA (eds), Chapter 21, pp. 389-415, Oxford
University Press. Figure generously provided by L.P. Morin (Stony Brook University)
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(Hattar et al. 2002, 2006). Although it is understandable that a photoreceptive
system conveying irradiance information centrally might not send signals to
the primary visual system mediating conscious visual perception, the absence of
B-galactosidase labeled axons projecting to the dLGN in the mouse stood in
contrast to work in the primate where melanopsin RGCs were retrogradely labeled
after tracer injection into the dLGN (Dacey et al. 2005). The apparent species
difference between rodent and primate regarding melanopsin afferents to the dLGN
is now recognized to be the result of an under-representation of the melanopsin
afferent fibers in the tau-lacZ reporter mouse. For reasons not well understood, the
B-galactosidase reporter protein is expressed at detectable levels only in =50% of
the melanopsin RGCs in the adult tau-lacZ mouse retina (Baver et al. 2008). Using a
new Opn4-reporter mouse line in which all melanopsin RGCs appear to express the
reporter protein, Hattar and colleagues have described widespread melanopsin
RGC axonal projections that include a substantial innervation in the dLGN
(Ecker et al. 2010).

A substantial projection of ipRGCs to the lateral geniculate body indicates that
the apparent dichotomy of “image-forming” and “non-image forming” visual
systems, often used to contrast ipRGCs from the rod and cone photoreceptors of
the primary visual system (Fu et al. 2005a; Peirson et al. 2009) is perhaps in need of
revision, since even at the level of the retina the ‘“visual” rod and cone
photoreceptors communicate with the “non-visual” ipRGCs. The role of ipRGC
input to the dLGN is still unclear although Dacey and colleagues have suggested
that dLGN-projecting ipRGCs in the primate might play a role in the conscious
perception of brightness (Dacey et al. 2005). This hypothesis is supported by
a report describing non-image-forming responses of two visually blind subjects,
one a 56 year old female with autosomal-dominant cone-rod dystrophy and the
other an 87 year old male patient with retinitis pigmentosa. In each case, the
patient’s circadian system appeared to be entrained to the day/night cycle and an
intact pupillary light reflex was elicited but only when light exposure was extended
to 10 s duration (brief light exposure was ineffective), apparently mediated by
ipRGCs (Zaida et al. 2007) and reminiscent of the light-induced iris constriction
described by Keeler (1927) in his blind mice. One subject was also reported to be
able to correctly identify the presence of a 481 nm test light but was unable to detect
light at shorter or longer wavelengths. This unprecedented luminance awareness
without conscious visual perception was described by the patient as “brightness”
(Zaida et al. 2007). These intriguing findings are clearly in need of further
investigation.

A role for melanopsin-based phototransduction in pattern vision in the absence
of rods and cones was recently reported. Ecker and co-workers (2010) used a mouse
strain in which rod and cone phototransduction had been genetically silenced by
disruption of the genes encoding rod o transducin (Gnatl) and cone-specific o3
cyclic nucleotide gated channel subunit (Cnga3) (Gnatl == Cnga37/7 double
knockouts) leaving only ipRGCs as functional photoreceptors. The dKO mice
were able to discriminate grating stimuli from equiluminant gray and had measur-
able visual acuity implying a role for ipRGCs in dLGN-mediated visual perception
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(Ecker et al. 2010). However, these findings have come under question because
it appears that the method used to silence rod and cone phototransduction in this
mouse strain may not have been completely successful; these mice apparently
retain significant and widespread outer retinal photoreception based on a
Gnatl-independent phototransduction mechanism downstream of rod opsin
(Allen et al. 2010). Thus the role of ipRGCs in pattern vision remains unclear.

ipRGC Intraretinal Signaling

ipRGCs send irradiance signals centrally via the optic nerve and in addition, these
novel ganglion cell photoreceptors also send signals to other cells in the retina
via both synaptic and non-synaptic mechanisms. ipRGCs provide light-evoked
excitatory signals to dopaminergic amacrine cells and they are coupled to
GABAergic amacrine cells via gap junctions.

ipRGCs Provide Excitatory Drive to Dopaminergic Amacrine Cells

Dopaminergic amacrine cells reside in the INL, receive bipolar cell input and
release dopamine through volume transmission, influencing visual signaling by
all major classes of retinal neurons, from photoreceptors to ganglion cells.
However, the mechanism by which light regulates dopaminergic amacrine cell
activity has remained poorly understood.

Dopaminergic amacrine cells release dopamine in response to flickering light
and steady background illumination, as well as during prolonged darkness
(Witkovsky 2004). It was demonstrated that this functional heterogeneity was
reflected at the cellular level by physiologically distinct subpopulations of dopami-
nergic amacrine cells which show transient, sustained, and null responses to light
(Zhang et al. 2007). ON-transient dopaminergic amacrine cells receive ON-bipolar
cell input, perhaps via ectopic ON-bipolar cell synapses in the outer sublayer of the
IPL (Dumitrescu et al. 2009) whereas input from bipolar cells is not required for the
excitatory light responses of ON-sustained dopaminergic amacrine cells (Zhang
et al. 2008). Surprisingly, ON-sustained dopaminergic amacrine cells receive
excitatory (glutamatergic) drive from ipRGCs (Zhang et al. 2008, 2010), perhaps
where their processes are in direct contact with ipRGC dendrites in the IPL near the
border of the INL. ON-transient dopaminergic amacrine cell responses to light are
absent in rd /rd” mice lacking rods and cones, consistent with the interpretation
that photoreceptors acting via bipolar cells provide signals to these cells (Zhang
et al. 2008). Conversely, when recordings were made in dopaminergic amacrine
cells in melanopsin knockout mice, none of the 35 cells examined that responded to
light stimulation showed ON-sustained responses, consistent with the previous
findings indicating that this subtype of dopaminergic amacrine cell is driven only
by ipRGCs (Zhang et al. 2010). This unprecedented ganglion cell signaling within
the retina provides a novel basis for light-evoked restructuring of retinal circuits



Intrinsically Photosensitive Retinal Ganglion Cells 77

via dopaminergic amacrine cells and indicates that information flow in the retina is
truly bi-directional.

Although dendrites of melanopsin RGCs are in contact with dopaminergic
amacrine cell processes in the IPL near the border of the INL (Ostergaard et al
2007; Viney et al. 2007; Vugler et al. 2007; Zhang et al. 2008), there is no direct
evidence that ipRGC signals to dopaminergic amacrine cells occur via their
dendrites. Another possible mechanism by which ipRGCs might communicate
with dopaminergic neurons is via ipRGC axon collaterals that loop back into the
INL to synapse on dopaminergic amacrine cells. RGCs sending axon collaterals
into the IPL have been described in cat (Dacey 1985), monkey (Usai et al. 1991)
and human retina (Peterson and Dacey 1998); in human retina ~2% the RGCs
examined had intraretinal axon collaterals that terminated in the outer half of the
IPL and arose from RGCs with sparsely branched monostratified dendritic trees that
aborized in the ON sublayer of the IPL (Peterson and Dacey 1998). In the cat retina,
a small number of varicose processes in the IPL stain for one of the isoforms of the
vesicular glutamate transporter (VGLUT?2) and it was suggested that these may
represent RGC axon collaterals (Fyk-Kolodziej et al. 2004); ipRGCs use glutamate
as a neurotransmitter and express VGLUT2 (Johnson et al. 2007; Engelund et al.
2010). A preliminary report indicates that indeed some ipRGCs may send axon
collaterals into the IPL (Joo et al. 2011).

ipRGCs Are Coupled to GABAergic Amacrine Cells via Gap Junctions

In addition to regulating the activity of ON-sustained dopaminergic amacrine cells in
the retina, it was reported that ipRGCs also influence the activity of other cells in the
ganglion cell layer of the retina via electrical synapses or gap junctions (Sekaran et al.
2003, 2005). These investigators examined light-evoked increases in intracellular
Ca** in cells in the ganglion cell layer and concluded that the light-responsive units
formed an extensive network that could be uncoupled by application of the gap
junction blocker carbenoxolone (Sekaran et al. 2003, 2005). However, Bramley et al.
(2011) have reported that carbenoxolone blocks the light-evoked rise in intracellular
Ca®* in isolated rat ipRGCs by blocking voltage-gated calcium channels; similar
effects of carbenoxolone on voltage-gated calcium channels have been described for
isolated amphibian cone photoreceptors (Vessey et al. 2004). The direct action of
carbenoxolone on light-evoked Ca”* responses in ipRGCs would have led Sekaran
et al. (2003, 2005) to greatly overestimate the extent of coupling between ipRGCs
and other cells in the ganglion cell layer of the retina. This is not to say that ipRGCs
do not form electrical synapses with other cells. Neurobiotin tracer injections into
individual ipRGCs revealed coupling to an average of ~8 widefield GABAergic
amacrine cells located in the ganglion cell layer; no homologous tracer coupling to
ipRGCs or heterologous coupling to other ganglion cells was observed (Miiller et al.
2010). Neither the connexins that mediate coupling between ipRGCs and
GABAergic amacrine cells nor the function of this electrical coupling between
ipRGCs and displaced amacrine cells is currently known.
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Different Types of ipRGC Have Different Central Targets

There are multiple types of ganglion cell in the mammalian retina. Based on
morphological criteria such as soma size, the level of dendritic stratification in
the inner plexiform layer (IPL), the extent of the dendritic field and the complexity
of dendritic branching, conventional ganglion cells have been grouped into many
types or clusters (Rockhill et al. 2002; Kong et al. 2005). Physiologically, ganglion
cells can be classified simply as belonging to one of three types; those that respond
to increments in light (ON cells), those that respond to decrements in light
(OFF cells), and those that respond to the initiation and termination of a stimulus
(ON-OFF cells). ON cells have their dendritic processes confined to the lower part
of the IPL, the ON substratum, where they typically receive input from ON bipolar
cells; OFF cells have their dendrites limited to the upper stratum of the IPL, the OFF
sublayer, and receive input from OFF bipolar cells. Ganglion cells with bistratified
dendritic arborizations in both the lower and upper layers of the IPL are ON-OFF
cells (Famiglietti and Kolb 1976; Nelson et al. 1978).

In their original report of SCN-projecting ipRGCs in the rat, Berson et al. (2002)
described these cells as sparsely branching and stratifying almost exclusively in the
OFF sublayer of the IPL, near the border of the inner nuclear layer (INL). In the
primate retina, two types of monostratified ipRGCs were described that send their
dendrites to either the inner or the outer sublayers of the IPL although both types
generated sustained ON responses to light stimulation recorded in vitro (Dacey
et al. 2005). It was very unusual to find ganglion cells with dendrites in the OFF
sublayer of the IPL generating ON responses to light (see below). When Baver et al.
(2008) retrogradely labeled SCN-projecting RGCs in the tau-lacZ reporter mouse
and examined cells for melanopsin, they found that the vast majority (80%) of
SCN-projecting ipRGCs deployed their dendrites to the OFF sublamina of the IPL
near the INL border and these cells were termed M1 cells. The remainder of
ipRGCs projecting to the SCN sent their dendrites to the ON sublayer of the IPL;
these cells were termed M2 (Baver et al. 2008). These two plexuses of melanopsin
dendrites in the inner and outer IPL of the mouse had been described previously
(Provencio et al. 2002). In addition, the melanopsin immunostaining of M1 ipRGCs
usually appeared more intense than the staining of the M2 cells suggesting that M1
ipRGCs expressed more melanopsin protein.

