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Cholesterol and lon Channels

Irena Levitan, Yun Fang, Avia Rosenhouse-Dantsker, and Victor Romanenko

Abstract

A variety of ion channels, including members of all major ion channel families, have been shown to
be regulated by changes in the level of membrane cholesterol and partition into cholesterol-rich
membrane domains. In general, several types of cholesterol effects have been described. The most
common effect is suppression of channel activity by an increase in membrane cholesterol, an effect
that was described for several types of inwardly-rectifying K* channels, voltage-gated K* channels,
Ca*2 sensitive K* channels, voltage-gated Na* channels, N-type voltage-gated Ca*2 channels and
volume-regulated anion channels. In contrast, several types of ion channels, such as epithelial
amiloride-sensitive Na* channels and Transient Receptor Potential channels, as well as some of the
types of inwardly-rectifying and voltage-gated K* channels were shown to be inhibited by cholesterol
depletion. Cholesterol was also shown to alter the kinetic properties and current-voltage dependence
of several voltage-gated channels. Finally, maintaining membrane cholesterol level is required for
coupling ion channels to signalling cascades. In terms of the mechanisms, three general mechanisms
have been proposed: (i) specific interactions between cholesterol and the channel protein, (ii) changes
in the physical properties of the membrane bilayer and (iii) maintaining the scaffolds for protein-
protein interactions. The goal of this review is to describe systematically the role of cholesterol in
regulation of the major types of ion channels and to discuss these effects in the context of the models
proposed.
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19.1 Introduction

During the last decade, a growing number of studies have demonstrated that the level of
membrane cholesterol is a major regulator of ion channel function (reviewed by Maguy et al.,
2006; Martens et al., 2004). It is also becoming increasingly clear that the impact of cholesterol
on different types of ion channels is highly heterogeneous. The most common effect is
cholesterol-induced decrease in channel activity that may include decrease in the open
probability, unitary conductance and/or the number of active channels on the membrane. This
effect was observed in several types of K* channels, voltage-gated Na* and Ca*2 channels, as
well as in volume-regulated anion channels. However, there are also several types of ion
channels, such as epithelial Na* channels (eNaC) and transient receptor potential (Trp)
channels that are inhibited by the removal of membrane cholesterol. Finally, in some cases
changes in membrane cholesterol affect biophysical properties of the channel such as the
voltage dependence of channel activation or inactivation. Clearly, therefore, more than one
mechanism has to be involved in cholesterol-induced regulation of different ion channels.
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Two general mechanisms have been proposed for cholesterol regulation of ion channels. One
possibility is that cholesterol may interact directly and specifically with the transmembrane
domains of the channels protein. Direct interaction between channels and cholesterol as a
boundary lipid was first proposed in a “lipid belt” model by Marsh and Barrantes (1978)
suggesting that cholesterol may be a part of a lipid belt or a ““shell” constituting the immediate
perimeter of the channel protein (Barrantes, 2004; Criado et al., 1982; Marsh and Barrantes,
1978). Figure 19.1 schematically shows the dynamic exchange between the lipid shell of an
acetylcholine receptor protein and the bulk of the membrane (Barrantes, 2004). The role of
cholesterol in the regulation of acetylcholine receptor is described in detail in Chapter 17 of
this book. More recently, our studies demonstrated that inwardly-rectifying K* channel are
sensitive to the chiral nature of the sterol analogue providing further support for the hypothesis
that sensitivity of these channels to cholesterol can be due to specific sterol-protein interactions
(Romanenko et al., 2002). An alternative mechanism proposed by Lundbaek and colleagues
(Lundbaek and Andersen, 1999; Lundbaek et al., 1996) suggested that cholesterol may regulate
ion channels by hydrophobic mismatch between the transmembrane domains and the lipid
bilayer. More specifically, it was proposed that when a channel goes through a change in
conformation state within the viscous medium of the lipid membrane it may induce deformation
of the lipid bilayer surrounding the channel. If this is the case, then a stiffer less deformable
membrane will increase the energy that is required for the transition, as described schematically
in Fig. 19.2. It is important to note that the two mechanisms are not mutually exclusive. A lipid
shell surrounding a channel may also affect the hydrophobic interactions between the channels
and the lipids and increase the deformation energy required for the transitions between closed
and open states. Finally, obviously, cholesterol may also affect the channels indirectly through
interactions with different signalling cascades.

Another important factor in understanding the mechanisms of cholesterol regulation of ion
channels is the association of the channels with cholesterol-rich membrane domains, typically
called membrane or lipid rafts. While the exact nature and composition of these domains
remains controversial, they are generally defined as “small (10-200 nm), heterogeneous, highly
dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular
processes” (Pike, 2006). Indeed, a variety of ion channels have been shown to be associated
with these domains. It is important to note, however, that within lipid rafts, channels may be
regulated by any of the mechanisms described above: (i) by direct binding of cholesterol, which
is abundant in the rafts; (ii) by an increase in membrane stiffness within the raft domains, also
known as “ordered domains” due to high order of lipid packing and, of course (iii) by the
interactions with multiple signalling molecules that are segregated within the raft domains.
Thus, association with lipid rafts provides an additional level of complexity to how ion channels
or any other membrane proteins can be regulated by cholesterol rather than a specific
mechanism. In this chapter, we will systematically describe what is known about the effects
of cholesterol on all major types of ion channels and discuss these effects in context of the
three mechanisms described above.

We will also discuss the evidence for and the implications of cholesterol regulation of ion
channels under hypercholesterolemic conditions in vivo. Indeed, the presence of high levels of
cholesterol in the blood, termed hypercholesterolemia, contributes significantly to the
development of many human cardiovascular diseases such as coronary heart disease and stroke.
Human hypercholesterolemia is typically associated with diet and genetic factors, or can be
direct result of other disorders such as diabetes mellitus and an underactive thyroid.
Furthermore, hypercholesterolemia was shown to cause dysfunction of many cell types
including endothelial cells, endothelial progenitor cells, smooth muscle cells, monocytes,
macrophage, T lymphocytes, platelets and cardiomyocytes. In this chapter, we will therefore
also discuss the current understanding of ion channel modulation by in vivo
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hypercholesterolemia that may underlie key mechanistic events of development of human
diseases.

19.2 Cholesterol Regulation of K* Channels

K* channels are a highly heterogeneous group constituting the largest and the most diverse
group of ion channels that includes several structurally different classes, such as two-
transmembrane domains inwardly-rectifying K* channels (Kir), four-transmembrane domains
two pore K* (2PK) channels, and six-transmembrane domains voltage-gated (Kv) and Ca*2-
activated K* (Kc,) channels. Changes in the level of membrane cholesterol were shown to
regulate multiple types of K* channels belonging to Kir, Kv and K¢, families. However,
specific cholesterol effects vary significantly between different families or even between the
members of the same family. The following section summarizes the similarities and the
differences in cholesterol sensitivity of different types of K* channels.

19.2.1 Inwardly Rectifying K* (Kir) Channels

Kir channels constitute one of the major classes of K* channels that are responsible for the
maintenance of membrane potential and K* homeostasis in a variety of cell types, including
heart, brain, vascular cells and pancreas (Bichet et al., 2003; Kubo et al., 2005; Nichols and
Lopatin, 1997). Kir channels open at resting membrane potential and their main physiological
roles is regulating membrane excitability, heart rate and vascular tone (Bichet et al., 2003;
Kubo et al., 2005; Nichols and Lopatin, 1997). Structurally, Kir channels are tetramers with a
basic subunit consisting of two transmembrane domains, a pore loop, and an N-terminus and
a C-terminus cytoplasmic domain. Kir channels are classified into seven sub-families (Kirl—
7) identified by distinct biophysical properties, such as degree of current rectification and
unitary conductance, and by their sensitivities to different mediators (reviewed by Kubo et al.,
2005; Nichols and Lopatin, 1997). Three of these sub-families, Kir2, Kir4 and Kir6 channels,
have been shown to be sensitive to cholesterol, but the ways cholesterol affects different types
of Kir channels are significantly different. Cholesterol sensitivity of other Kir channels has not
yet been established.

19.2.2 Kir2 Channels

Kir2 channels are ubiquitously expressed in a variety of cell types, including heart, neurons,
vascular smooth muscle and endothelial cells (Kubo et al., 2005). Todate, four members of the
Kir2 family have been identified (Kir2.1-2.4). All four members of the Kir2 family are
suppressed by the elevation of membrane cholesterol and enhanced by cholesterol depletion,
but there are some differences in their cholesterol sensitivity, with Kir2.1 and Kir2.2 being
most sensitive and Kir2.3 being least sensitive (Romanenko et al., 2004a; Romanenko et al.,
2002). Surprisingly, in spite of 2-3 fold decrease in whole cell Kir2 currents, no or little effect
was observed in the single channel properties of the channels: unitary conductance was not
affected at all and the open probability was decreased less than 10% (Romanenko et al.,
2004a; Romanenko et al., 2002). Moreover, changes in membrane cholesterol have no effect
either on Kir2.1 expression, as estimated by Western blot analysis and by immunostaining, or
on its plasma membrane level, as estimated by tagging the extracellular domains of the channels
(Romanenko et al., 2004a), as was described earlier (Zerangue et al., 1999). Taken together,
these observations led us to the hypothesis that Kir2 channels exist in the plasma membrane
in two modes: “active channels” that flicker between the closed and the open states with high
open probability and “silent channels” that are stabilized in their closed state.

