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Abstract

Despite substantial data elucidating the roles of cholesterol in lipid rafts at the plasma membrane,
the roles of cholesterol and related lipids in lipid raft microdomains at the level of subcellular
membrane, such as the endoplasmic reticulum (ER) membrane, remain less understood. Growing
evidence, however, begins to unveil the importance of cholesterol and lipids on the lipid raft at the
ER membrane. A few ER proteins including the sigma-1 receptor chaperone were identified at
lipid raft-like microdomains of the ER membrane. The sigma-1 receptor, which is highly
expressed at a subdomain of ER membrane directly apposing mitochondria and known as the
mitochondria-associated ER membrane or MAM, has been shown to associate with steroids as
well as cholesterol. The sigma-1 receptor has been implicated in ER lipid metabolisms/transports,
lipid raft reconstitution at the plasma membrane, trophic factor signalling, cellular differentiation,
and cellular protection against B-amyloid-induced neurotoxicity. Recent studies on sigma-1
receptor chaperones and other ER proteins clearly suggest that cholesterol, in concert with those
ER proteins, may regulate several important functions of the ER including folding, degradation,
compartmentalization, and segregation of ER proteins, and the biosynthesis of sphingolipids.
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13.1 Introduction

Cholesterol is an important molecule not only for constituting the biological membrane but
also for regulating a spectrum of cellular processes including gene transcription and signal
transduction. Cholesterol serving as a universal precursor of steroidgenesis can regulate
gene transcriptions indirectly via steroid receptors. Cholesterol can also directly activates
cholesterol-sensing transcription factor, the sterol regulatory element binding proteins
(SREBPs), thus regulating transcriptions of a spectrum of lipid enzymes (Brown and
Goldstein, 1997; Bengoechea-Alonso and Ericsson, 2007; Lavoie and King, 2009). Further,
cholesterol, by forming lipid microdomains with sphingolipids (also called as detergent-
insoluble microdomains or lipid rafts), can regulate membrane curvature, protein sorting,

© Springer Science+Business Media B.V. 2010
Correspondence to: Tsung-Ping Su, TSU@ nt r a. ni da. ni h. gov.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hayashi and Su

Page 2

vesicle transport, endocytosis, and trophic factor-induced signal transduction at the plasma
membrane (Simons and lkonen, 1997; Simons and Toomre, 2000). Lipid rafts composed of
cholesterol and sphingolipids compartmentalize signalling molecules (e.g., receptors,
kinases) at the phospholipids bilayer, thus promoting selective and efficient signal
transduction (Pike, 2003).

The discovery of the lipid raft microdomain shed lights on the importance of cholesterol as a
direct modulator of signal transduction. Roles of cholesterol, particularly those in plasma
membrane lipid rafts, have been thus extensively examined by employing relevant models
such as raft-residing trophic factor receptors and lipid raft-dependent endocytosis
(particularly that via caveolae, a subtype of rafts containing caveolins) (Ikonen and Vainio,
2005; Lajoie and Nabi, 2007). On the other hand, roles of cholesterol-rich lipid
microdomains at subcellular membranes, except for Golgi apparatus, have been less well-
known.

Growing number of studies, however, has begun to elucidate the existence and importance
of lipid microdomains at subcellular organelles, which include mito-chondria and the
endoplasmic reticulum (ER). Although lipid rafts are considered as ubiquitous constituents
of plasma membrane or Golgi, which is in agreement with the enrichment of lipid rafts in
these loci, recent studies indicated that lipid rafts are similarly formed at the subcellular
membranes with relatively low concentrations of cholesterol and glycosphingolipids (van
Meer and van Genderen, 1994; van Meer, 2000). For example, it is known that
mitochondrial membranes contain lipid rafts that are remodeled and redistributed during
apoptotic and immune reaction, thus initiating cell death signals derived from mitochondria
(Malorni et al., 2007).