M1 and M2 ipRGC:s also project to the OPN in approximately equal proportions,
but they terminate in different regions of the OPN; M1 ipRGCs innervate the outer
shell region of the OPN where projection neurons that innervate the pre-autonomic
Edinger-Westphal nucleus reside (Baver et al. 2008). M2 ipRGCs send their axons
to innervate the OPN central core (Baver et al. 2008; Ecker et al. 2010). In addition
to sending their dendrites to different regions of the IPL, M2 ipRGCs are generally
considered to have a more complex dendritic arborization pattern and are approxi-
mately one log unit less sensitive to light compared to M1 cells (Schmidt et al.
2008; Schmidt and Kofuji 2009; Schmidt et al. 2011). The lower intrinsic
sensitivity to light would be consistent with the suggested lower level of
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melanopsin expression in these cells (Baver et al. 2008). Although M2 ipRGCs may
generate a smaller intrinsic response to light, the rod/cone mediated synaptic input
plays a greater role in shaping the integrated light-evoked responses and the resting
membrane properties of M2 cells than M1 cells (Schmidt and Kofuji 2010).

Both M1 and M2 ipRGCs receive excitatory input via the ON bipolar pathway
(Pickard et al. 2009; Schmidt and Kofuji 2010). The anatomical basis for this very
unusual ON physiological input to M1 ipRGCs with dendrites in the OFF sublayer
of the IPL appears to be mediated by ectopic synapses onto M1 ipRGCs from
ON-bipolar cells as their axons pass through the OFF layer of the IPL (Fig. 1)
(Dumitrescu et al. 2009; Hoshi et al. 2009). This arrangement has been described as
an accessory ON sublayer in the outer IPL (Dumitrescu et al. 2009). In addition to
the different morphological and physiological characteristics between M1 and M2
ipRGCs described above, very recently it has been reported that M1 cells can be
further discriminated into two subgroups based on a molecular marker, the tran-
scription factor Brn3b, with Brn3b-negative M1 cells projecting to the SCN and
Brn3b-positive cells innervating the shell of the OPN (Chen et al. 2011). It remains
to be determined if there are also physiological differences between these
subgroups of M1 ipRGCs.

In addition to M1 and M2 ipRGCs, an M3 ipRGC has been described with
dendrites located in both the ON and OFF sublayers of the IPL (Warren et al. 2003;
Viney et al. 2007; Schmidt et al. 2008). M3 ipRGCs form a morphologically
heterogeneous population with physiological properties similar to those of M2
cells (Schmidt and Kofuji 2011). It remains unclear whether M3 cells represent
a distinct ipRGC subtype (Berson et al. 2010). Using a Cre/loxP system, two
additional subtypes of ipRGC have been reported; both cell types (M4 and M5)
have dendrites that stratisfy in the ON sublayer of the IPL (Ecker et al. 2010). The
morphology of M4 and M5 cells are distinct from the other ipRGCs and although
they display a very weak intrinsic light response, no melanopsin can be detected in
these cells using immunocytochemical techniques (Ecker et al. 2010). The central
targets of M3 cells are unknown and it has been suggested that M4 and M5 cells
project to the dLGN, superior colliculus and OPN core (see Schmidt et al. 2011).
The specific physiological roles played by ipRGC subtypes remains to be deter-
mined and it is unclear what role the extremely weak intrinsic light response of M4
and M5 ipRGCs plays in the integrated light-evoked response of these cells. It is
interesting to note that in the tiger salamander retina, all ipRGCs are ON ganglion
cells and all ON RGCs appear to be intrinsically photosensitive (Rajaraman 2012).

ipRGC Input to the Ventrolateral Preoptic Nucleus

A series of papers reported that ipRGC input to the ventral lateral preoptic nucleus
(VLPO) can induce sleep. The VLPO is a region of the hypothalamus involved in
sleep homeostasis; VLPO neurons are active during sleep (Gaus et al. 2002). It was
previously established that the VLPO receives ipRGC input (Gooley et al. 2003;
Hattar et al. 2006) and it was well known that light can influence sleep, promoting
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alertness in day-active species and sleep in night-active species. Light presented to
mice during the dark period activates neurons in the VLPO and induces sleep.
These effects are still present, albeit reduced, in melanopsin knockout mice,
indicating that rods and cones also participate in the effects of light on sleep
(Altimus et al. 2008; Lupi et al. 2008; Tsai et al. 2009) although a recent report
indicates that some melanopsin KO mice exhibit light-induced photosomnolence
whereas other do not (Morin and Studholme 2011). The specific subtype of ipRGC
innervating the VLPO is currently unknown.

ipRGC Input to the SCN and Seasonal Affective Disorder

The SCN receives a dense serotonergic input that arises from the mesencephalic
median raphe nucleus. Selective destruction of serotonergic input to the SCN
amplifies circadian behavioral responses to light (Smale et al. 1990; Morin and
Blanchard 1991). One site of serotonin’s action in the SCN is at 5-HT, g receptors
on ipRGC terminals; activation of these presynaptic inhibitory receptors modulates
the response of the SCN to photic input (Pickard et al. 1996, 1999). Moreover,
5-HT, g receptor knockout mice maintained under short-day (winter-like) conditions
exhibit a delayed phase relationship to the day/night cycle (Sollars et al. 2006)
resembling the phase delay demonstrated by people suffering from recurrent winter
depression or seasonal affective disorder (SAD) (Lewy et al. 1987; Terman and
Terman 2005). Recently Provencio and colleagues described a missense variant of
the melanopsin gene in SAD patients (Roecklein et al. 2009). It is likely that many
factors contribute to the etiology of SAD, and these may well include reduced
sensitivity to light that may result from abnormalities in phototransduction in ipRGCs
(Roecklein et al. 2009) and/or abnormalities in 5-HT neurotransmission in the SCN
(Sollars et al. 2006).

Alterations in the phase angle of entrainment to the day/night cycle are
associated with alterations in the amplitude of the diurnal rhythm of plasma
corticosterone secreted from the adrenal cortex; a blunted cortisol rhythm has
been reported in SAD patients (Avery et al. 1997). The reduction in corticosterone
secretion may result from an altered phase relationship between the adrenal gland’s
innate circadian rhythm in steroid biosynthesis to the day/night cycle (Oster et al.
2006; Son et al. 2008). Although it is widely accepted that photic input to the
hypothalamus is mediated via the RHT to the SCN (see Ishida et al. 2005), it is
possible that ipRGC projections to the hypothalamus caudal to the SCN such as the
vSPZ (Pickard and Silverman 1981; Gooley et al. 2003; Hattar et al. 2006) may
provide direct photic input to hypothalamic neurons that regulate the autonomic
outflow to the major organs of the body. Corticosterone is a potent transcriptional
regulator and the daily rhythm of corticosterone secretion affects rhythmic gene
expression in the brain and many organs of the body (Balsalobre et al. 2000;
Lamont et al. 2005). It will be interesting to determine if ipRGCs send photic
signals to hypothalamic regions outside the SCN to regulate descending autonomic
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circuits that entrain the adrenal clock and thereby contribute to the regulation of
corticosterone secretion.

ipRGCs and Retinal Disease

It has been known for several decades that monosodium-L-glutamate (MSG)
administered during the neonatal period selectively destroys amacrine, bipolar
and ganglion cells in the inner retina resulting in atrophy of the optic nerves and
impaired vision in rodents, although the rod and cone photoreceptors are unaffected
(Olney 1969). Nemeroff et al. (1977) reported that MSG-treated rats with severe
optic nerve atrophy nevertheless showed normal light-induced reduction in serotonin-
N-acetyl-transferase activity in the pineal. This result indicated that despite the optic
nerve atrophy, sufficient photic signals reached the SCN (or other hypothalamic
nuclei) to regulate the well-known descending autonomic circuits to the pineal.
Pickard et al. (1982) subsequently examined photic entrainment of circadian activ-
ity rhythms and the central projections of the surviving RGCs in MSG-treated
golden hamsters and showed that the RHT was affected very little although the
primary visual pathways to the thalamus were markedly reduced. These
observations suggested that the RGCs that innervated the SCN were resistant to
glutamate-induced degeneration (Pickard et al. 1982). It was later estimated that
~90% of all RGCs were destroyed by MSG treatment whereas retinal input to the
SCN was reduced by only ~30% (Chambille and Serviere 1993). Among the small
subpopulation of RGCs in which the immediate-early gene c-fos can be induced by
light, only about one third are affected by MSG treatment, whereas >90% of RGCs
in which light does not evoke Fos are destroyed by MSG (Chambille 1998). The
vast majority of RGCs expressing Fos after light stimulation project to the SCN
(Hannibal et al. 2007) and these would appear to be M1 ipRGCs (Pickard et al.
2009). Collectively these data suggest that a major portion of the RGCs that
innervate the SCN survive neonatal glutamate-induced toxicity.

The mechanism(s) whereby M1 ipRGCs might be protected in vivo against
glutamate toxicity are unknown although the response of ipRGCs to glutamate
application in vitro appears to be more heterogeneous (Pickard, Hartwick and
Sollars, unpublished observations) than that described for conventional RGCs in
culture (Hartwick et al. 2008). The diverse response of ipRGCs to glutamate
application most likely results from the heterogeneous expression of glutamate
receptors and their subunits among ipRGCs although little is currently known about
the glutamate receptor subtypes expressed by different ipRGCs (Jakobs et al. 2007).
Similarly, the responses of cultured ipRGCs to the inhibitory neurotransmitter
glycine are not homogenous (Wiles et al. 2011) giving further evidence that
different ipRGC subtypes may have distinct neurotransmitter receptor profiles.

Glaucoma, characterized by RGC degeneration and damage to the optic nerves, is
a leading cause of blindness worldwide. Several different animal models of glaucoma
have been investigated to determine if melanopsin RGCs are injury-resistant.
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Melanopsin-expressing RGCs were found to be selectively spared compared to
conventional RGCs in a rat model of chronic ocular hypertension induced by laser
photocoagulation of the episcleral and limbal veins of the eye with resultant
elevated intraocular pressure (IOP) (Li et al. 2006, 2008). In a different rat model
of episcleral vein cauterization, melanopsin-expression RGCs were not apparently
spared (Drouyer et al. 2008; Wang et al. 2008) and functional deficits in irradiance
responses were reported (Drouyer et al. 2008). In a rat glaucoma model of chronic
ocular hypertension induced by weekly injections of chondroitin sulfate into the
anterior chamber, melanopsin-expressing RGCs were also found to be equally
susceptible to the deleterious effects of ocular hypertension and functional
deficits in irradiance responses were also described (de Zavalia et al. 2011). In
a model of inherited glaucoma (mouse strain DBA/2J) in which IOP is elevated,
melanopsin-expressing RGCs are not selectively spared (Jakobs et al. 2005).
Patients with early-stage glaucoma show no deficits in ipRGC function determined
by the postillumination pupil response whereas in people with advanced glaucoma,
ipRGC function was reduced (Feigl et al 2011). Conversely, axotomized
melanopsin-expressing RGCs show enhanced survival compared to conventional
RGC:s in the mouse (Robinson and Madison 2004). Melanopsin-expressing RGCs
were also substantially unaffected in patients with genetically determined neurode-
generative optic neuropathies that selectively affect RGCs due to mitochondrial
dysfunction (i.e., Leber hereditary optic neuropathy and dominant optic atrophy)
(La Morgia et al. 2010). Taken together, the data suggest that melanopsin-
expressing ipRGCs are relatively resistant to several pathological situations
although the mechanism(s) that protect the cells under these particular conditions
are unknown.