The first clue about the mechanism came from comparing the effects of cholesterol and of its
optical isomer, epicholesterol (Romanenko et al., 2002). The two sterecisomers, native
cholesterol (3p-hydroxy-5-cholestene) and epicholesterol (3a-hydroxy-5-cholestene) differ
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only in the rotational angle of the hydroxyl group at position 3 and are known to have similar
effects on membrane ordering and lipid packing (Demel et al., 1972; Xu and London, 2000).
However, our observations showed that the effects of the two sterols on Kir2 channels are
completely different: while, as described above, cholesterol suppresses Kir2 channels, partial
substitution of native cholesterol by epicholesterol resulted in significant increase in Kir2
current suggesting that it is a specific lipid-channel interaction rather than changes in the
physical properties of the membrane that is responsible for cholesterol-induced suppression of
Kir2 channels (Fig. 19.3).

More recently, we have identified a specific region of the Kir2.1 channels that plays a critical
role in the sensitivity of these channels to cholesterol (Fig. 19.4) (Epshtein et al., 2009).
Surprisingly, the region critical for the sensitivity of Kir2 channels to cholesterol was identified
not in the transmembrane domain of the channels, as expected, but in the C terminus cytosolic
domain. More specifically, cholesterol sensitivity of Kir2 channels depends on the CD loop, a
specific region of the C-terminus of the cytosolic domain of the channel. Within this loop, the
L2221 mutation in Kir2.1 abrogates the sensitivity of the channel to cholesterol, whereas a
reverse mutation in the corresponding position in Kir2.3, 1214L, has the opposite effect,
increasing cholesterol sensitivity. Furthermore, the L2221 mutation has a dominant negative
effect on cholesterol sensitivity of Kir2.1 WT. Mutations of two additional residues in the CD
loop in Kir2.1, N216D and K219Q, partially affect the sensitivity of the channel to cholesterol.
We proposed, therefore, that the residues of the CD-loop are involved in “docking” of the C-
terminus of Kir2.1 to the inner leaflet of the membrane and facilitating its interaction with
membrane cholesterol. In this model, when a channel is in the “docking” configuration it may
interact with cholesterol, which in turn is proposed to stabilize the channel in a closed state. It
is important to note, however, that in the framework of this hypothesis, the critical residues of
the CD loop do not necessarily interact with cholesterol directly. Alternatively, it is possible
that their role is to maintain the channels in a “docking” conformation state that allows
cholesterol to bind to another part of the channel. Finally, it is also possible that residues in the
CD-loop facilitate the hydrophobic interaction between the TM domains of the channel and
the lipid core of the plasma membrane.

19.2.3 Kir3 Channels

Kir3 channels are a family of G-protein gated channels activated by G protein By subunits and
play a major role in the inhibitory regulation of neuronal excitability (Kir3.2 and Kir 3.1/3.2
heteromers) and in the regulation of the heart rate (Kir3.4, Kir3.1/3.4 heteromers) (Kubo et al.,
2005). Loss of Kir3 channels leads to hyperexcitability in the brain, hyperactivity and seizures,
aswell as cardiac abnormalities. Little is known, however, about cholesterol sensitivity of these
channels. Specifically, it was shown that regulation of Kir3.1/3.2 channels by Neural Cell
Adhesion Molecule (NCAM) was compromised by lovastatin, a drug that lowers cholesterol
(Delling et al., 2002). It was also shown that deletion of a number of genes that have been
shown to alter the lipid composition of yeast membrane significantly affect functional
expression of Kir3.2 channels in the yeast membranes, suggesting that membrane lipids may
play an important role in the regulation of Kir3.2 trafficking and/or function (Haass et al.,
2007). Clearly, more studies are needed to investigate how cholesterol affects Kir3 channels.

19.2.4 Kir4 Channels

Kir4 channels are also expressed in multiple cell types, including glial and kidney epithelial
cells. Two Kir4 channels have been identified: Kir4.1 implicated in the control of K* buffering
and homeostasis, and Kir4.2 whose physiological functions are not well established yet (Kubo
et al., 2005). Recently, (Hibino and Kurachi, 2007) have shown that Kir4.1 channels are
cholesterol sensitive, but in contrast to Kir2 channels, Kir4.1 channels were shown to be
inhibited by cholesterol depletion. Furthermore, the authors suggested that the loss of Kir4.1
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activity may be due to the dissociation of the channels from a regulatory phospholipid PI(4,5)
P2 that is known to be required for the activation of multiple ion channels including Kir
channels (Hilgemann et al., 2001; Logothetis et al., 2007), that also resides in cholesterol-rich
membrane domains (Pike and Casey, 1996). This interpretation, however, does not explain the
dramatic difference between Kir4.1 and Kir2 channels in terms of their sensitivity to cholesterol
because Kir2 also require PI(4,5)P2 for their function. The source of this difference is not yet
clear.

19.2.5 Kir6 (Katp) Channels

Kir6 (Katp) channels are heteromultimeric Kir channels with a pore formed by a tetramer of
Kir6 subunits with each Kir6 subunit associated with one ATP-binding cassette (ABC)
sulfonylurea receptor (SUR) protein (reviewed by Nichols, 2006; Zingman et al., 2007). Two
members of the Kir6 channel family have been identified: Kir6.1 channels are expressed in
vascular smooth muscle cells and Kir6.2 channels in pancreatic p-cells, heart, and brain (Kubo
et al., 2005; Nichols, 2006; Zingman et al., 2007). It is known that Katp channels are under
the control of protein kinases A (PKA) and C (PKC), with PKA activating the channels and
PKC having an inhibitory effect (Edwards and Weston, 1993). Sampson and colleagues
(Sampson et al., 2007; Sampson et al., 2004) showed that cholesterol depletion affects Kir6.1
by interfering with the coupling of the channels to PKA, thus inhibiting PKA-dependent
activation of the channels.

19.3 Association of Kir Channels with Cholesterol-Rich Membrane Domains
(Lipid Rafts)

As discussed briefly above, multiple studies have shown that different types of ion channels
are associated with lipid rafts. Indeed, members of almost all of the Kir families were shown
to partition into cholesterol-rich membrane domains: Kir2 s (Kir2.1 and Kir2.3) (Tikku et al.,
2007), Kir3.1/3.4 (Delling et al., 2002), Kir 4 (Hibino and Kurachi, 2007) and Kir6.1 (Sampson
etal., 2004). However, partitioning of different Kir channels into lipid rafts may be associated
with completely different or even opposite functional effects: for example, Kir2 channels are
suppressed by cholesterol whereas Kir4 channels are suppressed by cholesterol depletion. The
variability of these effects may be due to specific raft environments or due to structural
differences between the channels. Furthermore, we have shown recently that Kir2.1-L222|
mutant that is not sensitive to cholesterol also partitions into lipid rafts (Epshtein et al.,
2009), demonstrating that partitioning into rafts does not necessarily indicate that the channels
are functionally regulated by changes in membrane cholesterol. Thus, while partitioning into
cholesterol-rich membrane domains is frequently associated with functional dependence of ion
channels on membrane cholesterol, it is not always the case. Furthermore, within the rafts,
channels may be regulated by completely different mechanisms.

19.3.1 Regulation of Kir Channels by Plasma Hypercholesterolemia In Vivo

Kir2: Our group has demonstrated that diet-induced hypercholesterolemia in a porcine model
results in significant suppression of Kir current in freshly-isolated aortic endothelial cells and
in bone-marrow derived progenitor cells (Fang et al., 2006; Mohler lii et al., 2007). Removing
cholesterol surplus ex vivo resulted in full recovery of the current. We have also shown
previously that endothelial Kir current is underlain by Kir2.1 and Kir2.2 channels (Fang et al.,
2005). In addition, hypercholesterolemia resulted in significant membrane depolarization of
endothelial cells and notable loss of flow-mediated vasodilatation of the femoral artery
estimated in vivo in the same model (Fang et al., 2006). We proposed that since endothelial
Kir channels are sensitive to shear stress and constitute one of the putative flow sensors (Davies,
1995; Olesen et al., 1988), impairment of flow-induced vasodilatation may be due to the
suppression of endothelial Kir channels (Fang et al., 2006). These observations suggest that
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hypercholesterolemia-mediated suppression of Kir channels may be an important factor in
dysfunction of mature endothelium and endothelial progenitor cells and contribute to the
initiation and development of atherosclerosis.

Kiré (KaTp) channels are also regulated by hypercholesterolemia in vivo, but the mode of the
regulation is still controversial. In a porcine model, (Mathew and Lerman, 2001) showed that
pinacidil, a Kap opener, and glibenclamide, a Katp blocker, have stronger effects on coronary
blood flow under hypercholesterolemic conditions than under control conditions, suggesting
functional activation of Kir6 under hypercholesterolemia. In contrast, Genda et al. (2002)
demonstrated that diet-induced hypercholesterolemia suppressed Kap opening in
microvasculature, which led to a delay of infarct healing under no-reflow phenomenon after
acute myocardial infarction in a rabbit model. Lee et al. (2004) also reported that
hypercholesterolemia resulted in impairment of myocardial Ka1p channels, which contributed
to left ventricular hypertrophy in a rabbit model. One possibility to account for these differences
in the effects of hypercholesterolemia on Ka1p activity may be the difference in the lipid
profiles between hypercholesterolemic rabbits and pigs. Pongo et al. (2001) reported
dysfunction of protein kinase C— Katp channel coupling in rabbit coronary arteries under
hypercholesterolemia, providing a mechanistic explanation of hypercholesterolemia-induced
suppression of Ka1p activity. Hypercholesterolemia may also regulate Kir channels on the
level of MRNA expression. Ren et al. (2001) demonstrated that hypercholesterolemia enhanced
the mMRNA of Kir6.2, but down-regulated Kir3.1 mRNA in smooth muscle cells while Kir2.1
and Kir6.1 transcripts were unchanged in a rat model.