Most recent studies also demonstrated that the ER membrane, although contains
considerably low levels of cholesterol and glycosphingolipids compared to other organelles,
can form lipid raft-like microdomains. A few ER proteins were identified as being present in
lipid raft-like microdomains, that include ER lipid raft protein (erlin)-1 and -2, PrP, and the
sigma-1 receptor chaperone (Hayashi and Su, 2003a,, 2004b; Sarnataro et al., 2004; Hayashi
and Su, 2005; Browman et al., 2006; Campana et al., 2006; Hoegg et al., 2009). Erlin, the
family of pro-hibitin domain-containing (PHB) proteins including the prohibitins, the
stomatins and the flotillins, was found exclusively at detergent-resistant microdomains of
the ER membrane (Browman et al., 2006). The biological function of erlin, however,
remains elusive. A few recent studies implicated the potential role of ER rafts in protein
folding of prion protein (PrP). Campana et al. (2006) found that processing of the PrPSC, the
pathogenic glycoprotein causing neurodegenerative Creutzfeldt-Jakob disease, depends on
the association of PrP with lipid microdomains at the ER. The pathogenic mutant PrP
T182A mainly retains at lipid raft-like domains at the ER. Importantly, the association of the
protein with lipid rafts promotes the folding of the protein, thus inhibiting scrapie-like
conversion of PrP mutants and protecting cells (Campana et al., 2006).

A line of recent study from our laboratory and others has demonstrated that cholesterol plays
important roles at the ER together with the ER protein sigma-1 receptor chaperone. We
reported that sigma-1 receptor chaperones targeting ER rafts regulate protein degradation
and lipid transports (Hayashi and Su, 2003b, 2007). The sigma receptor is a protein
originally proposed as a subtype of opi-oid receptors, but later confirmed not to be an opioid
receptor, rather being a novel protein mainly localized at the ER (Su and Hayashi, 2003).
Based on the ligand-binding profile, it has been postulated that the sigma receptor consists
of at least two subtypes: sigma-1 and sigma-2. The sigma-1 receptor possesses high affinity
for the (+)-isomer of prototypic ligands such as (+)-SKF10047, whereas the sigma-2
receptor does it for the (—)-isomers (Su and Hayashi, 2003). Recent studies demonstrated
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that both type-1 and -2 sigma receptors are present at lipid rafts (Hayashi and Su, 2003b,
2004b; Gebreselassie and Bowen, 2004). Especially, the sigma-1 receptor, which was cloned
in 1996 (Hanner et al., 1996), has been implicated in lipid metabolisms, transports, and
cellular survival (Hayashi and Su, 2005; Hayashi et al., 2009). Further, recent studies begin
to unveil the cholesterol-binding characteristic of the sigma-1 receptors (Palmer et al.,

2007). These findings given from the sigma receptor research indeed provide several
interesting aspects in terms of roles of cholesterol at the ER. Thus, we seek in this chapter to
revisit recent findings on the sigma-1 receptor that may ultimately help understanding roles
of cholesterol and lipid microdomains at the ER as well as those in pathophysiology of
certain human diseases.

13.2 Structure and Subcellular Localization of the Sigma-1 Receptor

In agreement with a fact that the N-terminus of the sigma-1 receptor has a double-arginine
ER retention signal (Hanner et al., 1996), several immunocytochemical or biochemical
studies have demonstrated the ER localization of sigma-1 receptors (Alonso et al., 2000;
Hayashi and Su, 2003a; Jiang et al., 2006; Dun et al., 2007). Although a number of studies
found that sigma-1 receptors modulate functions of proteins at the plasma membrane (e.g.,
K+ channel) (Aydar et al., 2002; Fontanilla et al., 2009; Johannessen et al., 2009), the
possibility of sigma-1 receptors in localizing at the plasma membrane has not been
thoroughly clarified at present. Importantly, sigma-1 receptors at the ER show typically a
punctate staining pattern in immunocytochemistry (Hayashi and Su, 2003a, 2004b), that is
distinctive from the pattern seen with other ER proteins such as cytochrome P450 reductase
that typically show the reticular or diffuse cytoplasmic pattern in immunostaining. A recent
study identified the ER subdomains enriched with sigma-1 receptors as the mitochondria-
associated ER membrane (MAM) (Hayashi and Su, 2007), the ER membrane physically
associating with the outer membrane of mitochondria (Rusinol et al., 1994). The MAM
plays critical roles in supplying Ca2+ directly from the MAM via inositol 1,4,5-
trisphosphate receptors (IP3 receptors) to mito-chondria, thus regulating metabolism and
bioenergetics in mitochondria (Rizzuto et al., 1999; Hajnoczky and Hoek, 2007; Duchen et
al., 2008). The MAM is also important for lipid synthesis. The MAM express high levels of
enzymes involved in syntheses of phospholipids, cholesterol, neutral lipids, and ceramides
(Vance, 1990; Rusinol et al., 1993, 1994; Bionda et al., 2004). Phosphatidylserine (PtSer)
synthesized at the MAM is transported to mitochondria via intermembrane lipid transport
(without a demand of energy and transport vesicles) for the synthesis of
phosphatidylethanolamine (PtEt) (Voelker, 2000). On the other hand, the role of the MAM
in cholesterol transport is poorly understood. Nevertheless, since the MAM accommodates
enzymes involved in cholesterol biosynthesis and since cholesterol transported from ER to
mitochondria is the primary step in steroidgenesis, the MAM is proposed to serve as one of
loci operating the cholesterol transport from the ER to mitochondria (Hayashi et al., 2009).
A study demonstrated that the MAM, which was visualized by expressing sigma-1 receptors
fused to the yellow fluorescent protein, accommodates the much higher level of free
cholesterol when compared to other ER membranes (Hayashi and Su, 2003b).