The Future

Since the discovery of ipRGCs less than a decade ago, a remarkable amount of
information has been gathered to document the idiosyncrasies of these neuronal
photoreceptors and the diverse array of connections and apparent functions these
cells subserve. It is clear that much work remains to be done, for although many
questions have already been addressed, few answers seem definitive, particularly
with regard to the basic phototransduction cascade. The development of novel
drugs that selectively inhibit melanopsin phototransduction will help answer
some of these questions. Novel applications of the melanopsin phototransduction
mechanism in cell lines, such as light-inducible transcription for drug delivery (Ye
et al. 2011) are sure to become more numerous. Still, as the mere existence of
ipRGCs eluded notice during the first century and a half of active retinal research, it
is a near certainty that future research on the structure and function of ipRGCs will
shed unexpected new light on most currently held notions of retinal organization.
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Quantifying and Modeling the Temperature-
Dependent Gating of TRP Channels

Thomas Voets

Abstract The ability to sense environmental temperatures and to avoid noxious heat
or cold is crucial for the survival of all organisms. In mammals, sensory neurons from
dorsal root and trigeminal ganglia convey thermal information from the skin, mouth and
nose to the central nervous system. Recent evidence has established that thermoTRPs, a
subset of the TRP superfamily of cation channels, act as primary temperature sensors in
cold- and heat-sensitive neurons. The gating of these thermoTRPs exhibits strong
temperature dependence, leading to steep changes in inward current upon heating or
cooling. The origin of this striking temperature sensitivity remains incompletely under-
stood. In this review, I propose criteria that define a thermoTRP, analyse the usefulness
and limitations of the commonly used parameters thermal threshold and Q;y, provide
an overview of possible thermodynamic principles and gating schemes for
thermosensitive TRP channels, and perform a meta-analysis of published work on
the molecular basis of the heat sensitivity in TRPV1. This review may form a useful
reference for the analysis and interpretation of further biophysical and structure-
function studies dissecting the molecular basis of thermosensitivity in TRP channels.

1 Introduction

1.1 Thermosensation in Mammals

Temperature sensing (or thermosensing) is arguably the most elementary sense.
We all know the intense pain when touching or ingesting noxiously cold or hot
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substances, which initiates a rapid avoidance reflex and helps preventing serious,
potentially fatal injury. Moreover, we are generally well capable of estimating the
ambient temperature, and, on average, feel most at ease at an ambient temperature
of around 26°C (Grivel and Candas 1991). Ambient temperatures that deviate too
much from the preferred temperature region initiate a variety human actions, all
aimed at increasing comfort and minimizing the energy expenditure required to
maintain the core body temperature around 37°C (Romanovsky 2007; Morrison and
Nakamura 2011).

Temperature sensing depends on sensory neurons that have their cell bodies in
trigeminal (TG) and dorsal root ganglia (DRG) and extend sensory nerve endings
into skin and mucosa (Basbaum et al. 2009). The membrane surrounding these
nerve endings contains a variety of ion channels. These include background and
voltage-gated K* channels that ensure a negative voltage over the membrane under
resting conditions; voltage-gated Na* channels that are required for the generation
of action potentials; and different types of Ca®* and/or Na*-permeable cation
channels that open in response to sensory stimuli, resulting in membrane depolari-
zation and, when a certain threshold is crossed, action potential initiation (Talavera
et al. 2008; Basbaum et al. 2009). These action potentials are then propagated along
the sensory neuron, ultimately leading to synaptic transmission toward second-
order neurons in the dorsal horn (DRG) or sensory nucleus in the brain (TG).
Members of the transient receptor potential (TRP) superfamily have been identified
as highly temperature-sensitive non-selective cation channels acting as primary
temperature sensors in thermosensitive neurons (Caterina et al. 2000; Davis et al.
2000; Lee et al. 2005; Moqrich et al. 2005; Bandell et al. 2007; Bautista et al. 2007;
Caterina 2007; Colburn et al. 2007; Dhaka et al. 2007; Talavera et al. 2008;
Basbaum et al. 2009; Vriens et al. 2011).

1.2 A Definition of ThermoTRPs

What defines a thermoTRP? Since all chemical and biochemical reactions are
temperature-dependent, some TRP channels must be somehow “extraordinary” in
their thermosensitivity to deserve the label thermoTRP. I propose that a thermoTRP
exhibits the following biophysical and functional characteristics:

(1) Steep temperature dependence
To function as a thermosensor, a thermoTRP must generate robust depolarizing
currents in response to a change in temperature. The temperature-sensitivity
of (inward) currents mediated by thermoTRPs has often been quantified in
terms of a Q;,-value, which can be calculated as the relative increase in current
amplitude at a specific voltage when temperature increases by 10 degrees, i.e.
as Q9 = Ity10/lr. As an admittedly arbitrary criterion I propose that a TRP
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channel must exhibit a minimal Q;, value of >5 (or < 0.2, in case of a cold-
activated channel) for inward current in a relevant temperature range to classify
as a thermoTRP.

(2) Expression in relevant cell types
Under healthy conditions, deeper structures of the body are kept at a relatively
constant core body temperature of ~37°C. Only cells in skin, eyes, mouth,
oesophagus and upper airways are exposed to external thermal variations of
more than a few degrees on a regular basis (Romanovsky 2007). To act as
thermosensors, a thermoTRP should be functionally expressed at sites that
experience significant changes in temperature, such as in skin keratinocytes,
sensory nerve endings, oral mucosa or taste cells.

(3) Underlie thermosensitivity of a physiological process
All known temperature-sensitive TRP channels are not only activated by
changes in temperature but also by other chemical and/or physical stimuli. In
many cases, it remains to be established whether the temperature-sensitivity is
relevant, or just an epiphenomenon of little or no physiological relevance. 1
propose that, for a TRP channel to classify as a thermoTRP, there must be
in vivo evidence that its temperature dependence underlies the thermosensitivity
of a (patho)physiological process.

According to the current TRP channel literature, at least 11 mammalian TRP
channels exhibit steep temperature dependence in accordance with criterion (1),
namely TRPV1, TRPV2, TRPV3, TRPV4, TRPM2, TRPM3, TRPM4 and TRPM5,
which are activated upon warming, and TRPMS8,TRPA1 and TRPCS, which are
activated upon cooling (Caterina et al. 1997, 1999; McKemy et al. 2002; Peier et al.
2002a, b; Smith et al. 2002; Watanabe et al. 2002; Xu et al. 2002; Chung et al. 2003;
Story et al. 2003; Talavera et al. 2005; Togashi et al. 2006; Karashima et al. 2009;
Vriens et al. 2011; Zimmermann et al. 2011). However, based on criteria (2) and
(3), several of these channels do not (yet) fully merit the title of thermoTRP. For
example, TRPV2 is activated by noxious heat and expressed in sensory neurons
(Caterina et al. 1999); yet, there is no convincing evidence that TRPV2 is involved
in heat sensing (Park et al. 2011). Likewise, TRPM2 is activated by heat, and it has
even been shown to modulate the temperature sensitivity of insulin release from
pancreatic islets (Togashi et al. 2006); yet, there is no evidence that pancreatic islets
exhibit TRPM2-dependent, temperature-sensitive insulin release in vivo. The heat-
activated TRPM4 is ubiquitously expressed, but as yet there are no indications that
it may modulate thermosensitivity of a physiological process. Even the contribution
to innocuous and noxious heat sensing of TRPV3 and TRPV4, which both have
been widely described as thermosensors involved in warmth sensation in skin
keratinocytes (Lee et al. 2005; Mogrich et al. 2005), has been recently questioned
(Huang et al. 2011). On the other hand, it is unclear from the literature whether
temperature sensitivity has been systematically tested for all TRP channels.
Thus, ongoing research in this field may cause the list of thermoTRPs to further
grow (or shrink).
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2 Parametrizing ThermoTRPs: Q;y and Thermal Threshold?

As a yardstick for quantitative comparison, many studies have used the Q;, and
thermal threshold (7},.) values to parameterize the responses of TRP channels to
cold and heat, and to pinpoint the effects of channel modulation and mutagenesis on
thermosensivity.

A widely used procedure to determine Q;y and Ty,,., is illustrated in Fig. 1.
Figure 1a shows a hypothetical whole-cell patch-clamp recording at fixed voltage
(e.g. =70 mV) from a cell expressing a heat-activated thermoTRP stimulated with a
temperature ramp from 20 to 50°C (scaling up the current amplitudes by ~3 orders
of magnitude may provide a simulation of a typical Xenopus laevis two-electrode
voltage-clamp experiment). The whole-cell current (Iypole-cenn) 1S the sum of the
current mediated by thermoTRP channels (Iypermorrp; Fig. 1b) and a background
current (Ipackgrouna)> Which consists of the non-cellular leak current through the seal
between pipette and membrane, and of any background current present in cell
membrane (Fig. 1c). Lijermorrp Was assumed to have a high thermosensitivity
(Q10 thermotrp = 30), and an amplitude of 2 nA at 50°C, which is in the middle of
the range of published data for TRPV1. In contrast, Ipickground Was assumed to have
a low thermosensitivity (Q ;¢ packgrounda = 1.4), a typical value for ionic diffusion,
and an amplitude of 70 pA at 50°C (which corresponds to a seal resistance of 1 GQ,
quite a good seal quality at this elevated temperature). Figure 1d show a different
representation of these data, relating the logarithm of Iyge-cenr to the reciprocal of
the temperature in Kelvin, as in an Arrhenius plot (bottom X-axis). In this
representation, the Q;¢ values of Linermorrp and Ipackground Can be determined from
the slope (m) of the tangent lines to the low and high temperature parts of this plot:

10m

Q=107 )]

T.1res has been defined as the temperature at which these tangent lines intersect,
yielding ~39°C in this example (Fig. 1d).

Although the value of T,,,.; might give an indication about the temperature range
in which the channel could play a physiological role, this parameter appears to be a
poor and sometimes even misleading descriptor of the actual temperature sensitiv-
ity of the channel. Firstly, thermal activation of thermoTRPs is not governed by a
single characteristic thermal threshold. Instead, activating changes in temperature
result in a steep but gradual increase in channel open probability, from undetectable
to detectable levels. This is comparable to strongly voltage-gated K*, Na*, Ca*,
or H* channels, whose open probability increases steeply with voltage, without
exhibiting a single voltage threshold. Interestingly, as many thermoTRPs are also
voltage-gated, T,,,., values will change depending on the voltage at which they
were determined measured. Thus, the use of T, gives the false impression that
activation of thermoTRPs is an all-or-nothing event.