In summary, sensitivity to cholesterol and association with cholesterol-rich membrane domains
appears to be acommon feature for multiple types of Kir channels but there is a strong diversity
in the effects of cholesterol on channel function, and while some Kir channels, specifically
Kir2 s, are suppressed by cholesterol, other Kirs, specifically Kir4.1, require cholesterol for
their function. Our recent studies provided the first insights into the structural requirements for
cholesterol sensitivity of Kir2 channels, establishing the basis for further investigations and
detailed understanding of how Kir channels interact with cholesterol. Furthermore, we propose
that suppression of Kir channels in hypercholesterolemic conditions may play a major role in
the development of cardiovascular disease.

19.4 Voltage-Gated K* (Kv) Channels

Voltage-gated K* channels are the largest and the most diverse family of K* channels that
include about 40 members, classified into 12 subfamilies (Kv1-12 sub-families) (Gutman et
al., 2005). Kv channels open in response to membrane depolarization and their main
physiological role is termination of action potentials and returning of the membrane potential
back to its resting state. A large diversity of Kv channels with different activation and
inactivation properties underlie the plethora of firing patterns in different excitable cells. Kv
channels are also expressed in a variety of non-excitable cells, including different types of
immune cells where they are known to play important roles in the immune response.
Structurally, Kv channels are tetramers formed either of identical subunits or between different
Kv subunits with each subunit consisting of 6 transmembrane helices (S1-S6) linked by
extracellular and cytosolic loops. The fifth and the sixth helices (S5-S6) and the connecting
pore region form the conducting pore and are homologous to the two transmembrane helices
of Kir channels (Gutman et al., 2005). Several types of Kv channels belonging to different sub-
families have been identified in lipid rafts and shown to be sensitive to changes in the level of
membrane cholesterol, but molecular mechanisms underlying cholesterol sensitivity of Kv
channels are mostly unknown.
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19.4.1 Kv1 Channels

Kcl channels constitute the Shaker-related family of delayed rectifiers consisting of eight
members (Kv1.1-1.8) expressed in brain, heart, skeletal muscle, pancreas and blood cells
(Gutman et al., 2005). The role of cholesterol in regulation of Kv1 channels was investigated
mainly for two members of the family, Kv1.3 and Kv1.5, but specific effects observed in
different studies are highly controversial. Kv1.3 is expressed in a variety of cell types and plays
a critical role in the regulation of membrane potential and calcium signalling and apoptosis of
T lymphocytes (Bock et al., 2003; Gutman et al., 2005; Hajdu et al., 2003). (Bock et al.,
2003) showed that Kv1.3 partition almost exclusively to cholesterol-rich membrane domains
in a T-lymphocytes cell line and that cholesterol depletion significantly decreases Kv1.3
activity. However, (Hajdu et al., 2003) observed an opposite effect in primary lymphocytes.
Specifically, (Hajdu et al., 2003) showed that elevation of membrane cholesterol in primary
lymphocytes resulted in a significant decrease in Kv1.3 current density, slowing down both
activation and inactivation kinetics and the right-shift in the voltage dependence of activation.
These changes are consistent with a decrease in the open probability of the channels upon
cholesterol loading. In terms of partitioning into lipid rafts, Kv1.3 was demonstrated to cluster
with a T cell antigen receptor complex (Panyi et al., 2003) and localize to the immunological
synapse where it also colocalizes with a lipid raft marker Gy1(Panyi et al., 2004). Kv1.3 also
partitions into lipid rafts when expressed heterologously in HEK cells (Vicente et al., 2008)
but its membrane distribution is uniform rather than clustered (O’Connell et al., 2004), which
may be consistent with partitioning into small but highly abundant lipid rafts. Kv1.4 channels
were also shown to partition to lipid rafts in neurons (Wong and Schlichter, 2004), but not in
pancreatic -cells (Xia et al., 2004). Kv1.5, a channel that underlies an ultrarapid-activating
K* current in heart muscle (Gutman et al., 2005) is also significantly affected by cellular
cholesterol. First, (Martens et al., 2001) showed that cholesterol depletion resulted in a
hyperpolarizing shift in the voltage dependence of both activation and inactivation of the
current, which would be expected to have a significant impact on the duration of action
potentials that are controlled by Kv1.5 channels. More recently, Abi-Char et al. (2007) showed
that cholesterol depletion results in a slow progressive increase of the Kv1.5-based component
of the ultrarapid delayed rectifier current (Ixy,) in atrial cardiomyocytes. Kv1.5 was also shown
to partition into lipid rafts but the relative distribution between rafts and non-rafts, as well as
association of the channels with caveolae are still controversial and may vary in different cells
and in different experimental conditions (Abi-Char et al., 2007; Eldstrom et al., 2006; Martens
et al., 2001; McEwen et al., 2008; Vicente et al., 2008).

19.4.2 Kv2 Channels

Kv2 channels are the Shab-related family of delayed rectifiers consisting of two members
Kv2.1 and Kv2.2, both playing key roles in the regulation of neuron excitability (Gutman et
al., 2005). Kv2.1 was the first member of the Kv family to be found in lipid rafts and identified
as sensitive to membrane cholesterol (Martens et al., 2000; Xia et al., 2004). More specifically,
Kv2.1 partitions into non-caveolae lipid rafts and its membrane distribution is significantly
different from that of Kv1 channels: Kv2.1 channels appear as clusters and have very limited
lateral mobility whereas Kv1.3 and Kv1.4 were distributed more homogenously and were
significantly more mobile (O’Connell etal., 2004). More recently, distinct cellular distributions
of Kv2.1 and Kv1.4 were also demonstrated in freshly-isolated cardiomyocytes (O’Connell et
al., 2008). Clustering of Kv2.1 channels was also significantly different in atrial and ventricular
myocytes providing additional evidence that sub-cellular organization of Kv channels is cell-
specific, which again may underlie the variability of cholesterol effects observed in different
cell types (O’Connell et al., 2008). Interestingly, cholesterol depletion resulted in a significant
increase in Kv2.1 cluster size (O’Connell et al., 2004), an effect quite unexpected because
cholesterol depletion is typically believed to disrupt protein complexes in raft domains. The
effect of cholesterol depletion on Kv2.1 mobility was also significantly different from its effect
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on Kv1.3 and Kv1.4. These observations suggest that all three channels partition into distinct
types of lipid rafts, which may also explain the differences in their functional dependence on
cholesterol depletion. Functionally, cholesterol depletion resulted in a significant
hyperpolarizing shift of Kv2.1 inactivation from Vy, of ~ =16 mV to ~—52 mV (Martens et
al., 2000). However, Xia et al. (2004) showed that in pancreatic B-cells, the Kv2.1 current is
strongly suppressed by MBCD-induced cholesterol depletion. While the difference between
the two observations is not clear, it was suggested to be due to possible differences in the
microenvironment between rafts in insulin-secreting cells and in mouse L cells. Additionally,
cholesterol depletion was shown to increase voltage-gated K* current in Drosophila neurons
(Kenyon cells), the current that is putatively underlain by the Shab gene, a Drosophila homolog
of Kv2.1 (Gasque et al., 2005). The reasons for these differences are not clear and may reflect
the diversity of specific lipid environments and/or association of the channels with different
regulatory subunits.

19.4.3 Other Kv Channels

Kv3 channels constitute a Shaw-related family that consists of four members (Kv3.1-3.4)
(Gutman et al., 2005). Kv3.2 and Kv3.3 were shown to partition into non raft fractions in
pancreatic a-cells (Xia et al., 2007). Kv4 are a Shal-related family of Kv channels that includes
three members (Kv4.1-4.3) (Gutman et al., 2005). All three members of the Kv4 family were
shown to partition into lipid rafts in some (Wong and Schlichter, 2004; Xia et al., 2007), but
not all studies (Martens et al., 2000). Thus, functional dependence of Kv4 channels on
membrane cholesterol is not yet established. Two more types of Kv channels, Kv7.1 (KCNQ)
and Kv11.1 (hERG1) were also found to partition into rafts (Balijepalli et al., 2006).
Cholesterol depletion results in a positive shift in the voltage dependence of activation and
acceleration of the deactivation rate of Kv11.1 channels, both when the channels are expressed
in HEK cells and in mouse myocytes (Balijepalli et al., 2006).

19.4.4 Regulation of Kv Channels by Plasma Hypercholesterolemia

Several studies have shown that plasma hypercholesterolemia has a major impact on the
function of Kv channels. First, Jiang et al. (1999) reported that opening of Kv channels in aortic
smooth muscle cells is significantly reduced in a hypercholesterolemic mouse model that lacks
apolipoprotein E (Apo E) and low density lipoprotein receptor genes (LDLR (Apo E™/
LDLR™ mice). Consistently, Ghanam et al. (2000) demonstrated that 4-aminopyridine, a
blocker of voltage-dependent K* channels, strongly inhibited the acetylcholine-induced
relaxation in normal rabbit cerebral arteries but not in cholesterol-fed rabbits, indicating
impairment of Kv channel-mediated vasodilation under hypercholesterolemia. Finally, Heaps
et al. (2005) showed that Kv channel-mediated, adenosine-induced vasodilatation was
impaired in coronary arterioles of hypercholesterolemic pigs and that Kv currents in coronary
arteriolar smooth muscle cells were significantly reduced. This, hypercholesterolemia impairs
Kv channel activity in vascular smooth muscle cells and the consequent Kv channel-mediated
cellular function in the cardiovascular system. The impact of hypercholesterolemia on other
types of Kv channels has not yet been established.