The sigma-1 receptor is a 24-kDa protein possessing two transmembrane domains at the N-
terminus and the center of the protein. The sigma-1 receptor also possesses one membrane-
anchoring domain at the C-terminus. A study analyzing membrane topology of the sigma-1
receptor found the sigma-1 receptor possessing one cytosolic loop flanked by two
transmembrane domains with a long ER lumenal domain at the C-terminus (Hayashi and Su,
2007). A recent study identified the sigma-1 receptor as a new class of molecular chaperone
forming a complex with another ER chaperone BiP/GRP78 (Hayashi and Su, 2007). The
long ER lumenal domain at the C-terminus is demonstrated to possess chaperone activity,
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which is negatively regulated by the association with BiP (Hayashi and Su, 2007). The
molecular function of the sigma-1 receptor will be discussed later with more details.

Several studies have sought to identify the ligand-binding site(s) of sigma-1 receptors
including that for steroids. A study showed that the amino acids in the second
transmembrane domain are responsible for binding of the ligands with a slight difference in
responsible amino acids for binding to agonists and antagonists, respectively (Yamamoto et
al., 1999). On the other hands, a few charged amino acids in the ER lumenal domain at the
C-terminus are shown to contribute to the formation of the ligand-binding site as well
(Ganapathy et al., 1999; Seth et al., 2001). The amino acids in the membrane-anchoring
domain seem to be responsible for binding of cocaine or progesterone (Chen et al., 2007; Pal
etal., 2007, 2008; Fontanilla et al., 2008). Therefore multiple domains, including the
transmem-brane domains or amino acids in vicinity to the ER membrane, may constitute the
ligand/sterol-binding pocket of the sigma-1 receptor (Pal et al., 2008). Whether the pocket is
composed within a single molecule of the sigma-1 receptor or by homo oligomerization of
the protein is not examined yet.

13.3 The Potential Link Between the Sigma-1 Receptor and Sterols

Sigma-1 receptors ubiquitously express in several organs of mammals including brain, liver,
pancreas, testis, overlay, placenta, and adrenal gland, as well as in malignant tumors (Vilner
et al., 1995; Hanner et al., 1996; Spruce et al., 2004). A number of studies using selective
sigma receptor ligands have demonstrated that sigma-1 receptors are involved in regulations
of morphogenesis of neuronal cells (e.g., synaptogenesis, neuronal differentiation,
myelination), neuroprotection, pain, pathophysiology of certain human diseases including
depression, drug abuse, Alzheimer’s disease and cancer (Nakazawa et al., 1998; Goyagi et
al., 2001; Maurice, 2004; Spruce et al., 2004; Liu et al., 2005; Marrazzo et al., 2005;
Achison et al., 2007; Bermack and Debonnel, 2007; Dun et al., 2007; Martin-Fardon et al.,
2007; Mei and Pasternak, 2007; Renaudo et al., 2007; Hayashi and Su, 2008; Smith et al.,
2008; Tchedre and Yorio, 2008). Sigma-1 receptors bind a variety of psy-chotropic drugs
and progesterone with submicromolar K; (Su and Hayashi, 2003); particularly the finding on
progesterone raised first time a possibility that sigma-1 receptors may interact with sterols
(Su et al., 1988).

The success of cloning of the sigma-1 receptor provided another striking evidence
supporting the link between the sigma-1 receptor and sterols. The sequence of the sigma-1
receptor, although having no homology to any mammalian proteins, shares a similarity to
that of the yeast sterol C8-C7 isomerase (Hanner et al., 1996). In spite of the high homology
between these proteins, following studies however negated the sigma-1 receptor serving as a
mammalian C8-C7 sterol isomerase; the sigma-1 receptor lacks the enzymatic activity and
the cloned mammalian sterol isomerase shares homology with neither the yeast sterol
isomerase nor with the sigma-1 receptor (Hanner et al., 1996; Moebius et al., 1997; Bae et
al., 2001). Nevertheless, the structural similarity, particularly that between the membrane-
spanning domain of the sigma-1 receptor and the sterol-binding pocket of the yeast sterol
isomerase (Hanner et al., 1996), argues the possibility that the sigma-1 receptor possesses
the sterol-binding domain.