Secondly, T,,,.s is very sensitive to factors that are not related to the gating
and temperature dependence of the thermoTRP under study. In particular, Ty,cs
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Fig. 1 (a—c) Simulation of whole-cell current in a cell expressing a heat-activated thermoTRP,
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is very sensitive to changes in the relative amplitude of Iiermorrp COmpared to
Ibackgrouna (Fig. le—g). As illustrated in Fig. le, increasing the amplitude of
Linermotrp le€ads to a significant reduction in Ty, (Fig. le), whereas an increase
in Ipackground Shifts Tyy.es to higher temperatures (Fig. 1f). Figure lg shows
the actual relationship between Tyj.es and Iinermorrp/Ibackgrouna (at 50°C) for
Q10.hermorp Varying from 10 to 30. It can be appreciated that moderate
variations in the expression levels of the thermoTRP under study, which are
inherent to overexpression studies, or in the amplitudes of the background and
leak currents, which is inherent to the patch-clamp technique, lead to significant
changes in T,..s. These changes are more pronounced for lower Qo mermorrRP
values. Thus, overall, T,,., has no clear relation to the thermosensitivity of the
thermoTRP under study, and can change greatly without changes to the actual
thermosensitive gating process.

Given these considerations, the use of T,,.; to describe and compare the
temperature-sensitivity of different thermoTRPs should be discouraged. Nonethe-
less, the TRP channel literature provides ample examples of the misconceptions
that can arise from the use of thermal threshold. For example, based on initial
studies describing the heat activation of TRPV1 in oocytes, many later studies have
taken a T, of 43°C for this channel for granted. Moreover, based on this 43-°C
threshold value, the potential roles of TRPV1 in thermosensitive processes that
take place at normal body temperature have been widely discarded. In contrast,
the finding that TRPV 1-antagonists cause hyperthermia provides strong evidence
that this channel is involved in thermosensation at ~37°C. T, has also been used
to compare and evaluate the effects of mutations and signaling pathways on the
thermosensitivity of TRP channels. Based on the above, it is clear that such an
approach is only valid when both TRP channel expression levels and Iyackgrouna are
kept constant. Arguably, these conditions are not readily met in typical patch-clamp
or Xenopus laevis oocyte studies.

Q0. thermotrp can be used to determine whether a channel classifies as a
thermoTRP (see above) and may provide relevant thermodynamic information on
temperature dependence of channel gating (see below). However, also here some
caution is warranted. Firstly, the apparent Qo (Q ;0 apparens) €Stimated from the
slope of plots as illustrated in Fig. 1d only provide a good estimate of the actual
010, thermorrP WheN LinermotrP = Ibackeround- Indeed, it can be shown that

1 o I thermoTRP X log QlOJhermoTRP +1 background X lOg QlO,background
0g QIOA,apparent —

I thermoTRP I background

2

implying that Q9 apparens varies with Iipermorrp/Ibackgrouna (Fig. 1g). Rearrangement
of Equation (2) yields the following expression for Q¢ smermorrP

background Ibackground
1478 x1o; ont — Tk x1o; ke
0 — 0( [— g Quo.apparen =7, — = > X108 Q10 packground 3)
10,thermoTRP —
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which can be readily applied whenever Iyackoround €an be estimated, e.g. by appli-
cation of a blocker of the thermoTRP current or by extrapolation. A short survey of
the literature indicates that Q;o apparens 1S Tegularly determined under conditions
where LinermorrpP/Ibackground < 10, which, according to Equation (2), leads to signifi-
cantly erroneous estimates of Q¢ mermorrp- This analysis also provides an explana-
tion for the fact that reported Q;, values for thermoTRPs can vary by almost one
order of magnitude, even within a single study.

Secondly, Q;, values derived from whole-cell current recordings reflect
the combined thermal sensitivity of the gating and the permeation of the
thermoTRP  under Stlldy: QIO,thermoTRP = Q]O,gating X QIO,permeation- Accurate
values for Qo permeation Of some TRP and other channels have been obtained
based on temperature-induced changes in single-channel conductance, yielding
values in the range between 1.3 and 2. Thus, it is advisable correct for effects on
permeation when describing the thermal sensitivity of TRP channel gating,
according to:

Q 10,gating = Q 10,thermoTRP /Q 10,permeation (4)

Overall, these theoretical considerations indicate that T,.., and uncorrected Q
cannot be considered as robust descriptors of the gating of thermoTRPs. Moreover,
real-life factors such as current noise, uncorrected amplifier off-set, uncompensated
series resistance, speed of the temperature changes and leak-subtraction protocols
can lead to further spurious changes in estimates of Ty,., and Q;o. To understand
the mechanisms of temperature-dependent gating and its modulation by site-
directed mutagenesis, ligands, phosphorylation and more, there is a clear need for
parameters that are both more robust and more informative. This may be achieved
by analysing the experimentally derived gating properties of thermoTRPs using
mathematical models that describe the temperature-dependent transitions between
closed and open states of the channel in terms of thermodynamically relevant
parameters.

3 Basic Characteristic of Prototype ThermoTRPs: TRPMS
and TRPV1

As the gating behavior of the heat-activated TRPV1 and the cold-activated TRPMS8
has been studied in most detail, these will be used in this work as the two
thermoTRP prototypes. Figure 2a—d show typical steady-state whole-cell currents
for these two channels at different voltages and temperatures, such as they can be
readily measured upon overexpression in cell lines such as HEK293, COS or CHO.
Qualitatively and quantitatively highly similar recordings can be found in published
work from different groups (Caterina et al. 1997; McKemy et al. 2002; Peier et al.
2002a; Brauchi et al. 2004, 2006; Voets et al. 2004; Rohacs et al. 2005; Bandell
et al. 2006; Matta and Ahern 2007; Voets et al. 2007; Grandl et al. 2010; Mahieu
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Fig. 2 Properties of steady-state whole-cell currents mediated by TRPMS8 (fop) and TRPV1
(bottom). (a, d) Steady-state whole-cell currents at the end of voltage-steps to the indicated
voltages at temperatures ranging from 15 to 45°C. (b, e) Temperature-dependence of currents
measured at +70 mV (red traces) and —70 mV (black traces). (c, f) Voltage-dependent activation
curves, determined from steady-state currents as in panels (a) and (d)

et al. 2010). Importantly, the temperature dependence of these two channels is
preserved in cell-free membrane patches and even in artificial bilayers (Tominaga
et al. 1998; Voets et al. 2004; Zakharian et al. 2010), indicating that temperature
sensitivity is not dependent on cellular signaling pathways but rather represents an
intrinsic property of these channels.

A first characteristic is the outward rectification of the steady-state current-voltage
relations of both channels (Fig. 2a, d). As the single channel conductance of TRPMS8
and TRPV1 is virtually voltage-independent, the rectification reflects the fact that
these channels are voltage-gated and activated upon depolarization. A second char-
acteristic is the voltage-dependence of the temperature sensitivity of both channels
(Fig. 2b, e).During gradual cooling, activation of TRPMS at depolarized potentials
precedes that at negative potentials. Likewise, outward TRPV1 currents can be
measured at lower temperatures than inward currents. Based on these data, it has
been postulated that temperature-dependent activation of these and other
thermoTRPs can be described — at least partly — as graded, temperature-dependent
shifts of their voltage-dependent activation curves, as illustrated in Fig. 2c, f.

It should be noted that most — if not all — thermoTRPs can also be activated
by chemical ligands, such as menthol (TRPMS) or capsaicin (TRPV1). Recent
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research indicates that, as illustrated for TRPMS, a functional thermoTRP channel
can have four independent and energetically equivalent ligand binding sites
(Janssens and Voets 2011). For simplicity, we focus in the remainder of this review
solely on the temperature-dependent gating of thermoTRPs.

4 Models of Thermosensitive Gating

Below, an overview is provided of different potential gating schemes that can be
envisaged to model the biophysical properties illustrated in Fig. 3.

4.1 Linear Models

4.1.1 The Two-State Model

A two-state model represents the simplest possible gating scheme for any regulated
channel (Fig. 3). The equilibrium between the open (O) and closed (C) state of the
channel can be the described by the equilibrium constant K:

0 —AH + TAS + zFV
p &)

K:—:
c & RT

where AH is the difference in enthalpy (in J mol ') and AS the difference in entropy
(in T mol " K™') between the O and C state, z the gating charge (which equals 0 in
the case of a voltage-independent channel), V the transmembrane voltage, F the
Faraday constant and R the universal gas constant. The channel’s open probability
is then given by:

0 1 1
P ": pu— pu— . 6
P04+ C 1+4 l—l—exp(iAH’TﬁTS’ZFV) ©)
K=o/
TT11111) TIII11L, TTIT11]
LOUUU N
NG
YT 88000000 YY)

Fig. 3 Graphical
representation of the c o
two-state model (closed) (open)
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Popen changes with temperature according to:

2
dPopen 1 w exp [ M —TAS —zFV | (AH —zFV)
dT \ 1 + exp(M=LAS=:1V) P RT RT?

)

assuming that AH, AS and z do not change with temperature. It follows that a
channel is heat-activated (i.e. dPypen/dT > 0) when (AH-zFV) > 0 and cold-
activated when (AH-zFV) < 0 (Nilius et al. 2005). Equation (7) can be rearranged
to obtain the theoretical slope of the Arrhenius plot:

dlog Popen . 1 1 y (AH _ ZFV) (8)
d(1)T) ) Inl0 1+exp(w) R .
This yield the following equation for Q¢ gating:
10 o — l+ — X(AHﬂsz)
010.gating = 10' 10 1+EXP(W) RT )

010,gating is maximal at low open probabilities (i.e. when AH-TAS-zFV > 0),
where

(AH FH

QIO .gating ~ 104 AT . (10)

This implies that AH can be readily estimated when Q¢ gaine has been accurately
determined at low Pgpep:

2

RT
AH = 434 logQIOgatzng+ZFV (11)

For example, in the case of a heat-activated thermoTRP with a Q¢ guing Of 30
measured at —70 mV and 40°C, and with z = 0.7, this yields a AH of +240 kJ/mol
(+57 kcal/mol).

In the case of thermoTRPs that are both temperature- and voltage-dependent,
as is the case for TRPMS, TRPV1 and several other thermoTRPs, Equation (6) can
be rewritten as

1
L+exp(&(Vip—V))

Papen = (12)

where V|, represents the voltage for half-maximal activation. V,,, changes linearly
with temperature according to:

Vip =5 (AH TAS). (13)
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Thus, AS and AH can be readily derived from the slope and the intercept of a linear
fit to experimentally derived V,, values in function of temperature.