In Summary, multiple types of Kv channels have been found to partition into lipid rafts but,
similar to Kir channels, the functional impact of cholesterol on the activity and biophysical
properties of different Kv channels appear to be highly variable. One of the important insights
of these studies is the discovery that different types of Kv channels may partition into distinct
types of membrane domains in the same cells (Fig. 19.5) (Martens et al., 2000; Martens et al.,
2001; O’Connell and Tamkun, 2005). It is also clear that cholesterol-dependent changes in the
voltage characteristics of Kv channels are expected to have major impacts on the termination
of action potentials and firing patterns of a variety of excitable cells.
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19.5 Ca?+-Activated K* Channels

19.5.1 BK

Three families of Ca?*-activated K* channels are recognized on the basis of their genetic,
biophysical, and pharmacologic properties: large (BK, Kcal.1, maxi-K, or Slo), intermediate
(IK, Kca3.1) and small (SK, Kc42) conductance channels. In addition to the well known
Ca?*-activated Kc,1.1, the large conductance K* channel family also includes the homologous
Na™ activated Kc,4.1 and Kc,4.2 channels (Slack and Slick, respectively) and the pH-sensitive
Kcab.1 channel (Salkoff et al., 2006). The ubiquitous kca1.1 channel controls a diverse array
of physiological functions including the regulation of smooth muscle tone (Khan et al., 2001,
Sprossmann et al., 2009), the excitability of neurons (Sah and Faber, 2002) and electrolyte
secretion in the salivary glands and colon (Perry and Sandle, 2009; Romanenko et al., 2007).
Kca4 channels are found in the brain and in several types of myocytes (Bhattacharjee and
Kaczmarek, 2005), and expression of K55 is restricted to the testis (Santi etal., 2009; Schreiber
et al., 1998). The intermediate-conductance Kc43.1 channels are primarily expressed in non-
excitable cells and are involved in many physiological functions ranging from red blood cell
volume regulation (Begenisich et al., 2004; VVandorpe et al., 1998) to mitogen activation of T-
lymphocytes (Ghanshani et al., 2000; Logsdon et al., 1997). SK channels play an important
role in neuronal excitability and function in the CNS and periphery (Bond et al., 1999; Bond
et al., 2005). Additionally, several Ca2*-activated K* channels are expressed in vascular
smooth muscles and endothelium and are important for regulation of vascular functions
(Feletou, 2009; Ledoux et al., 2006).

Among the large-conductance K* channels, only Kc,1.1 has been reported to be sensitive to
the membrane cholesterol level. Cholesterol-dependent regulation of Kc,1.1 current varies
dramatically, from strong suppression to upregulation, depending on the cell or tissue type
studied. The inhibitory effect of cholesterol on Kc,1.1 currents or, alternatively, current
upregulation by cholesterol level reduction has been demonstrated in endothelial (Wang et al.,
2005), smooth muscle (Bolotina et al., 1989; Brainard et al., 2005), neuronal (Lin et al.,
2006) cells and colonic epithelia (Lam et al., 2004). This cholesterol-dependent inhibition is
likely to be due to changes in the open probability and not in the unitary conductance of the
channel (Bolotina et al., 1989; Chang et al., 1995; Crowley et al., 2003; Lin et al., 2006; Yuan
et al., 2004). Conversely, downregulation of the channel by lowering the cholesterol level has
been demonstrated in rat uterine myocytes and in glioma cell (Shmygol et al., 2007; Weaver
et al., 2007). Finally, lack of any effect of cholesterol has been reported for heterologous
expression of the a subunit of the channel cloned from rat brain (King et al., 2006) and for
channels in parotid acinar cells (Romanenko et al., 2009). The latter study demonstrated that
while the amplitude and the biophysical properties of Kc,1.1 and Ke,3.1 currents were not
affected by cholesterol depletion, the functional interaction between the two channels was
dependent on the membrane cholesterol.

Currently, no single mechanism rationalizing the diversity of cholesterol effects on K¢al.1
channel has been proposed. Several studies suggested that the channel modulation is mainly
due to changes in the biophysical properties of the lipid bilayer (Bolotina et al., 1989; Chang
et al., 1995). The hypothesis was supported by cholesterol-dependent modulation of BK
sensitivity to temperature changes, which is consistent with the known effects of cholesterol
on lateral elastic stress within the lipid bilayer as a function of temperature (Chang et al.,
1995). Crowley et al. (2003) found that cholesterol modulated the activity of the channels
recon-stituted in bilayers composed of POPE/POPS mixture, but failed to do so in pure POPE
bilayers. It has been hypothesized that cholesterol modulation of the bilayer stress energy was
masked in pure POPE because of high initial degree of curvature stress. Interestingly, the same
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human Kc,1.1 channel a-subunit expressed in HEK293 cells alone or in combination with any
of the four known f subunits was cholesterol-insensitive (King et al., 2006).

In several studies cholesterol-dependent modulation of the channel activity in native cellular
membranes has been attributed to its localization to lipid rafts. Membrane fractionation
methods and co-localization with the lipid raft marker caveolin has been used to demonstrate
the association of the channels with the raft membrane microdomains. It was also demonstrated
that cholesterol depletion or interfering with caveolin scaffolding or expression decreases raft
association of the channels (Babiychuk et al., 2004; Brainard et al., 2005; Bravo-Zehnder et
al., 2000; Shmygol et al., 2007; Wang et al., 2005; Weaver et al., 2007). While in most of these
studies, destabilization of lipid rafts upregulated BK currents, Weaver et al (2007) showed that
cholesterol depletion inhibits an intricate functional association of BK channels and IP3
receptors resulting in strong reduction of K* currents. Nevertheless, Lam et al. (2004) found
that the cholesterol-sensitive BK channel is not present in low-density membrane fractions.
Finally, Romanenko et al (2009) demonstrated that the interaction between K¢c,1.1 and
Kca3.1 channels is cholesterol-dependent but does not require caveolin-1. This suggests that
the participation of the channels in at least one type of lipid rafts, caveolae, is not required for
the channel interaction. It is possible however, that other membrane domains are involved
(e.g. flotillin-enriched microdomains (Langhorst et al., 2005).

BK channels were also shown to be sensitive to plasma hypercholesterolemia. First, earlier
studies have shown that BK channels play a larger role in endothelium-dependent
vasodilatation of carotid artery in hypercholesterolemic rabbits than in control animals (Najibi
and Cohen, 1995; Najibi et al., 1994). It was suggested that an enhanced role of vascular BK
channels under hypercholesterolemic conditions may be due to lower basal channel activity,
in which case the availability of BK channels to acetylcholine stimulus may be increased
(Sobey, 2001). In contrast, Jeremy and McCarron (2000) have shown that diet-induced
hypercholesterolemia in rabbits significantly suppressed Kc,-mediated vasodilatation in
response to acetylcholine and bradikinin, as estimated by measuring hind limb vascular
conductance. The effect was blocked by carybdotoxin, a blocker of BK channels. In addition,
it was also shown that hypercholesterolemia decreases the expression of the BK B1 subunit
that sensitizes the BK channel to intracellular Ca2* (Du et al., 2006). Interestingly, Wiecha et
al. (1997) reported a significantly higher BK activity in human smooth muscle cells obtained
from atherosclerotic plaques, compared to those isolated from control media segments of
human coronary arteries. Thus, several lines of evidence suggest that BK activity is modulated
by hypercholesterolemia in a tissue-specific way.

19.5.2 SK and IK

As mentioned above, Ca2*-activated K* channels are involved in regulation of a variety of
vascular functions. Specifically, opening of SK and IK channels is a key step in endothelium-
dependent hyperpolarization and relaxation of the vascular wall (Ledoux et al., 2006). Absi et
al. (2007) demonstrated that cholesterol depletion of a vascular wall with intact epithelium
resulted in SK-dependent vasorelaxation while 1K-dependent hyperpolarization was
unaffected. Moreover, the arterial SK but not IK channel protein was in low density membrane
fraction and co-localized with caveolin-1 (Absi et al., 2007). Conversely, impairment of
endothelium-dependent vasodilatation mediated by Ca?*-activated K* channels was observed
in hind limb vasculature of hypercholesterolemic rabbits (Jeremy and McCarron, 2000). At the
same time, Toyama et al. (2008) recently demonstrated up-regulation of K,3.1 expression in
coronary vessels of patients with coronary artery disease. Furthermore, Kc53.1 expression was
also upregulated in smooth muscle cells, macrophages, and T lymphocytes found in
atherosclerotic lesions of ApoE~~ mice, one of the main genetic models of atherosclerosis
(Toyama et al., 2008). These authors further demonstrated that increased IK activity plays a
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key role in regulating the proliferation, migration, ROS, and cytokine production in vascular
cells, consequently contributing to atherogenesis. Application of IK blockers in ApoE~/~ mice
markedly reduced the development of atherosclerosis, indicating 1K as a novel therapeutic
target for atherosclerosis under hypercholesterolemia. In contrast, expression of SK channels
in aortas of hypercholesterolemic Apo E~/~ mice was significantly reduced compared with
wild-type controls (Zhou et al., 2007).

In Summary, similarly to the two groups of K* channels described above, while the effects of
cholesterol on Ca%*-activated K* channels are complex and controversial, multiple lines of
evidence demonstrate that cholesterol sensitivity of these channels may play an important role
in the development of cardiovascular disease.