13.4 Sigma-1 Receptors Interact with Cholesterol

Although sigma-1 receptors were shown to bind some steroids in early in vitro binding
assays, the possibility of sigma-1 receptors associating with cholesterol has just begun to be
examined recently. Immunocytochemical studies have revealed sigma-1 receptors highly
compartmentalized at the cholesterol-enriched subdomains of the ER membranes (i.e.,
MAM) (Hayashi and Su, 2003b; Hayashi and Su, 2004b). The cholesterol content in the ER
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membrane is generally kept at a considerably low level when compared to that in the plasma
or Golgi membrane. However, filipin staining visualizing subcellular distributions of free
cholesterol found that cholesterol is accumulated at the MAM and co-localized with sigma-1
receptors (Hayashi and Su, 2003b). The MAM was originally found as a specialized
membrane domain for transports of lipids between ER and mitochondria (Vance, 1990).
Thus, it is intriguing that the cholesterol is exceptionally enriched at the MAM. Transfection
of dominant-negative sigma-1 receptors, which fail to target the MAM, is shown to disrupt
the compartmentalization of cholesterol at MAM, leading to the diffuse distribution of
cholesterol over the ER membrane (Hayashi and Su, 2003b). Seemingly, sigma-1 receptors
regulate, at least in part, the accumulation of free cholesterol at the MAM.

Existence of lipid rafts at the ER has been under a debate for several years. However,
growing evidence supports the existence of lipid rafts at the ER membrane (Hayashi and Su,
20033, b, 2004b, 2005; Sarnataro et al., 2004; Browman et al., 2006; Campana et al., 2006;
Hoegg et al., 2009). Sigma-1 receptors were found to reside in lipid rafts in NG108
neuroblastoma x glioma hybrid cells (Hayashi and Su, 2003b). In oligodendrocytes, sigma-1
receptors also accumulate at lipids rafts by forming the complex with cholesterol and
galactosylceramides (Hayashi and Su, 2004b). In light of exceptional enrichment of
cholesterol and sphingolipids (e.g., ceramides) at MAM among bulk ER membranes (Vance,
1990; Rusinol et al., 1993, 1994; Bionda et al., 2004), it is conceivable for the cell to form
lipid rafts at the specialized subdomains. The identity of sphingolipid(s) forming rafts at the
MAM is however not clarified, except for that in oligodendrocytes (Hayashi and Su, 2004b).
In the sucrose-floatation centrifugation with Triton X-100, the ER-lipid rafts generally show
lower buoyancy than that of plasma membrane rafts that mostly contain gangliosides such as
GM1 (Hayashi and Su, 2003b). Interestingly, a certain class of caveolin shows similar
buoyancy to ER rafts. Calveolin-2, but not caveolin-1 which is enriched at the plasma
membrane and Golgi, was indeed shown to co-localize with sigma-1 receptors at the MAM
(Hayashi and Su, 2003b).

Lipid rafts at the plasma membrane was classically proposed as platforms of the signal
transduction, which compartmentalize receptors and signalling molecules for promoting
protein-protein interactions (Simons and Ikonen, 1997; Simons and Toomre, 2000). Several
trophic factor receptors, upon stimulation, dimerize and translocate into or out from lipid
rafts to pursue activation of downstream signallings (Simons and Ikonen, 1997; Simons and
Toomre, 2000). Similarly, sigma-1 receptors at ER rafts, upon stimulation with agonists,
translocate from rafts to non-raft ER membranes (Hayashi and Su, 2003b; Palmer et al.,
2007). Treatment with selective sigma-1 receptor agonist (+)pentazocine or (+)SKF10047
has been shown to shift sigma-1 receptors from Triton X-100-insoluble to the soluble
fractions in a sucrose gradient centrifugation (Hayashi and Su, 2003b; Palmer et al., 2007).
As discussed below, sigma-1 receptor agonists replace cholesterol binding to sigma-1
receptors (Palmer et al., 2007) and promote translocation of the receptor at the ER (Hayashi
and Su, 2003b; Hayashi and Su, 2003a). Thus, the ligand-free, cholesterol-associating form
of sigma-1 receptors seems to associate with ER rafts.