In some cases, it is also possible to experimentally determine the temperature
dependence of the kinetics of the transition between the two states. This can be
achieved by measuring the mono-exponential time constant (t) of current relaxation
following a step-wise change in temperature or voltage. For the two-state model,
7 is related to the opening rate (o), closing rate () and steady-state probability:

Poen 1_P0en
o =2 and f = —2F=, (14)
T T

Following Eyring rate theory, o and [ depend on temperature and voltage
according to:

khT —AHopen+TASopen-+6:FV
=2 o I3

h

d ﬁ _ k”l . e—AH[.,m(ﬁTA}S{T/(M7(1—6):FV (15)
h

where AHgpe, and AHge represent the enthalpies and ASg,., and ASj
the entropies associated with channel opening and closing, o the fraction of the
gating charge moved in the outward direction, k, the Boltzmann constant
(1.38 x 10~* J/K) and h the Planck constant (6.63 x 107> J/s). Experimentally
derived values for o and 3 can be represented as an Arrhenius plot (In(a) and In(f3)
in function of (1/T)) and fitted with a linear function, which allows easy determina-
tion of AHgpen, AHcioses ASopen and ASgjqqe given that:

Ing — <lng N ASWZ)  AHypen — 92FV y <l>

h' R R T
(KT ASese\  AHups + (1 —0)2FV (1
lnﬁ—<lnh+ - > R () (16)

Note that AH = AHgpen — AHgiose and AS = ASqpen — ASgjose.

To a large extent, the results obtained for TRPV1 and TRPMS agree well with
the predictions of this two-state model in the temperature range between 10°C and
45°C (Voets et al. 2004, 2005). For example, as predicted by Equation (13), there is
a quasi linear relation between V,,, and T, and the slope of this relation increases
when z is reduced due voltage sensor mutations in TRPMS8 (Voets et al. 2007).
Likewise, current relaxation time courses for TRPMS8 and TRPV1 in response to a
sudden change in voltage or temperature are relatively well described by a mono-
exponential function (Voets et al. 2004; Yao et al. 2011), and the Arrhenius plots for
o and P are linear in the tested temperature range (Voets et al. 2004). This approach
has allowed determination and comparison of values for AHypen, AHciose, ASopen
and AS_.s. for different cold- and heat-activated thermoTRPs, which allows quite
accurate simulation of the temperature-dependent kinetics and steady-state behav-
ior of these channels (Voets et al. 2004; Talavera et al. 2005; Karashima et al. 2009;
Vriens et al. 2011).
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Recently, Clapham and Miller put forward the hypothesis that gating of
thermoTRPs is accompanied by large changes in molar heat capacity (AC,), in
the range between 8 and 20 kJ mol ! K7! (2-5 kcal mol ! K*I) (Clapham and
Miller 2011). Following the laws of thermodynamics, AC,, determines how AH and
AS change with temperature, according to:

AH(T) = AHy + AC,(T — Ty) = (AHy — AC,Ty) + AC,T 17)
and
AS(T) = ASy + AC, In(T/Ty) = (ASy — AC,InTy) + AC,InT ~ (18)

where AHy and ASg represent the difference in enthalpy and entropy between the
closed and open channel at temperature T,. For example, if we consider 0—60°C as
the physiologically relevant temperature range in which thermoTRPs operate and
Ty = 0°C (273 K), then the maximal relative change in AH and AS in this
temperature range is given by:

AH(60°C) 60K x AC
=1 L 1
AH(0°C) T AH, (19)
and
AS(60°C) 0.198 x AC,
ek Skl Sttt ) 20
AS(°C) T A, (20)
Whenever [AHo| > [60 K x AC,|and |ASy| > |0.198 x AC,|, AH and AS can be

considered constant and Equations (7-13) are valid. However, if|60 K x AC,| is
large compared to |AHy|, the difference in enthalpy between the closed and open
channel varies significantly in the relevant temperature range and Equations (7—13)
are no longer accurate. Importantly, from Equation (17) it also follows that AH
equals zero and changes sign at temperature Tag—o:

AH,
Tan—0 =To — —. 21
AC,

At this temperature, the channel switches between a heat-activated (AH > 0) and a
cold-activated (AH < 0) mode. Based on this, Clapham and Miller postulate that
every thermoTRP is both heat- and cold-activated. Figure 4 illustrates the effect of
varying values of AC,, on the temperature dependence of AH, AS and P, for a
generic thermoTRP.

Although intriguing, the published data on thermoTRPs do not provide any
evidence that gating of thermoTRPs is accompanied by large changes in molar
heat capacity. In contrast, several studies have shown a quasi-linear relation
between In(K) and 1/T (Equation (5)) or between V,, and temperature



Quantifying and Modeling the Temperature-Dependent Gating of TRP Channels

103

a AC, (kJ mol” K™) b 2-
600 0
— 2
—
R 4001 ___ 16 -~
— ¥
=] -
E 200 — 3
2 E
S =3
aE = 04
< 04 & 0
=
-200 4
; ; . ; . . -1 v - T T T .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Temperature (°C) Temperature (°C)
c d
1 «
200 4
0.1 4
e 04
A >
§ 0.01 €
0.8 o
1E-3 4 - -200 4
1E-4 4
-400 A
1E-5 T T T T T g T T T T T 1

Temperature (°C) Temperature (°C)

Fig. 4 Effect of AC, on AH (a), AS (b), Popen (¢) and V; (d) for the two-state model. Values of
ASo, AH, and T, were chosen such that AH = 180 kJ mol~' and AS = 0.58 kJ mol~' K~' at 30°C
in all cases and z = 0.8 (similar to published values for TRPV1)

(Equation (13)) for different thermoTRP in the physiological temperature range,
indicating that AH is relatively constant. Moreover, there are no examples in the
literature of thermoTRPs that switch between a heat-activated and a cold-activated
mode, despite the fact that many have been tested across the entire physiological
temperature range. Therefore, in the absence of such experimental evidence (or
better: direct calorimetric measurements of ACP), the assumption of constant AH
and AS in the physiological temperature range remains valid.

4.1.2 Multistate Linear Models

Based on kinetic analyses of whole-cell or single-channel recordings, linear models
with more than one closed and/or open states have been proposed for certain TRP
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Fig. 5 Graphical representation of the general multistate linear model

channels (Grandl et al. 2010; Yao et al. 2011). In general, for a linear model with n
states (Fig. 5), there are n — 1 equilibrium constants (K; to K;,_), each of which
depends on temperature and voltage as in Equation (5):

K; = exp (_AHi +TAS + ZiFV) . (22)

RT

With m closed and n — m open states, the open probability is given by:

1

Popen = 1+ 1K, +K XKy + .. K xKa X ... XK1
K XKy X ... XKyy+Ky XKy X .. X Ky XKy 1 4. +Kp XKy X XK

1
ST >
=0 11

_ i
27:,,‘,,1]'@-

1+

The general equation for the temperature-induced changes in Pgpeq (dPgpen/dT) for
such linear models is impractically complex. However, assuming that all transitions
towards the nth state are heat-activated (i.e. AH; > O for all transitions), all
equilibrium constants will be <1 at increasingly low temperatures, where Equation
(23) simplifies to

=S CAH; + TS, AS; " ZiFV
Popen = Ky x Ky X ... x K,y = exp( izt T + 2 )

RT
(24)
Under such conditions, the limiting Q¢ gating 1S given by
(Z, 1 Zz 7 u
Q10,garing = 10" = HQm, (25)

where Q;¢; represents the temperature sensitivity of the ith transition. Thus, the
total change in enthalpy leading to channel opening can be obtained by determining
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asymptotic Q¢ gating at low Pypeq, similar to the limiting slope method that has been
widely used to determine the total gating charge of voltage-gated channels (Almers
1978). A similar analysis applies to a cold-activated channel at increasingly high
temperatures, in case all transitions are cold-activated.

It has been postulated that the high temperature-sensitivity of certain thermoTRPs
may be generated by sequential mildly temperature-sensitive transitions between
multiple open states. In particular, it was stated that the temperature sensitivity of
the overall open probability (i.. Qo gaing) is the product of the temperature
dependencies of individual sequential gating transitions between multiple open states
(Grandl et al. 2010). However, the above analysis indicates that this postulate is not
generally applicable. Instead, the overall temperature sensitivity represents the com-
bined temperature dependencies of individual sequential gating transitions leading to
the first main open state, rather than the combined temperature dependence of
transitions between open states.

4.2 Allosteric Models

The linear models described above do not make any assumptions about the molec-
ular basis of the changes in enthalpy and entropy that occur when the channel
transits between the different states. In principle, these changes may occur all over
the channel protein (and even in associated molecules). However, it can be
envisaged that specific domains of the channel act as thermosensing modules that
change from a resting to an activated state in function of temperature and thereby
modulate channel gating (Brauchi et al. 2004; Latorre et al. 2007). Several possible
models can be employed to describe the gating of thermoTRPs containing one or
more such thermosensing modules. Such models have been termed “allosteric”
(from the Greek aAlos = other, and Gtepeos = object), to emphasize that the
thermosensing occurs at a site other than the active site of the channel, being
the pore. For a discussion on the use and misuse of the term allosteric, I refer the
reader to the excellent treatise by Colquhoun (1998).

4.2.1 The Monod-Wyman—Changeux-Type Allosteric Model

The Monod—Wyman—Changeux (MWC) allosteric model was originally developed
to describe the cooperative binding of oxygen to hemoglobin, a tetrameric protein
with four oxygen-binding sites (Monod et al. 1965). In the MWC model it is
assumed that the » subunits (four, in the case of hemoglobin) undergo a concerted
transition from a ftense (T) to a relaxed (R) state; subunits in the R state have a
higher affinity for ligand than in the T state, and, consequently, ligand binding
changes the equilibrium of the protein in favor of the R state (Monod et al. 1965).

This MWC model can be adapted for a thermoTRP with n thermosensing
modules, where the C and O states of the channel are the equivalents of the T and
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Fig. 6 Graphical
representation of the MWC
model for a channel with two
thermosensing modules. Blue
and red circles represent
thermosensing modules in the
resting and active state,
respectively
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R states (Fig. 6). Each thermosensing module can be in either the resting or the
active conformation, analogous to the free and ligand-bound state of the binding
sites in the original MWC model. In this scheme, a channel has n + 1 closed and
n + 1 open states, denoted as C;—C,, and Oy—O,,, where the subscript indicates the
number of thermosensing modules in the active conformation. The equilibrium
between two closed states is given by:

G _(n+1—i)
G, i

Lc (26)

and

—AH¢c + TAS
Lc =exp (%) @7

where L determines the equilibrium between the resting and active conforma-
tion of a thermosensing module in a closed channel, which depends on AHc, the
difference in enthalpy, and ASc, the difference in entropy between these states.
Note that AHc > 0 for a heat-activated and AHc < O for a cold-activated
module.
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When all thermosensing modules are in the resting state, the equilibrium between
the closed (Cp) and open (Oyp) state is given by:

O —AH TA F
0 ( o+ TASy +z V>. 28)

Ky=—=
0= ¢, P RT

With the assumption that the thermosensitive elements are concentrated in the
thermosensing modules, it can be stated that

aK,
dT

dLe
dT

(29)

which implies that [AH¢| > |AHy|.