19.6 Na*Channels
19.6.1 Voltage-Gated Na* (Na,) Channels

Voltage-gated Na* channels are members of the same superfamily of ion channels as the
voltage-gated K* channels described above (Catterall et al., 2005a). The pore forming o-
subunits of Na, channels consist of four domains, homologous to the basic subunit of the Kv
channels with six transmembrane helices (S1-S6) (Catterall etal., 2005a). However, in contrast
to the highly diverse Kv channels, Na, channels are relatively similar and contain only one
family of channels consisting of nine members (Na,1.1-1.9). The main physiological role of
Nay channels is the initiation and propagation of action potentials in a variety of excitable cells
including neurons, different types of muscle cells and neuroendocrine cells (Catterall et al.,
2005a). Two general mechanisms have been described for cholesterol sensitivity of Na,,
channels: partitioning to caveolae (cardiac Na, 1.5 channels) (Yarbrough et al., 2002) and
regulation by the elastic properties of the membrane lipid bilayer (skeletal Na,1.4 channels)
(Lundbaek et al., 2004). It was also shown that plasma hypercholesterolemia resulting in a
~2-fold increase in the level membrane cholesterol in rabbit ventricular myocytes is associated
with a significant decrease in the current density of voltage-gated Na* currents (Wu et al.,
1995). Specifically, plasma hypercholesterolemia resulted in decreased current density, slower
recovery from inactivation, and more negative potential for inactivation of the sodium inward
currents in hyperlipidemic myocytes (Wu et al., 1995).

One of the first studies to test the role of cholesterol in the regulation of voltagegated Na*
channels showed that cholesterol dramatically alters the sensitivity of Na, channels to
pentobarbital (Rehberg et al., 1995). In this study, Na, channels were isolated from human
cortical brain tissues and incorporated into PE/PC lipid bilayers with cholesterol added up to
50% weight/weight. An increase in cholesterol alone had no effect on the single channel
properties of the channels, but it significantly inhibited the pentobarbital-induced block of the
channels. Furthermore, competitive inhibition of the pentobarbital block was observed at very
low concentrations of cholesterol with an ECsq of less than 2%, which is below cholesterol
levels found in neuronal cells (Rehberg et al., 1995). In terms of the mechanism, it was proposed
that the competitive effect could be either due to changes in the physical properties of the lipid
bilayer or due to adirect interaction with the channel or with the anesthetic. The first mechanism
was investigated in more details for the skeletal Na, 1.4 channels as described below.

Nay1.4 channels responsible for the initiation of transmission of action potentials in skeletal
muscle (Catterall et al., 2005a) were also shown to be significantly dependent on membrane
cholesterol when expressed in HEK cells (Lundbaek et al., 2004). Specifically, depletion of
membrane cholesterol resulted in a significant hyperpolarizing shift in current inactivation, an
effect that was partially reversible by cholesterol depletion. Cholesterol enrichment, on the
other hand, had no effect on the inactivation of the current. Surprisingly, however, cholesterol
enrichment did have a significant effect on the voltage parameters of current activation whereas
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cholesterol depletion had no effect. Cholesterol depletion also decreased the peak amplitude
of the current. In this case, it was proposed that cholesterol sensitivity of voltage-gated Na*
channels can be attributed to the sensitivity of the channels rather than to the physical properties
of the membrane bilayer because the effect of cholesterol depletion was similar to the effect
induced by exposing the cells to 10 uM Triton X-100 or 2.5 mM B-octyl-glucoside (BOG ),
two micelle-forming amphiphilic compounds which are known to alter the physical properties
of the membrane lipid bilayer (Lundbaek et al., 2004). More specifically, (Lundbaek et al.,
2004) proposed that Na,, 1.4 channels are regulated by the elastic properties of the membrane.

Na, 1.5 channels are responsible for the initial upstroke of the action potential in atrial and
ventricular myocytes, as well as contribute to the propagation of the action potential in the
heart (Balijepalli and Kamp, 2008). Na, 1.5 channels partition into cholesterol-rich membrane
fractions and directly interact with caveolin-3 (Yarbrough et al., 2002). Furthermore, blocking
the interaction with caveolin-3 using anti-caveolin antibodies abrogates direct Gga-mediated
regulation of Na,1.5 current by B-adrenergic stimulation (Palygin et al., 2008; Yarbrough et
al., 2002). It was proposed that activation of B-adrenergic activation of Gga results in opening
of the necks of the caveolae and thus recruiting caveolae Na, 1.5 channels to the sarcolemma
(YYarbrough et al., 2002). It was also proposed that caveolin-3 may directly stabilize the
interaction between the channels and Ggo subunits (Palygin et al., 2008). While the role of
cholesterol was not tested directly in these studies, multiple studies have shown that changes
in the level of membrane cholesterol both in vitro and in vivo have profound effects on the
integrity of caveolae, suggesting that -adrenergic stimulation of cardiac Nay 1.5 channels is
cholesterol dependent.

19.6.2 Epithelial Na* Channels (eNaC)

Amiloride-sensitive Na* channels constitute another family of Na* channels expressed mostly
in different types of epithelial cells (hence the name epithelial Na* channels, eNaC), which are
responsible for Na* absorption regulating Na* and fluid homeostasis, which in turn play
important roles in the control of blood pressure (de la Rosa et al., 2000). eNaC channels are
heteromultimeric proteins formed by pore-forming o subunits plus two regulatory subunits
(B and y) (de la Rosa et al., 2000). Several studies have shown that eNaC subunits partition
into lipid rafts (Hill et al., 2002; Hill et al., 2007; Prince and Welsh, 1999), but in other studies
eNaC was found not to associate with rafts (Hanwell et al., 2002). Hill et al. (2002) also showed
that MBCD-induced cholesterol depletion results in partial redistribution of 8 and y subunits
to higher density fractions, corresponding to a shift in the distribution of caveolin. It is
noteworthy that a similar shift was observed in cells exposed to aldosterone, a hormone known
to be involved in sodium channel regulation. More recently, it was also shown that eNaC
directly interacts with caveolin-1 (Lee et al., 2009).

Functionally, the predominant effect of cholesterol on eNacC is inhibition of channel activity
by cholesterol depletion. First, Shlyonsky et al. (2003) showed that functional eNaC channels
can be found only in low-density Triton-insoluble fractions (rafts) whereas channels that
partition into Triton-soluble fractions appear to be non-functional, as determined by
incorporation of reconstituted proteoliposomes into lipid bilayers. Surprisingly, in this study
no effect of cholesterol depletion was detected on transepithelial Na* current or single channel
eNaC activity. To explain this controversy Shlyonsky et al. (2003) suggested that
microdomains surrounding eNaC channels in A6 renal epithelial cells may be resistant to
cholesterol depletion. More recently, however, several studies have shown that cholesterol
depletion results in a decrease in the basal and/or hormone-stimulated Na* transport (Balut et
al., 2006; Hill et al., 2007; West and Blazer-Yost, 2005), and in a decrease in both the open
probability (Balut et al., 2006) and the surface expression of eNaC channels (Hill et al.,
2007). It is also noteworthy that cholesterol depletion of apical and basal membranes has
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significantly different effects (Balut et al., 2006; West and Blazer-Yost, 2005). Interestingly,
Wei et al. (2007) showed that the effect of cholesterol depletion was significantly facilitated
by membrane stretch.

In general, loss of channel activity after cholesterol depletion suggests that the scaffold of a
lipid raft and interactions with other proteins are required for eNaC normal function. However,
recently it was shown that caveolin-1 is actually a negative regulator of eNaC (Lee et al.,
2009), suggesting that it is an interaction with other regulatory molecules that could be
responsible for the inhibition of the channels by cholesterol depletion.

19.7 Ca* Channels
19.7.1 Voltage-Gated Ca*? (Ca,) Channels

Voltage-gated Ca*2 channels are also members of the superfamily of ion channels that include
voltage-gated K* and Na* channels and they are responsible for calcium influx in response
membrane depolarization controlling muscle contraction, secretion, neurotransmission and
gene expression in a variety of cell types (Catterall et al., 2005b). The pore forming a-subunit
of Cay channels is homologous to that of Na,channels (Catterall et al., 2005b). The family of
Cay channels includes 10 members that belong to one of three subfamilies: the Ca,1 subfamily
that underlies L-type Ca*2 currents, the Ca,2 subfamily that includes P/Q, N and R-type
Ca*2 currents and the Ca,3 subfamily that underlies T-type Ca*2 currents (Catterall et al.,
2005b). Changes in membrane cholesterol were shown to regulate members of all three
subfamilies Ca, channels: L-type Ca2* channels (Balijepalli et al., 2006; Bowles et al., 2004;
Cox and Tulenko, 1995; Pouvreau et al., 2004), N-type Ca2* channels (Lundbaek et al.,
1996; Toselli et al., 2005), and P/Q-type Ca2* channels (Taverna et al., 2004). However,
specific effects are highly diverse and vary not only between the channel types but also between
different cell types and experimental conditions, even for the same types of channels.

19.7.2 L-Type Ca2* Channels

One of the first reports of cholesterol sensitivity of L-type Ca2* channels demonstrated that L-
type Ca?* currents are augmented in freshly dispersed myocytes from a rabbit portal vein under
dietary hypercholesterolemia (Cox and Tulenko, 1995). Consistent with these observations,
(Pouvreau et al., 2004) showed that depleting cellular cholesterol in mice skeletal muscle cells
resulted in a significant reduction of L-type Ca2* channels and ~15 mV positive shift in
activation. Kinetics of both activation and inactivation were slowed down. Cholesterol
depletion also resulted in disorganization of the T-tubule system, a decrease in the number of
caveolae connected to the plasma membrane, and a decrease in cell capacitance which could
partially explain the loss of Ca2* current. However, the decrease in current appeared to be
stronger than predicted on the basis of the loss of electrical capacitance suggesting that removal
of cholesterol also affects the properties of the channels. Unexpectedly, cholesterol depletion
facilitated activation of the channels by the saturating concentrations of Bay K 8644, suggesting
that while the basal activity of the channels is inhibited by cholesterol depletion, their sensitivity
to stimulation is enhanced. More recently, it was shown that Ca, 1.2 channels colocalize with
caveolin-3 in cardiac myocytes and that MBCD-induced cholesterol depletion completely
abolishes B2-adrenergic stimulation of Ca, 1.2 channels in these cells (Balijepalli et al., 2006;
Tsujikawa et al., 2008). It is important to note that this effect is consistent with the loss of -
adrenergic stimulation of the Na, 1.5 current by anti-caveolin antibodies that was described
earlier (Yarbrough et al., 2002).