Although the above-mentioned evidence supports the possibility of sigma-1 receptors to
bind cholesterol, the direct demonstration of cholesterol binding to sigma-1 receptors has
begun to be examined recently. Ruoho and colleagures iden-tified two potential sterol-
binding domains (SBDL-1, SDBL-II) of the sigma-1 receptors by using a series of
photoaffinity labelings (Chen et al., 2007; Pal et al., 2007, 2008; Fontanilla et al., 2008).
They found that derivatives of fenpropimorph (e.g., [12°1]1AF), the inhibitor of yeast sterol
isomerase that has also a high affinity for sigma-1 receptors, can selectively photolabel
amino acids 91-109 and 176-194 with showing a single population of binding sites for
[1251]1AF to interact with the sigma-1 receptor (Pal et al., 2007). These data propose a model
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in which the SBDL-1 and SBDL-1I are juxtaposed to form a sterol-binding site of the
sigma-1 receptor (Pal et al., 2008). Palmer et al. (2007) by using the sequence matching
analysis found that the sigma-1 receptor possesses amino acid sequences similar to the
cholesterol-binding motif of the benzodiazepine receptor (i.e., L/V-X1_»-Y-X;_5-K/R). They
postulated two potential cholesterol-binding domains on the sigma-1 receptors: residues
171-175 and 199-208. They demonstrated that the synthesized peptides containing these
putative cholesterol-binding motifs (a.a. 161-180, a.a. 191-210) indeed bind cholesterol on
immobilized nitrocellulose membranes (Palmer et al., 2007). The binding of cholesterol in
the same system is reduced by co-incubation with sigma-1 receptor agonist (+)-SKF10047
(Palmer et al., 2007). Following energy minimization by Universal Force Field prediction,
they proposed that tyrosine173 and 206 at the surface of the lipid bilayer are critical for the
cholesterol-binding property of the sigma-1 receptors, since the substitutions of tyrosine to
serine at the sites abolished the cholesterol-binding property of the two peptides (Palmer et
al., 2007). These findings support the notion that sigma-1 receptors may directly interacts
with cholesterol at lipid rafts of the MAM. Further, the ability of the ligands in altering the
sigma-1 receptor-cholesterol association may partly explain the underlying mechanism in
ligand-induced translocation of sigma-1 receptors from rafts to non-raft ER membranes
(Hayashi and Su, 2003b; Hayashi and Su, 2003a).

13.5 Molecular Function of the Sigma-1 Receptor

Since the 1970 s, a numerous number of studies have demonstrated a variety of
pharmacological and physiological effects of sigma-1 receptors and their ligands in both in
vitro and in vivo systems; that include neuroprotection, anti/pro-apoptotic action, cellular
differentiation, potentiation of Ca2+ signalling via IP3 receptors, regulation of ion channels
such as K+ channel and NMDA receptor, potentiation of trophic factor signalling (NGF,
EGF, BDNF and MAPKSs), cellular proliferation, protein secretion, carcinogenesis, long-
term potentiation of hippocampal neurons, learning and memory, mood and cognition, and
drug-dependence and craving (Maurice et al., 2002; Takebayashi et al., 2002, 20044, b;
Matsumoto et al., 2003; Su and Hayashi, 2003; Chen et al., 2006; Yagasaki et al., 2006;
Martina et al., 2007; Hayashi and Su, 2008; Sabeti and Gruol, 2008; Fontanilla et al., 2009;
Hayashi et al., 2009). However, the basic molecular function of the sigma-1 receptor has
been elusive until the recent discovery of the innate activity. The sigma-1 receptor is a
ligand-operated molecular chaperone at MAM (Hayashi and Su, 2007). Under the
physiological concentration of Ca2+ in the ER lumen (0.5 mM), the lumenal domain of the
sigma-1 receptor forms a complex with BiP, an ER homologue of heat-shock protein 70
(Hsp 70), in a Ca2+/Mn2+-dependent manner (Hayashi and Su, 2007). Sigma-1 receptors
forming the complex with BiP are basically at the dormant state, thus minimizing the
chaperone activity (Hayashi and Su, 2007). The depletion of ER Ca2+ by activation of IP3
receptors or inhibition of the ER Ca2+ pump by thapsigargin triggers the dissociation of
sigma-1 receptors from BiP, which in turn fully activates sigma-1 receptor chaperones
(Hayashi and Su, 2007; Hayashi et al., 2009).