If we further assume that the n thermosensing units are independent and equiva-
lent, and that activation of each thermosensing unit changes the enthalpic difference
between the closed and open state by a factor AAH/n, we obtain that:

0 —i(AAH — TAAS)
K; = a =K exp< RT > . 30)
Note that
—i(AAH — TAAS)
exp( RT ) >1 (31)

since we assume that activated thermosensing modules promote channel opening.
It follows that

0. - Lo (32)
where
Lo = Lcexp <_(ANZ ;TTAAS) > . (33)
The probability that the channel is in one of the n + 1 open states is given by
Popen = ; (34)
(14+L¢)

1+

Ko(1+Lo)"
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In case of a voltage-gated channel, this equation can be rewritten as

1
Popen - U U\ (35)
1 +exp (V‘/’ V)
where V; is given by
nRT 1+ Lc
Vip= AHy — TAS —— In . 36
12 = ( 0 0) + P (36)

First, consider the temperature range where Lo < 1 and Lo < 1, i.e. when
—AHc + TASc < 0 and (AHc + AAH) + T(ASc + ASS) < 0. In this tempera-
ture region, the thermosensing modules are mainly in the resting form, and gating
can be approximated using a two-state model in which the channel shuttles exclu-
sively between states Cy and O, with open probability:

1
4z

Popen ~ (37)

In case of a voltage-gated channel, the voltage for half-maximal activation is then
given by:

1
~—(AHy — TASy). 38
Vi zF( 0 So) (38)

Next, consider the temperature range where Lo > 1 and Lo > 1, i.e. when
—AHc + TASc > 0 and —(AHc + AAH) + T(ASc + ASS) > 0. In this tempera-
ture region, the thermosensing modules are mainly in the active form, and gating
can be approximated using a two-state model in which the channel shuttles exclu-
sively between states C,, and O,, and open probability is given by:

1
Popen = 39
pen 1 + [(L” ( )
with
—AH, +TAS, + zFV
K, = exp( RT ) 40)

where AH,, = AH, + AAH and AS,, = ASy + AAS.

Functionally most important is the temperature range where Lo > 1 and
Lc < 1. In this temperature range the temperature-sensitivity is the highest. Gating
can be approximated using a two-state model in which the channel shuttles between
states Cy and O,, and open probability is given by:

1

Popen =~ ——— 41
o M T @41)
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with

K* = exp (—AH + TAS* + zFV) 42)

RT

where AH" = AH, + nAHc + AAH and AS™ = AS; + nASc + AAS.

Analogous to Equation (10), AH" is related to the maximal value of Q10,gating at
o (AH* —2FV)
low open probabilities: Q10 garing ~ 1043

4.2.2 The Dual-Allosteric Coupling Model

An even more modular view of thermoTRP channel gating is represented by the
dual-allosteric model (Brauchi et al. 2004), which is an adaptation of a model
originally derived for large-conductance Ca®*-activated K* channels (Horrigan and
Aldrich 2002). In this model, the channel gate and distinct voltage and temperature
sensors are envisaged as separate, allosterically coupled channel modules (Fig. 7).

The equilibrium between the resting (Rt) and activate (At) state of the temper-
ature sensors is analogous to Equation (27):

Lt

Ar _ exp (M) (43)

“Rr RT

whereas the equilibrium between the resting (Ry) and activated (Ay) state of the
voltage sensor can be written as

zFV

Ay
Ly=or=L £ 44
TRy VOeXp(RT) “@4)

where Ly is the equilibrium constant at 0 mV (Note that this equation is equivalent
to Equation (7) with AH = 0 and AS = RlnLyy).

The voltage and temperature sensors are allosterically coupled to opening of the
channel, which is quantified by the allosteric coupling constants Dy and Dr,
respectively. The equilibrium of the channel gate is given by:

0 4 .
E:DLXD]TXKG (45)

where i and j represent the number of active voltage and temperature sensors,
respectively, and Kg the equilibrium constant for channel gating when all sensors
are inactive. Kg has been assumed to be voltage- and temperature-independent and
<1, and represents a lower limit to the channel’s open probability. Interaction

between voltage and temperature sensors can be defined by an additional allosteric
factor E, which equals 1 in case the temperature and voltage sensors do not interact.
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Fig.7 Graphical representation of the dual allosteric model for a channel with one thermosensing
and one voltage-sensing module. Blue and red circles represent thermosensing module in the
resting and active state, respectively. The voltage sensor is represented by the rod with the plus
sign, being intracellularly oriented and orange when in the resting state, and extracellularly
oriented and red when in the active state

Assuming E = 1 and an equal number (n) of voltage and temperature sensors,
the channel’s open probability is given by

1

Popen = 1+ (1+Ly+Lr+LyLy)"
KG(1+LvDV+LTDT+LvLTDvDT)n

(40)

When all voltage sensors are in the resting states (i.e. at very negative voltages,
where Ly ~ 0 and LyDy =~ 0), Equation (46) simplifies to

1
Popen ~ w . (47)

I+ K(1+LrDr)"

The steepest temperature dependence of Pgp., occurs at temperatures where
Lt < 1 and LtDt > 1, where

1L “48)
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with

K™ = exp <_AHR";TAS> (49)

where AH™" = nAHt and AS" = nASt + RInKgD¢". This yield a maximal
QlO,gating given by

4.34x AT
Ql(),gating ~ 10 k2 . (50)

5 What Is the Best Model?

Although, at first sight, the above-described models may seem quite different, it can
be readily shown that the two-state and MWC-type model are actually special cases
of the dual-allosteric model. The MWC-type model represents the case where
allosteric coupling between channel gating and the voltage sensor(s) is very strong,
i.e. that the channel is open when the voltage sensors are active, and closed when the
voltage sensors are inactive. This is the case when Ly < 1 and LyDy > 1, where
Equation (47) reverts to Equation (34), with Lc = Ly, Lo = LtDr and K, =
KgLyDy. The two-state model represents the case where the allosteric coupling
between channel gating and both the temperature sensor(s) and the voltage sensor
(s) is very strong, i.e. when both Ly < 1 and Lt <« 1, and LyDy > 1 and LDy
> 1. Now Equation (47) reverts to Equation (6), with K = Kg x (LyDyL1D7)", or
AH = nAHt and AS = nASt + nRInLyDyDr.

When choosing the best model to describe the gating of thermoTRPs, one may
be guided by Occam’s razor, which recommends the use of the simplest model that
adequately describes the available experimental data. In this respect it should be
noted that the number of free parameters for the description of steady-state currents
(or Pypen), increases from 3 for the two-state model (AH, AS and z) to >8 for the
MWC-type and dual allosteric model. For example, the steady-state data for
TRPMS8 and TRPV1 shown in Fig. 2 are adequately described by the two-state
model. Fitting these whole-cell data with the more complex models can yield a
comparable fit, but will inevitably lead to interdependence of parameters, resulting
in non-uniqueness and unacceptable errors on some parameter estimates.

There are, however, experimental observations that may urge the use of the more
complex models. For example, both the two-state and the MW C-type model predict
that voltage-gated thermoTRPs can be fully opened and closed by voltage, inde-
pendent of temperature (Fig. 8a). In contrast the dual-allosteric model predicts that
the minimal (Popenmin) and maximal (Pgpenmax) Open probability that can be
achieved by voltage change with temperature (Fig. 8b), according to:

1

Popen,min(T) = W > 0 (51)

1 + K(;(1+LTDT)”
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Fig. 8 Theoretical differences between the two-state, MWC and dual allosteric model, illustrated
for a cold-activated channel. (a) Voltage-dependent activation curves at higher (black) and colder
(red) temperatures. (b) V,, in function of temperature. The yellow backgrounds indicate the
voltage and temperature ranges that are practically amenable for steady-state whole-cell patch-
clamp recordings

and

1
Popen,max(T) = (+Lr)" <.
1+ KD}, (1+LrDrE)"

(52)

Experiments suggesting that temperature alters Pgpen max have been taken as evi-
dence for the dual allosteric model (Brauchi et al. 2004; Matta and Ahern 2007). It
should be noted here that an accurate determination of Popen max Of a thermoTRP is
not at all trivial, and prone to errors for several reasons. First, V,,, values of voltage-
dependent TRP channels are mostly in the positive voltage range, whereas z is
generally low. For example, for TRPMS8 we have determined a z of 0.92 and a Vy,
» value of approximately +200 mV at 37°C (Voets et al. 2007). Consequently,
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depolarisations to extremely depolarised potentials (>+250 mV) are required to
approach saturation, which is often not well tolerated in whole-cell patch-clamp
recordings. Therefore, in most reports, Popenmax 1S determined by extrapolation,
inevitably inducing uncertainties. Second, deactivation of thermoTRPs is often
very rapid (t < 1 ms), especially at higher temperatures (Voets et al. 2004). As a
consequence, the use of tail currents to determine activation curves, as is generally
done in the case of e.g. voltage-gated K* channels, can lead to an underestimation
of Pypen. Finally, overexpressing TRP channels in cell lines such as HEK or CHO
can easily result in whole-cell current amplitudes of several tens of nanoAmperes at
depolarised potentials, which, when not properly compensated, can easily provoke
voltage-clamp errors of several tens of millivolts. Clearly, incorrect dealing with
these issues inevitably leads to errors in estimating Pgypenmax. Functional
measurements of thermoTRP channels in artificial systems (e.g. bilayers) may
provide means to obtain more reliable estimates of Popen max at extreme voltages.

The temperature dependence of V), represents another potential discriminator
between models. Indeed, whereas the two-state model predicts that V,,, changes
linearly with temperature over the entire temperature range Equation (13), the
MWC-type and dual-allosteric models predict saturation of V;,, at both low and
high temperatures (Fig. 8b). At least for TRPMS8, TRPV1 and TRPMS, studies have
demonstrated a quasi-linear relation between V;,, and temperature in the physio-
logically relevant temperatures range (Voets et al. 2004; Talavera et al. 2005).
However, again, the temperatures and voltages that can be reliably applied in
whole-cell recordings are relatively restricted, and saturation at more extreme
temperatures has not been reliably tested.

Finally, analysis of the kinetics of single-channel activity can yield a lower
estimate of the total number of discernible closed and open states. Analysis of
single-channel data for TRPV1 (Liu et al. 2003; Grandl et al. 2010) and TRPMS
(Fernandez et al. 2011) have indeed provided evidence for the existence of more
than one open and closed state.