In contrast, Jennings et al. (1999) showed that L-type Ca2* channels in gall bladder cells are
strongly inhibited by enriching the cells with cholesterol, using the cholesterol-saturated
cyclodextrin complex. A similar effect was also demonstrated in coronary smooth muscle cells
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(Bowles et al., 2004). Consistent with these observations, L-type Ca2* channels were also
shown to be inhibited by hypercholesterolemic serum when the channels were recorded in
myocytes isolated from conduit coronary arteries. Suppression of the channels was fully
reversed by MBCD-induced cholesterol depletion (Bowles et al., 2004). However,
hypercholesterolemia had no effect on L-type Ca2* channels in myocytes isolated from
arterioles of the same pigs. Furthermore, cholesterol enrichment had no effect on L-type
CaZ* channels in neuroblastoma-glioma cells (Toselli et al., 2005).

19.7.3 N-Type Ca?* Channels

N-type Ca2* channels have also been shown to have different sensitivities to membrane
cholesterol in different cell types. An increase in membrane cholesterol was shown to alter the
inactivation properties but not to affect the activation of N-types CaZ* channels in
neuroblastoma IMR32 cells (Lundbaek et al., 1996), whereas in neuroblastoma-glioma hybrid
cells an increase in membrane cholesterol strongly suppressed N-type Ca2* channels, without
having a significant effect on the inactivation of the current (Toselli et al., 2005). The
mechanism underlying cholesterol sensitivity of N-type Ca2* channels in neuroblastoma-
glioma hybrid cells seems to be strikingly similar to that of inwardly-rectifying K* channels
(Romanenko et al., 2004a). Specifically, an increase in membrane cholesterol had no effect on
the unitary conductance of the channels and a small effect on the open probability of the
channels. The most prominent effect of cholesterol was an increase in the number of sweeps
that had no channel activity, suggesting that the channels are stabilized in the closed state
(Toselli et al., 2005). Interestingly, activity of N-type Ca2* channels was also significantly
reduced by transfecting the cells with caveolin-1 (Toselli et al., 2005), suggesting that N-type
Ca?* channels may also be suppressed by the interaction with caveolin. However, Toselli et
al. (2005) have also shown that caveolin-induced suppression of the current was not due to the
interaction of the channels with the caveolin inhibitory scaffolding domain. Therefore, these
workers suggested that since caveolin is a cholesterol-binding protein that facilitates
cholesterol transport to the plasma membrane, the negative effect of caveolin on N-type
Ca®* channels can be attributed to an increase in membrane cholesterol. Thus, it is interesting
to take into account that cholesterol may affect not only the interactions of the channels with
caveolin but also that caveolin may affect the interactions of the channels with cholesterol.

19.8 Transient Receptor Potential (TRP) Channels

Transient receptor potential or TRP channels are relatively non-selective ion channels, which
are activated and regulated by a wide variety of stimuli. For example, TRP channels respond
to temperature, touch, pain, osmolarity, pheromones, and taste (Clapham, 2003). They are
ubiquitously expressed in many cell types and tissues. The mammalian TRP channels
superfamily consists of six related protein families but with sequence identity as low as 20%
(Clapham, 203). Among these, the three major families are the vanilloid (TRPV), the canonical
(TRPC) and the melastatin (TRPM) TRP channels (Clapham, 203; Pedersen et al., 2005).
Members of each of these three families have been shown to be sensitive to cholesterol and/
or localize in cholesterol-rich lipid rafts.

19.8.1 TRPV Channels

Among the TRPV channels that include five members (TRPV1,2,4-6), the activity of TRPV1
has been shown to be sensitive to membrane cholesterol content, suggesting the raft association
is pivotal for the physiological role of the channel (Liu et al., 2006). Specifically, it has been
demonstrated that there is a close link between cholesterol levels, the amount of TRPV1 in the
plasma membrane and TRPV1-mediated responses in primary sensory neurons. Cholesterol

depletion following treatment with MBCD reduced significantly whole cell inward currents

thus reducing the level of immunoreactivity of TRPV1 on the surface of the dorsal root ganglion
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neurons. Thus, it was suggested that TRPV1 is localized in cholesterol-rich microdomains,
whose integrity determines the function and membrane expression of TRPV1 (Liu et al.,
2006).

19.8.2 TRPC Channels

Functional expression of TRPC channels (seven members: TRPC1-7) has been shown to
enhance store-mediated Ca2* entry in a variety of mammalian cells (Brownlow et al., 2004;
Grimaldi et al., 1999; Hartwig, 1992). Several TRPC channels have been shown to segregate
into lipid rafts (Brownlow, 2005), and there is growing evidence that some members of the
TRPC channels family assemble in cholesterol-rich caveolae domains in order to participate
in Ca2* influx pathways. Specifically, TRPC1, TRPC4 and TRPC5 were found to be
predominantly associated with detergent-resistant, insoluble platelet fractions, from which they
were partially released following cholesterol depletion following MBCD treatment (Brownlow,
2005). Furthermore, it has been shown that when cholesterol depletion of the plasma membrane
disrupts lipid raft domains, it reduces both thapsigargin-and thrombin-evoked Ca2* entry in
human platelets (Brownlow et al., 2004). Together, these results suggest that TRPC1, TRPC4,
and TRPCS are associated with lipid raft domains in human platelets (Brownlow, 2005).

A similar observation was reported for the distribution of TRPC1 in sympathetic neurons, in
which TRPC1 was found to be localized in caveolae where it is associated with signalling
proteins (Beech, 2005; Delmas, 2004). These data are also consistent with the partition of
TRPC1 into detergent insoluble membrane fractions that was observed in several additional
cell types, including HSG cells, THP-1 monocytic cells, neutrophils and skeletal myoblasts
(Berthier et al., 2004; Brazer et al., 2003; Formigli et al., 2009; Kindzelskii et al., 2004;
Lockwich et al., 2000). Further investigation elucidated the molecular determinants of the
localization of TRPCL1 in caveolae. It was determined that TRPCL1 segregates into lipid rafts
by binding to the raft-associated protein caveolin-1 (Lockwich et al., 2000), whose scaffolding
domain is necessary for anchoring the channel to caveolae and for its regulation (Brazer et al.,
2003; Kwiatek et al., 2006). Specifically, the N-terminus of TRPC1 contains a cav-1 binding
motif and its C-terminus contains a caveolin scaffolding consensus binding domain that allows
for its physical and functional interaction with caveolin-1 in the caveolae of human pulmonary
artery endothelial cells (Kwiatek et al., 2006; Remillard and Yuan, 2006). The critical role that
lipid raft domains play in the activation of TRPC1 channels has also been confirmed using
caveolin knock-out mice (Murata et al., 2007).

Furthermore, excess of cholesterol (Kannan et al., 2007) or 7-ketocholesterol (Berthier et al.,
2004) has been shown to induce TRPCL1 redistribution to raft fractions. Colocalization of
TRPCL1 with caveolin-1 was reduced following cholesterol depletion by MBCD, and similarly
to the case in human platelets (Brownlow, 2005), Ca%* inflow was reduced in MPCD-treated
caudal arteries (Bergdahl etal., 2003). Since 7-ketocholesterol is a major component of oxLDL,
the effect of oxLDL on TRPCL1 function was also investigated (Ingueneau et al., 2008). It was
found that oxLDL-induced TRPCL1 translocation depended on actin cytoskeleton and was
associated with a significant increase in the concentration of 7-ketocholesterol (a major
oxysterol in oxLDL) into caveolar membranes. Since the cells were treated mildly with oxLDL,
in these experiments, the caveolar content of cholesterol was unchanged (Ingueneau et al.,
2008).

A different point of view on the relevance of lipid rafts to the function of TRPC1 was obtained
by investigating the relationship between TRPC1 and STIM1, an ER Ca?* protein that was
suggested to be involved in coupling of ER Ca?* entry channels (Lewis, 2007; Liou et al.,
2005; Roos et al., 2005). In this context it has been shown for HSG and HEK cells that TRPC1
and STIM1 associated with each other within the lipid raft domains, and this association was
dynamically regulated by the status of the ER Ca2* store. This indicates that lipid raft domains
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facilitate the store-dependent interaction of STIM1 with TRPC1 (Pani et al., 2008) and suggests
that TRPC1 functions as a component of store-operated channels only when linked to STIM1
in lipid rafts (Beech et al., 2009).

For TRPC3, the data is inconclusive. It was first reported that in HEK cells, TRPC3 was
assembled in a multimolecular complex with key Ca2* signalling proteins. It was thus
suggested that caveolar localization of TRPC3 determines the activation and regulation of
TRPC3 (Lockwich et al., 2001). Later it was reported that TRPC3 was evenly distributed
between insoluble and soluble platelet fractions, and that its distribution was unaffected by
MPBCD (Beech, 2005). It was thus suggested that TRPC3 did not associate with lipid raft
domains in human platelets (Beech, 2005). A year later it was reported that in HEK cells its
activity was sensitive to membrane cholesterol content, and cholesterol-loading of cells had a
positive effect on signals related to TRPC3 (Graziani et al., 2006). Furthermore, increased
surface expression of TRPC3 was identified as a prominent event associated with cholesterol-
induced TRPC3 activation (Graziani et al., 2006). Further experiments would be required to
elucidate the conditions that determine the distribution of TRPC3 in lipid rafts.

As noted above, similarly to TRPC1, TRPC4 has also been associated with lipid raft domains
in human platelets (Brownlow, 2005). This observation is in agreement with data obtained
from interstitial cells of Cajal, which are considered to be the pacemaker cells in gastrointestinal
tracts. Specifically, TRPC4 was found to be located mostly in caveolae and colocalized with
caveolin-1 (Torihashi et al., 2002).