6 What Can We Learn from Structure-Function Studies
(and What Not)?

A growing number of papers in recent years report structure-function analyses of
thermoTRPs, aimed at understanding the molecular basis of their high temperature
sensitivity (Vlachova et al. 2003; Brauchi et al. 2006, 2007; Voets et al. 2007;
Grandl et al. 2008, 2010; Yang et al. 2010; Cordero-Morales et al. 2011; Yao et al.
2011). Generally, these studies apply site-directed or random mutagenesis to
thermoTRPs and test the effects of these mutations on the thermosensitivity of
channel gating following heterologous expression. These studies report identifica-
tion of regions that specifically modulate thermosensitivity, which are sometimes
put forward as thermosensor modules (Latorre et al. 2007; Yang et al. 2010;
Cordero-Morales et al. 2011; Yao et al. 2011), analogous to the voltage sensor
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module in the fourth transmembrane domain of voltage-gated K*, Na* or Ca>*
channels (Tombola et al. 2006). In the case of TRPV1, studies have identified
residues and regions that influence thermosensitivity in distal (Vlachova et al. 2003)
and proximal (Brauchi et al. 2007) parts of the C-terminal tail, in the pore region
(Grandl et al. 2010) and pore turret (Yang et al. 2010), and in the N-terminal region
between ankyrin repeat domains and first transmembrane loop (Yao et al. 2011).
Summarizing and interpreting the combined data of these different studies is not at
all straightforward due to the diversity of methodology and analytical approaches
and the (apparently) conflicting conclusions (Table 1; Fig. 9). A rough meta-
analysis of these studies may lead to the conclusion that multiple regions, spread
over the entire channel, determine the channel’s response to changes in tempera-
ture, rather than a single, localized thermosensor module. Strikingly, there is not
only disparity in the identified residues and regions but also quite substantial
variation in quantitative parameters such as Ty esnoia» Q10 and AH (both within
and between studies), which, as discussed above, probably reflects the lack of
robustness of some of these parameters as well as differences in methodology.
Does this mean that such structure-function studies are necessarily a wasted
effort, as has been recently suggested (Clapham and Miller 2011)? To the contrary,
determining the structures and structural rearrangements that underlie the high
temperature sensitivity of thermoTRPs can be considered of comparable scientific
interest as the search for the molecular nature and detailed mechanisms of the

Table 1 Overview of the literature on the structural basis of heat sensitivity in TRPV1

Reference Quantification Quotes
Vlachova et al. Qo and Types “..., our results provide evidence that the structural basis of
(2003) the thermal sensitivity of the TRPV1 channel resides in
the distal half of the C terminal.”
Brauchi et al. Q1o “Our results show that the region located outside the TRP
(2007) domain comprising the TRPV1 C-terminal amino acids

Q727 and W752 is the minimal portion able to turn
TRPMS into a heat receptor.”
Yang et al. AH, AS “These observations suggest that the turret is part of the
(2010) temperature-sensing apparatus in thermoTRP channels,
and its conformational change may give rise to the large
entropy that defines high temperature sensitivity.”

Yao et al. Only qualitative ~ “Pore turret of thermal TRP channels is not essential for
(2010) temperature sensing.”
Grand] et al. Loss of a long “We used both random and targeted mutagenesis screens of
(2010) open state in rat TRPV1 and identified point mutations in the outer
single channel pore region that specifically impair temperature
analysis. activation.”
Yao et al. AH, AS “...we demonstrate that temperature-gated channels possess
(2011) localized structural components for detection of

temperature changes. Our data converged to a fragment
of approximately 80 residues on the N terminus of the
channels that connects the ankyrin repeats to the first
TM domain.”
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a) Membrane proximal domain (358-434)

b) Pore Turret (613-626)

c) Outer pore (628, 652, 653)

d) Proximal C terminus outside TRP domain (727-752)
e) Distal half of C terminus (767-839)

Fig. 9 Domains implicated in the thermosensitivity of TRPV1. Red ovals (a—e) delineate regions
identified in different structure-function studies (see text and Table 1 for more details). Also
indicated are the 6 Ankyrin repeats (Ankl1-6), the 6 transmembrane domains (S1-S6), the pore
helix (P) and the TRP domain

voltage sensor in classical voltage-gated cation channels. The mechanisms whereby
these voltage-gated channels sense and respond to changes in the transmembrane
voltage has dominated both the research of many top-level ion channel laboratories
and the content of the top-level journals during the last decades (Catterall 2010).
The combined and rigorous use of a variety of methods (e.g. site-directed mutagen-
esis, determination of total gating charge using gating current measurement and
limiting slope methods, optical measurement of voltage sensor movements, electro-
physiological analysis of the voltage sensor pathway, X-ray structure analysis of
voltage gated channels and structure-based molecular modeling. . .) has provided
important insights into the nature and motion of the voltage-sensor, which (gradu-
ally) progresses to a consensus on how voltage sensing works (Tombola et al. 2006;
Catterall 2010). A similar rigorous approach will be required to further our under-
standing of the molecular basis of thermosensitivity in TRP channels.

7 Conclusions and Outlook

The steep temperature dependence of thermoTRPs lies at the basis of our bodies’
ability to measure temperature, and understanding the detailed mechanisms under-
lying the striking thermal sensitivity of these channels is of fundamental biological/
biophysical interest. Moreover, detailed knowledge of their modus operandi will
assist exploiting thermoTRPs as targets for novel analgesic treatments. However,
understanding the thermodynamic mechanisms of thermosensation and identifying
the residues, regions and structural rearrangement responsible for the large enthalpy
difference between a closed and open thermoTRP appears to be even more
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demanding than the hunt for the voltage-sensor of voltage-gated channels and
mapping of its voltage-dependent movements.

First, as illustrated above, there is no general consensus on the methods to
determine AH for temperature-sensitive channels, which currently thwarts efforts
to compare and combine results obtained in the different published papers on the
molecular basis of thermosensitivity in thermoTRPs. Nevertheless, as outlined
above, determination of the corrected Q¢ garing at low open probabilities provides
a model-independent estimate of the change in enthalpy upon opening of the
channel, comparable to the limiting slope method for determination of the total
gating charge movement required to open a voltage-gated channel. Moreover, it
may become possible to use calorimetry to directly measure the amount of heat that
is liberated/absorbed during gating of thermoTRPs. This would allow direct mea-
surement of AH, comparable to the direct measurement of gating charge movement
from gating currents in voltage-gated channels.

Second, whereas voltage sensing is limited to charged residues located within
the transmembrane electrical field, temperature affects all atoms in the channel (and
even in the interacting membrane lipids). Nevertheless, the developments in
automated patch-clamp devices, combined with large-scale random mutagenesis
may enable mapping the energetic contribution of most if not all residues in a
thermoTRP.

Third, in contrast to voltage-gated Na* and K* channels, there is a general lack of
crystal structures of integral TRP channels, despite, undoubtedly, intense efforts by
many research groups. Nevertheless, there is no reason to believe that TRP channels
are “uncrystallable”, and it can be expected that in the coming decade we will see
detailed images of the structure of various TRP channel. This may ultimately yield
a precise view of the localized or global conformational changes that occur during
gating of TRP channels, allow calculation of the contribution of domains, residues
and even atoms to the thermodynamic properties of thermoTRPs.

Acknowledgements I wish to thank Bernd Nilius for his support, encouragements and comments
on the manuscript, and all present and former members of the Laboratory of Ion Channel Research
for enlightening discussions. Our work on thermoTRPs was supported by grants from the Belgian
Federal Government (IUAP P6/28), the Research Foundation-Flanders (F.W.0.) (G.0565.07), and
the Research Council of the KU Leuven (GOA 2009/07, EF/95/010 and PE-TRPLe).

References

Almers W (1978) Gating currents and charge movements in excitable membranes. Rev Physiol
Biochem Pharmacol 82:96-190

Bandell M, Dubin AE, Petrus MJ, Orth A, Mathur J, Hwang SW, Patapoutian A (2006) High-
throughput random mutagenesis screen reveals TRPMS residues specifically required for
activation by menthol. Nat Neurosci 9:493-500

Bandell M, Macpherson LJ, Patapoutian A (2007) From chills to chilis: mechanisms for
thermosensation and chemesthesis via thermoTRPs. Curr Opin Neurobiol 17:490-497



Quantifying and Modeling the Temperature-Dependent Gating of TRP Channels 117

Basbaum Al, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular mechanisms of
pain. Cell 139:267-284

Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum Al, Stucky CL, Jordt SE, Julius D
(2007) The menthol receptor TRPMS is the principal detector of environmental cold. Nature
448:204-208

Brauchi S, Orio P, Latorre R (2004) Clues to understanding cold sensation: thermodynamics and
electrophysiological analysis of the cold receptor TRPMS. Proc Natl Acad Sci USA 101:
15494-15499

Brauchi S, Orta G, Salazar M, Rosenmann E, Latorre R (2006) A hot-sensing cold receptor:
C-terminal domain determines thermosensation in transient receptor potential channels.
J Neurosci 26:4835-4840

Brauchi S, Orta G, Mascayano C, Salazar M, Raddatz N, Urbina H, Rosenmann E, Gonzalez-Nilo F,
Latorre R (2007) Dissection of the components for PIP2 activation and thermosensation in TRP
channels. Proc Natl Acad Sci USA 104:10246-10251

Caterina MJ (2007) Transient receptor potential ion channels as participants in thermosensation
and thermoregulation. Am J Physiol Regul Integr Comp Physiol 292:R64-R76

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D (1997) The capsaicin
receptor: a heat-activated ion channel in the pain pathway. Nature 389:816-824

Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D (1999) A capsaicin-receptor homologue
with a high threshold for noxious heat. Nature 398:436—441

Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-Zeitz KR, Koltzenburg M,
Basbaum Al, Julius D (2000) Impaired nociception and pain sensation in mice lacking the
capsaicin receptor. Science 288:306-313

Catterall WA (2010) Ion channel voltage sensors: structure, function, and pathophysiology.
Neuron 67:915-928

Chung MK, Lee H, Caterina MJ (2003) Warm temperatures activate TRPV4 in mouse 308
keratinocytes. J Biol Chem 278:32037-32046

Clapham DE, Miller C (2011) A thermodynamic framework for understanding temperature sensing
by transient receptor potential (TRP) channels. Proc Natl Acad Sci USA 108:19492-19497

Colburn RW, Lubin ML, Stone DJ Jr, Wang Y, Lawrence D, D’ Andrea MR, Brandt MR, Liu Y,
Flores CM, Qin N (2007) Attenuated cold sensitivity in TRPMS null mice. Neuron 54:379-386

Colquhoun D (1998) Binding, gating, affinity and efficacy: the interpretation of structure-activity
relationships for agonists and of the effects of mutating receptors. Br J Pharmacol 125:924-947

Cordero-Morales JF, Gracheva EO, Julius D (2011) Cytoplasmic ankyrin repeats of transient
receptor potential A1 (TRPA1) dictate sensitivity to thermal and chemical stimuli. Proc Natl
Acad Sci USA 108:E1184-E1191

Davis JB, Gray J, Gunthorpe MJ, Hatcher JP, Davey PT, Overend P, Harries MH, Latcham J,
Clapham C, Atkinson K, Hughes SA, Rance K, Grau E, Harper AJ, Pugh PL, Rogers DC,
Bingham S, Randall A, Sheardown SA (2000) Vanilloid receptor-1 is essential for inflamma-
tory thermal hyperalgesia. Nature 405:183-187

Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ, Patapoutian A (2007) TRPMS is required
for cold sensation in mice. Neuron 54:371-378

Fernandez JA, Skryma R, Bidaux G, Magleby KL, Scholfield CN, McGeown JG, Prevarskaya N,
Zholos AV (2011) Voltage- and cold-dependent gating of single TRPMS ion channels. J Gen
Physiol 137:173-195

Grandl J, Hu H, Bandell M, Bursulaya B, Schmidt M, Petrus M, Patapoutian A (2008) Pore region
of TRPV3 ion channel is specifically required for heat activation. Nat Neurosci 11:1007-1013

Grandl J, Kim SE, Uzzell V, Bursulaya B, Petrus M, Bandell M, Patapoutian A (2010) Temperature-
induced opening of TRPV 1 ion channel is stabilized by the pore domain. Nat Neurosci 13:708-714

Grivel F, Candas V (1991) Ambient temperatures preferred by young European males and females
at rest. Ergonomics 34:365-378

Horrigan FT, Aldrich RW (2002) Coupling between voltage sensor activation, Ca2+ binding and
channel opening in large conductance (BK) potassium channels. J Gen Physiol 120:267-305