TRPCS6, similarly to TRPC3, showed a similar distribution between insoluble and soluble
platelet fractions, but its distribution was unaffected by MBCD, suggesting that it is not
associated with lipid raft domains in human platelets, TRPC6 (Brownlow, 2005). A similar
observation was reported for the distribution of TRPC6 in sympathetic neurons, where TRPC6
was evenly distributed throughout the plasma membrane (Beech, 2005; Delmas, 2004). On the
other hand, it was demonstrated in HEK cells that cholesterol can have an indirect effect on
channel function (Huber et al., 2006). Podocin, a cholesterol binding protein was shown to
interact and regulate the activity of TRPCG6 in a cholesterol-dependent manner. Cholesterol
depletion using MBCD inhibited the effect of podocin on the channel (Beech et al., 2009; Huber
et al., 2006).

19.9 TRPM Channels

Amongst the TRPM channels (eight members: TRPM1-8), two channels have been
investigated in this context, TRPM7 and TRPM8. TRPM7 accumulates at the cell membrane
in response to bradykinin-stimulation (Langeslag et al., 2007). Cell fractionation by sucrose
gradient and differential centrifugation demonstrated that in bradykinin-stimulated cells,
TRPMY localized in fractions corresponding to caveolae whereas in basal conditions, TRPM7
was almost undetectable in cholesterol-rich fractions (Yogi et al., 2009). This suggests that
TRPM7/caveolae/lipid raft association may facilitate TRPM7 scaffolding to cell membrane
receptors. In sensory neurons, TRPM8 was found to be localized in cholesterol-rich lipid rafts
both in-vivo and in heterologous expression systems (Morenilla-Palao et al., 2009). It has been
shown that lipid-raft segregation of TRPM8 is favored by glycosylation at the Asn934, and
mutating this asparagine to a glutamine that prevents glycosylation at this position, reduces the
amount of TRPM8 channels that are associated with lipid-rafts by approximately 50%, without
affecting the total amount of expressed protein or protein cell surface trafficking (Morenilla-
Palao et al., 2009). This suggests that lipid raft association modulates TRPM8 activity.
Specifically, both menthol- and cold- mediated responses are enhanced when the channel is
located outside the lipid raft, and lipid raft disruption shifts the threshold for TRPM8 activation
to warmer temperatures (Morenilla-Palao et al., 2009).
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19.10 CI- Channels

In general, CI™ channels can be loosely classified based on their gating mode to voltage-gated,
ligand-gated, Ca?*-activated channel superfamilies and channels regulated by cell volume
(VRAC) and by cyclic nucleotide-dependent kinases (Cystic Fibrosis Transmembrane
Conductance Regulator, CFTR) (Jentsch et al., 2002; Nilius and Droogmans, 2003; Suzuki et
al., 2006). Multiple channels from all the classes have been found to be regulated by cholesterol,
except Ca2*-activated CI~ channels - currently there is no direct evidence for cholesterol
sensitivity of these channels.

19.10.1 Voltage-Gated CI~ Channels

The families of CIC channels and the mitochondrial porins (voltage-dependent anion channels,
VDAC) can be assigned to this group of channels. There are nine known mammalian isoforms
of CIC channels with different tissue distribution and function (Jentsch, 2008). Among these
channels only CIC-2 has been demonstrated to be regulated by cholesterol. Though CIC-2 is
broadly expressed, its biological significance is still vague (Jentsch, 2008; Thiemann et al.,
1992). When expressed in HEK293 cells, CLC-2 channel protein was found to be concentrated
in cholesterol-rich microdomains and this association was disrupted by cholesterol depletion.
Membrane cholesterol was shown to regulate the activation kinetics of the channel resulting
in a shift in the activation curve, as well as to regulate channel trafficking (Hinzpeter et al.,
2007). Identification of CIC-2 and CIC-3 channels as a part of the neuronal fusion pore, a
process that requires cholesterol, suggests that cholesterol-sensitivity of these channels may
affect pore formation (Cho et al., 2007; Jena, 2008). However, a specific functional link
between the channels and cholesterol has not been established yet.

The voltage-dependent anion channel (VDAC) in the mitochondrial outer membrane is a major
metabolite pathway across the membrane and plays an essential role in intracellular signalling
and apoptosis (Rostovtseva and Bezrukov, 2008; Shoshan-Barmatz et al., 2006). Sterols such
as cholesterol and ergosterol have been found to form a complex with purified VDAC protein
(De Pinto et al., 1989; Freitag et al., 1982). Further, Popp et al. (1995) demonstrated that
cholesterol is necessary for functional reconstitution of VDAC and that voltage dependence
of the channel depends on the sterol used for the reconstitution. Several studies suggested that
mitochondrial proteins, including VDAC, are present in lipid rafts of mitochondrial membranes
(Foster and Chan, 2007). However, Zheng et al. (2009) showed that raft localization of none
of the mitochondrial proteins was affected by cholesterol depletion, which suggested that
previous findings could be an artifact of the raft preparation methods. Nevertheless, similarly
to the plasma membrane, distinct glycosphingolipid enriched microdomains are present in the
mitochondrial membrane with VDAC preferentially partitioning into these domains.
Moreover, activation of death receptors recruited other components of the permeability
transition pore, including pro-apoptotic Bax and tBid, to the same microdomains (Garofalo et
al., 2005). Electrophysiological studies have demonstrated that VDAC voltage gating can be
regulated by tBid in planar membranes (Rostovtseva et al., 2004; Rostovtseva and Bezrukov,
2008). Finally, cholesterol depletion abrogated the death-inducing pore formation and
prevented mitochondrial depolarization (Christenson et al., 2008; Garofalo et al., 2005;
Lucken-Ardjomande et al., 2008; Martinez-Abundis et al., 2007).

19.10.2 CFTR

CFTR is a CI™ channel regulated by cyclic AMP and GMP and is critically involved in water
and salt transport in multiple types of epithelial tissues. Genetic defects in the CFTR gene and
the consequent malfunction of the channel lead to cystic fibrosis (CF), a fatal disease that affects
the lungs, liver, pancreas, and the gastrointestinal tract (Rowntree and Harris, 2003). In
addition, CFTR has been found to regulate various proteins, including transporters such as
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eNaC and K* and CI~ channels (Berdiev et al., 2009; Schwiebert et al., 1995; Yoo et al.,
2004).

Cholesterol-dependent regulation of CFTR currents have been described for its most common
mutant deltaF508, which is defective in folding, membrane targeting, and stability but retains
some of the channel’s functionality (Cheng etal., 1990). Cholesterol depletion partially rescued
the CFTR-mediated anion efflux in 3T3 fibroblasts expressing the mutant channel, which was
attributed to enhanced plasma membrane targeting and retention of the channel (Lim et al.,
2007). Similarly, reduced temperature, chemical chaperons or proteasome inhibitors were
previously suggested to partially reverse the folding defect of the deltaF508 mutant (Jiang et
al., 1998; Kopito, 1999). In multiple native and expressed cell systems, the CFTR protein was
found to be associated with lipid rafts (Dudez et al., 2008; Grassme et al., 2003; Kowalski and
Pier, 2004; Vij et al., 2009), but changes in membrane cholesterol were shown to have no effect
on the activity of the channels (Lam et al., 2004; Singh et al., 2000; Wang et al., 2008). On the
other hand, it has been shown that cholesterol may modulate CFTR-dependent regulation of
various pathways, such as NFkB mediated IL-8 signalling (Vij et al., 2009), gap junction
modulation by TNF-a (Dudez et al., 2008), and apoptosis induced by P. aeruginosa infection
(Kowalski and Pier, 2004). In these studies disruption of lipid rafts and dissociation of CFTR
from signalling complexes has been proposed as the mechanism of the cholesterol-dependent
modulation.

19.11 Volume-Regulated Anion Channel (VRAC)

Maintenance of cell volume and osmotic homeostasis is the most prominent function of VRAC
channels (coupled with swelling-activated conductive K* transporters) in most animal cells
(Hoffmann et al., 2009). Additionally, VRAC channels are also involved in cell cycle
progression, proliferation, and apoptosis (Nilius and Droogmans, 2001; Stutzin and Hoffmann,
2006). The properties and regulatory pathways of VRAC have been extensively studied,;
however the molecular identity of the channel is still unknown. Moreover, it is also debated as
to VRAC, which can conduct amino acids such as taurine, is the main conducting pathway for
swelling-induced release of organic osmolytes (Shennan, 2008).

Our studies have shown that membrane cholesterol has a negative effect on VRAC, as is
manifested by an increase in amplitude and/or rate of swelling-induced current development
in cholesterol-depleted cells and by the suppression of the current by cholesterol enrichment
(Byfield etal., 2006; Levitan etal., 2000; Romanenko et al., 2004b). Similar observations were
also reported by other investigators (Klausen et al., 2006). Likewise, swelling-induced efflux
of anionic osmolytes in several cell types was enhanced by cholesterol depletion and
suppressed by cholesterol enrichment (Cheema and Fisher, 2008; Lambert, 2004; Lim et al.,
2006; Ortenblad et al., 2003). In terms of the mechanism, cholesterol-dependent regulation of
VRAC and swelling-induced osmolyte release was ascribed to changes in the physical
properties of the membrane rather than to specific sterol-protein interactions, because
substitution of endogenous cholesterol by its analogues, such as epicholesterol, produced no
effect on VRAC (Fig. 19.6) (Byfield et al., 2006; Cheema and Fisher, 2008; Romanenko et al.,
2004b). Remarkably, cholesterol depletion upregulated VRAC activated by a supra-maximal
concentration of GTPyS (Rho GTPase agonist) and, on the contrary, cholesterol sensitivity was
lost when VRAC was activated by “strong” hypotonic shock. Moreover, at high cholesterol
levels only swelling-activated VRAC was cholesterol-sensitive but not GTPyS-activated
VRAC. It was therefore suggested that cholesterol may affect VRAC development by more
than one mechanism (Levitan et al., 2000; Romanenko et al., 2004b).

Association with lipid rafts has also been hypothesized as a mechanism for cholesterol
sensitivity of VRAC. Indeed, several studies demonstrate correlation of caveolin-1 expression
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with VRAC activation and swelling-induced taurine release. Paradoxically, ablation of
caveolin-1 expression, which destabilized lipid rafts as did cholesterol depletion, inhibited
VRAC (Trouet et al., 2001; Trouet et al., 1999; Ullrich et al., 2006). Caveolae/lipid rafts were
shown to serve as scaffolds for multiple proteins that are involved in VRAC regulation,
including Rho GTPases, as well as anchoring sites for actin filaments (Allen et al., 2007;
Levitan and Gooch, 2007). Specifically, in ELA cells Klausen et al. (2006) showed that F-actin
and Rho-Rho kinase modulate VRAC magnitude and activation rate, respectively, and that
cholesterol depletion potentiates VRAC at least in part by preventing the hypotonicity-induced
decrease in Rho activity and eliciting actin polymerization. A complex interplay of raft-
dependent factors may underlie the controversial effects of cholesterol and caveolin.

19.12 Mechanosensitive Channels

Finally, we will discuss cholesterol sensitivity of mechanically sensitive ion channels that are
expressed ubiquitously in a variety of tissues and are activated by membrane stretch (Hamill
and McBride, 1996; Sachs and Morris, 1998). It has been suggested that lipid bilayer and
submembranous cytoskeleton structures are involved in the control of mechanosensitive
channels (Hamill and Martinac, 2001). Very little, however, is known about cholesterol
sensitivity of endogenous stretch-activated channels in eukaryotic cells.

Within human Leukemia K562 cells cholesterol-depletion with MBCD resulted in suppression
of the activity of mechanosensitive channels (Morachevskaya et al., 2007). It was shown that
while cholesterol depletion did not affect the unitary conductance, the open probability of the
channel was significantly decreased. At the same time, F-actin revealed reorganization of
cortical cytoskeleton in these leukemia cells after cholesterol depletion. The integrity of F-
actin is critical for the stiffening of cellular membranes, which has been shown to increase
following cholesterol depletion (Byfield et al., 2004). It was thus suggested that F-actin
rearrangement underlies changes in the mechanical properties of the cell surface, presumably
induced by lipid raft destruction and thus mediates the modulation of mechanosensitive channel
activity due to cholesterol depletion (Morachevskaya et al., 2007). In B-lymphocytes, the
principal cellular mediators of specific humoral immune response to infection, mechanical
stimulation reversibly activates LKpg large conductance background-type K* channels (Nam
etal., 2007). It has been suggested that mechanosensitive activation of LKpg channels is
mediated by PLC-dependent hydrolysis of PIP,. Inhibition of LKy,g channels by P1P, was found
to be partially reversible. Interestingly, cholesterol depletion achieved by application of
MBCD, induced full recovery of LKpg activity from inhibition by PIP,, and facilitated its stretch
activation (Nam et al., 2007).

19.13 Concluding Remarks and Future Directions

The main conclusion of this chapter is that cholesterol clearly is a major regulator of ion channel
function. As described in detail above, changes in the level of membrane cholesterol regulate
the activity and the biophysical properties of numerous ion channels including members of all
major classes of channels. It is also clear from the variability of cholesterol effects on different
types of ion channels that more than one mechanism may underlie the sensitivity of the channels
to cholesterol.

However, much less is known about the specific mechanisms responsible for these effects.
Furthermore, even the most basic question of whether cholesterol regulates the channels
directly or by altering other signalling pathways, which in turn regulate channel activity, is still
open in most cases. The most straightforward approach to discriminate between these
possibilities is to test whether cholesterol regulates the channels in non-cellular environments,
such as lipid planar bilayers or liposomes. Indeed, several types of channels, such as large-
conductance Ca*2-sensitive K* (BK) channels, were shown to be suppressed by cholesterol
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when incorporated into the bilayers, but for the majority of the channels this information is
still missing. Moreover, to completely exclude the possibility that cholesterol effects ion
channels are indirect, it would be necessary to test these effects on purified channels rather
than on channels isolated together with the complex environment of the surrounding plasma
membrane. The major constraint in performing these experiments is the difficulty of purifying
mammalian channels and it remains as a challenge for future studies.

Another basic question is whether cholesterol regulates ion channels by altering the physical
properties of the lipid bilayer or by specific sterol-protein interactions. In several studies, this
question was addressed by testing whether there is a correlation between the effect of
cholesterol on membrane fluidity and on channel function. Clearly, however, it is not enough
to discriminate between these possibilities, because since it is well known that cholesterol alters
membrane fluidity, other cholesterol effects will correlate with the changes in fluidity
regardless of whether fluidity is indeed responsible for these effects. A better approach is to
compare the effects of multiple sterols that are similar to cholesterol in terms of their effects
on membrane fluidity and other physical properties of the membrane. Using this approach, we
showed that Kir2 channels are sensitive to the chiral nature of cholesterol, whereas VRAC
channels are not, suggesting that Kir2 channels are regulated by specific sterol-protein
interactions whereas VRAC channels are regulated by changes in the physical properties of
the membrane. Applying this approach to purified channels will unambiguously determine
whether cholesterol specifically interacts with ion channels.

Finally, the fundamental question remains as to what are the structural determinants of the
sensitivity of ion channels to cholesterol. Our recent studies provided the first clues about the
structural requirements of cholesterol sensitivity of an ion channel for Kir2 channels, but no
information exists to-date on other ion channels. It is possible, however, that since Kir channels
are homologous with the basic sub-units of voltage-gated K*, Na* and Ca*2 channels, with the
two-transmembrane helices of Kir corresponding to the fifth and sixth transmembrane helices
of the voltage-gated channels, identifying the structural basis for cholesterol sensitivity of Kir
channels should provide the clues into how cholesterol interact with other channels.
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Fig. 19.1.

Regulation of an ion channel by annular lipids (from Barrantes (2004)). The diagram
schematically shows a channel protein surrounded by specific lipid molecules that constitute
the annular “belt” around the channel. The three panels illustrate the exchange process between
the annular lipids and the bulk lipids of the membrane. A cholesterol molecule is proposed to
be part of the lipid belt surrounding the channel. © Barrantes (2004). Originally published in
Brain Research Reviews 47:71-95
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Fig. 19.2.

Hydrophobic coupling between channel conformational changes and lipid bilayer
deformations. The diagram schematically shows a transition between the closed and the open
states of an ion channel that is accompanied with a deformation of the lipid bilayer in the
vicinity of the membrane. Membrane deformation involves compression and bending of the
membrane leaflets, which is suggested to contribute the energetic cost of the channel opening.
In this model, an increase in stiffness of the lipid bilayer is expected to increase the cost of the
transition resulting in the inhibition of channel activity. © Lundbaek et al. (2004). Originally
published in the Journal of General Physiology 123: 599-621 (Reproduced with permission)
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Fig. 19.3.

Chiral analogues of cholesterol have opposite effects on endothelial Kir currents. (A) Structure
of cholesterol and epicholesterol. Cholesterol: R1=H, R2=0H; epicholesterol: R1=0OH, R2=H.
(B) Typical current traces recorded from a cell exposed to MBCD-epicholesterol and from a
control cell. (C) Functional dependence of Kir current density on cholesterol and
epicholesterol. Adapted from Romanenko et al. (2002)
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Fig. 19.4.

Identification of a cytoplasmic domain critical for the sensitivity of Kir2.1 channels to
cholesterol. (A) Sequence of Kir WT with marked PI1P,-sensitive mutations analyzed for
sensitivity to cholesterol and the homology model showing two opposite facing subunits of the
channel with the positions of these residues. (B) Typical current traces of Kir2.1-WT, Kir2.1-
R2280Q, Kir2.1-K219Q and Kir2.1-N216D in control cells (grey) and in cells depleted of
cholesterol (black) From Epshtein et al. (2009)
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Fig. 19.5.

Partitioning of different of Kv channels into distinct membrane domains. Lack of colocalization
between Kv2.1 and Kv1.4 channels co-expressed in the same cells. (A) Kv2.1-CFP, (B) Kv1.4-
YFP, (C) the overlay between Kv2.1 and Kv1.4 with Kv2.1-CFP pseudocolored green and
Kv1.4-YFP pseudocolored red. (D) Fluorescence intensity profiles of Kv2.1-CFP and Kv1.4-
YFP showing no or little correlation. From O’Connell and Tamkun (2005), published in the
Journal of Cell Science 118: 2155-2166. Reproduced with permission)
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Fig. 19.6.

Differential regulation of GTPyS-activated VRAC by cholesterol depletion and substitution
with its analogues. (A) The time-courses of VRAC current densities recorded in cells treated
as indicated. (B) Normalized VRAC currents plotted as a function of the total sterol level in
cells either depleted of or enriched with cholesterol (open circles) and in the cells, in which
endogenous cholesterol was substituted with epicholesterol (diamonds), sitosterol (square), or
coprostanol (triangle). In contrast to other two analogues, coprostanol could not substitute for
cholesterol in regulation of VRAC, which is consistent with lack of strong effect of coprostanol
on the physical properties of the membrane (Adapted from Romanenko et al., 2004b)

Subcell Biochem. Author manuscript; available in PMC 2010 July 1.