118 T. Voets

Huang SM, Li X, Yu Y, Wang J, Caterina MJ (2011) TRPV3 and TRPV4 ion channels are not
major contributors to mouse heat sensation. Mol Pain 7:37

Janssens A, Voets T (2011) Ligand stoichiometry of the cold- and menthol-activated channel
TRPMS. J Physiol 589:4827-4835

Karashima Y, Talavera K, Everaerts W, Janssens A, Kwan KY, Vennekens R, Nilius B, Voets T
(2009) TRPA1 acts as a cold sensor in vitro and in vivo. Proc Natl Acad Sci USA 106:
1273-1278

Latorre R, Brauchi S, Orta G, Zaelzer C, Vargas G (2007) ThermoTRP channels as modular
proteins with allosteric gating. Cell Calcium 42:427-438

Lee H, lida T, Mizuno A, Suzuki M, Caterina MJ (2005) Altered thermal selection behavior in
mice lacking transient receptor potential vanilloid 4. J Neurosci 25:1304-1310

Liu B, Hui K, Qin F (2003) Thermodynamics of heat activation of single capsaicin ion channels
VRI. Biophys J 85:2988-3006

Mahieu F, Janssens A, Gees M, Talavera K, Nilius B, Voets T (2010) Modulation of the cold-
activated cation channel TRPMS by surface charge screening. J Physiol 588:315-324

Matta JA, Ahern GP (2007) Voltage is a partial activator of rat thermosensitive TRP channels.
J Physiol 585:469—482

McKemy DD, Neuhausser WM, Julius D (2002) Identification of a cold receptor reveals a general
role for TRP channels in thermosensation. Nature 416:52-58

Monod J, Wyman J, Changeux JP (1965) On the nature of allosteric transitions: a plausible model.
J Mol Biol 12:88-118

Mogrich A, Hwang SW, Earley TJ, Petrus MJ, Murray AN, Spencer KS, Andahazy M, Story GM,
Patapoutian A (2005) Impaired thermosensation in mice lacking TRPV3, a heat and camphor
sensor in the skin. Science 307:1468-1472

Morrison SF, Nakamura K (2011) Central neural pathways for thermoregulation. Front Biosci
16:74-104

Nilius B, Talavera K, Owsianik G, Prenen J, Droogmans G, Voets T (2005) Gating of TRP
channels: a voltage connection? J Physiol 567:35-44

Park U, Vastani N, Guan Y, Raja SN, Koltzenburg M, Caterina MJ (2011) TRP vanilloid 2 knock-
out mice are susceptible to perinatal lethality but display normal thermal and mechanical
nociception. J Neurosci 31:11425-11436

Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA, Story GM, Earley TJ, Dragoni I,
Mclntyre P, Bevan S, Patapoutian A (2002a) A TRP channel that senses cold stimuli and
menthol. Cell 108:705-715

Peier AM, Reeve AJ, Andersson DA, Mogqrich A, Earley TJ, Hergarden AC, Story GM, Colley S,
Hogenesch JB, Mclntyre P, Bevan S, Patapoutian A (2002b) A heat-sensitive TRP channel
expressed in keratinocytes. Science 296:2046-2049

Rohacs T, Lopes CM, Michailidis I, Logothetis DE (2005) PI(4,5)P2 regulates the activation and
desensitization of TRPMS8 channels through the TRP domain. Nat Neurosci 8:626—-634

Romanovsky AA (2007) Thermoregulation: some concepts have changed. Functional architecture
of the thermoregulatory system. Am J Physiol Regul Integr Comp Physiol 292:R37-R46

Smith GD, Gunthorpe MJ, Kelsell RE, Hayes PD, Reilly P, Facer P, Wright JE, Jerman JC, Walhin
JP, Ooi L, Egerton J, Charles KJ, Smart D, Randall AD, Anand P, Davis JB (2002) TRPV3 is a
temperature-sensitive vanilloid receptor-like protein. Nature 418:186—190

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, Earley TJ, Hergarden AC,
Andersson DA, Hwang SW, Mclntyre P, Jegla T, Bevan S, Patapoutian A (2003) ANKTM]1, a
TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell
112:819-829

Talavera K, Yasumatsu K, Voets T, Droogmans G, Shigemura N, Ninomiya Y, Margolskee RF,
Nilius B (2005) Heat activation of TRPMS underlies thermal sensitivity of sweet taste. Nature
438:1022-1025

Talavera K, Nilius B, Voets T (2008) Neuronal TRP channels: thermometers, pathfinders and life-
savers. Trends Neurosci 31:287-295



Quantifying and Modeling the Temperature-Dependent Gating of TRP Channels 119

Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, Mori Y, Tominaga M (2006) TRPM2
activation by cyclic ADP-ribose at body temperature is involved in insulin secretion. EMBO J
25:1804-1815

Tombola F, Pathak MM, Isacoff EY (2006) How does voltage open an ion channel? Annu Rev Cell
Dev Biol 22:23-52

Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, Raumann BE,
Basbaum Al Julius D (1998) The cloned capsaicin receptor integrates multiple pain-producing
stimuli. Neuron 21:531-543

Vlachova V, Teisinger J, Susankova K, Lyfenko A, Ettrich R, Vyklicky L (2003) Functional role
of C-terminal cytoplasmic tail of rat vanilloid receptor 1. J Neurosci 23:1340-1350

Voets T, Droogmans G, Wissenbach U, Janssens A, Flockerzi V, Nilius B (2004) The principle of
temperature-dependent gating in cold- and heat-sensitive TRP channels. Nature 430:748-754

Voets T, Talavera K, Owsianik G, Nilius B (2005) Sensing with TRP channels. Nat Chem Biol 1:85-92

Voets T, Owsianik G, Janssens A, Talavera K, Nilius B (2007) TRPMS voltage sensor mutants
reveal a mechanism for integrating thermal and chemical stimuli. Nat Chem Biol 3:174—182

Vriens J, Owsianik G, Hofmann T, Philipp SE, Stab J, Chen X, Benoit M, Xue F, Janssens A,
Kerselaers S, Oberwinkler J, Vennekens R, Gudermann T, Nilius B, Voets T (2011) TRPM3 is
a nociceptor channel involved in the detection of noxious heat. Neuron 70:482-494

Watanabe H, Vriens J, Suh SH, Benham CD, Droogmans G, Nilius B (2002) Heat-evoked
activation of TRPV4 channels in a HEK293 cell expression system and in native mouse
aorta endothelial cells. J Biol Chem 277:47044-47051

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge P, Lilly J, Silos-Santiago I,
Xie Y, DiStefano PS, Curtis R, Clapham DE (2002) TRPV3 is a calcium-permeable tempera-
ture-sensitive cation channel. Nature 418:181-186

Yang F, Cui Y, Wang K, Zheng J (2010) Thermosensitive TRP channel pore turret is part of the
temperature activation pathway. Proc Natl Acad Sci USA 107:7083-7088

Yao J, Liu B, Qin F (2010) Pore turret of thermal TRP channels is not essential for temperature
sensing. Proc Natl Acad Sci USA 107:E125, author reply E126-E127

Yao J, Liu B, Qin F (2011) Modular thermal sensors in temperature-gated transient receptor
potential (TRP) channels. Proc Natl Acad Sci USA 108:11109-11114

Zakharian E, Cao C, Rohacs T (2010) Gating of transient receptor potential melastatin 8 (TRPMS)
channels activated by cold and chemical agonists in planar lipid bilayers. J Neurosci 30:
12526-12534

Zimmermann K, Lennerz JK, Hein A, Link AS, Kaczmarek JS, Delling M, Uysal S, Pfeifer JD,
Riccio A, Clapham DE (2011) Transient receptor potential cation channel, subfamily C,
member 5 (TRPCS) is a cold-transducer in the peripheral nervous system. Proc Natl Acad
Sci USA 108:18114-18119



	Reviews of Physiology, Biochemistry and Pharmacology 162

	Contents
	Cardiac Ion Channels and Mechanisms for Protection Against Atrial Fibrillation
	Introduction
	Mechanisms and Aetiology of Arrhythmias
	Triggers of Arrhythmias
	Substrates of Arrhythmias

	Atrial Fibrillation
	Ion Channel Composition in Atria and Ventricles
	Phase 0
	Phase 1
	Phase 2
	Phase 3
	Phase 4

	Remodeling
	Remodeling of Atria-Selective Currents

	Cardiac Calcium Activated K+ Channels
	Literature on SK Channels in the Atria
	Discussion of Data on the Effects of Apamin in Atrial SK Channels

	Management of AF
	IKACh Blockers
	NTC-801
	NIP-151 and NIP-142

	IKur Blockers
	AVE0118
	DPO-1
	S9947
	KVI-020/WYE-160020
	XEN-D0101 and XEN-D0103

	Atria-Selective Sodium Channel Block
	Ranolazine

	Multichannel Blockers
	Amiodarone
	K201 (JVT-519)
	Tedisamil
	AZD1305

	Derivatives of Existing Drugs
	Dronedarone
	Budiodarone (ATI-2042)
	Celivarone

	Novel Drugs Approved for the Treatment of AF
	Vernakalant


	Conclusion
	References

	Intrinsically Photosensitive Retinal Ganglion Cells
	Early Hints of a Third Photoreceptor in the Mammalian Retina
	The Convergence of Retinal Physiology and Internal Time Keeping

	Melanopsin, the Photopigment of Intrinsically Photosensitive Retinal Ganglion Cells
	SCN-Projecting RGCs Are Intrinsically Photosensitive and Express Melanopsin
	Melanopsin Is a Photopigment

	ipRGC Physiological Responses to Light
	ipRGC Response Kinetics
	Photon Capture in ipRGCs Results in Membrane Depolarization
	Chromophore Recycling and Bistability

	Multiple ipRGC Subtypes with Widespread Axonal Projections
	ipRGCs Targets in the Brain
	ipRGC Intraretinal Signaling
	ipRGCs Provide Excitatory Drive to Dopaminergic Amacrine Cells
	ipRGCs Are Coupled to GABAergic Amacrine Cells via Gap Junctions

	Different Types of ipRGC Have Different Central Targets
	ipRGC Input to the Ventrolateral Preoptic Nucleus


	ipRGC Input to the SCN and Seasonal Affective Disorder
	ipRGCs and Retinal Disease
	The Future
	References

	Quantifying and Modeling the Temperature-Dependent Gating of TRP Channels
	1 Introduction
	1.1 Thermosensation in Mammals
	1.2 A Definition of ThermoTRPs

	2 Parametrizing ThermoTRPs: Q10 and Thermal Threshold?
	3 Basic Characteristic of Prototype ThermoTRPs: TRPM8 and TRPV1
	4 Models of Thermosensitive Gating
	4.1 Linear Models
	4.1.1 The Two-State Model
	4.1.2 Multistate Linear Models

	4.2 Allosteric Models
	4.2.1 The Monod-Wyman-Changeux-Type Allosteric Model
	4.2.2 The Dual-Allosteric Coupling Model


	5 What Is the Best Model?
	6 What Can We Learn from Structure-Function Studies (and What Not)?
	7 Conclusions and Outlook
	References