Because of their specific localization at the MAM, sigma-1 receptor chaperones are assumed
to stabilize mostly MAM-residing proteins. So far, the type-3 IP3 receptor is only protein
identified as a substrate of the sigma-1 receptor chaperone. Knockdown of sigma-1 receptors
causes rapid ubiquitination and degradation of type-3 IP3 receptors residing at MAM, thus
causing decrease of direct Ca2+ influx from MAM to mitochondria (Hayashi and Su, 2007).
Ca2+ uptaken into mitochon-dria in turn activates dehydrogenases in the TCA cycle, leading
to potentiation of the ATP production in mitochondria (Rizzuto et al., 1999; Hajnoczky and
Hoek, 2007; Duchen et al., 2008), the stabilization of IP3 receptors by sigma-1 receptor
chaperones is thus postulated to contribute to bioenergetics and cellular survival. In this
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context, the role of cholesterol potentially specifying the MAM localization of sigma-1
receptors seems vast.

13.6 Ligand-Binding Profile of the Sigma-1 Receptor

The prominent uniqueness of the sigma-1 receptor is that the innate chaperone activity can
be activated/inactivated pharmacologically by synthetic compounds or by sterols. Sigma-1
receptor agonists promote the dissociation of sigma-1 receptors from BiP, which in turn
activates chaperone activity of sigma-1 receptors in an ER Ca2+-independent manner
(Hayashi and Su, 2007). The action of the agonists is blocked by antagonists. Structurally
diverse compounds including steroids and some clinically used psychotropic drugs and
immunesuppressants exert high affinities for sigma-1 receptors (Table 13.1). A recent study
found that endogenous hallucinogen dimethyltryptamine binds to sigma-1 receptors
(Fontanilla et al., 2009). Selective sigma-1 receptor agonists have been demonstrated to
possess therapeutic actions in animal models of depression, schizophrenia, and strokes
(Hayashi and Su, 2008). Some steroids that have affinities to sigma-1 receptors indeed exert
antiamnesic or antidepressant-like actions via sigma-1 receptors (Hayashi and Su, 2008).
Whether cholesterol at the MAM may affect the chaperone activity of the sigma-1 receptor
as a potential endogenous ligand is an interesting unsolved question. The recent find-ing
showing ER rafts regulating folding of PrP (Campana et al., 2006), however, raises a
tempting speculation that ER cholesterol may gain the folding capability of the ER by either
mimicking a molecular chaperone by itself or by regulating activity of ER chaperone
proteins.

13.7 Roles of Sigma-1 Receptors in Subcellular Distribution of Lipids and
Reconstitution of Lipid Rafts

Studies exploring roles of sigma-1 receptors in lipid biology has just emerged. Recent data
suggest that sigma-1 receptors play important roles in the subcellular distribution of
cholesterol as well as its partitioning in lipid rafts at the plasma membrane (Hayashi and Su,
2005). For example, overexpression of sigma-1 receptors, although they are mainly at the
ER (e.g., MAM), can increase cholesterol at the plasma membrane rafts (Takebayashi et al.,
2004b). Further, expression of dominantly negative sigma-1 receptors decreases plasma
membrane cholesterol with concomitantly increasing cholesterol at the ER (Hayashi and Su,
2003b). Thus, sigma-1 receptors at the ER seem to be involved in export of cholesterol from
ER to the plasma membrane.

Stable overexpression of sigma-1 receptors in PC12 cells promotes the alteration of
glycosphingolipids in plasma membrane lipid rafts (Takebayashi et al., 2004b).
Overexpression of sigma-1 receptors increases ganglioside GD1a in plasma membrane rafts,
the endproduct of the ganglioside synthesis, but decreases less-glycosylated precursors of
GD1a such as GM1 and GM2 (Takebayashi et al., 2004b). Because the biosynthesis of
glycopshingolipids downstream of ceramides is entirely processed at Golgi (van Meer,
2000), this finding suggests the sigma-1 receptor accelerating glycosylation of gangliosides
at the Golgi apparatus. The reconstitution of plasma membrane rafts caused by sigma-1
receptors therefore promotes a significant alteration in signal transduction triggered by
receptors of trophic factors as mentioned below. How sigma-1 receptors associating with
cholesterol at the MAM regulate glycosylation of sphingolipids at Golgi is, however, an
open question at present.

Several trophic factor receptors, upon stimulation, dimerize and translocate into lipid rafts
for activation of downstream signallings. However, some trophic factor receptors such as the
EGF receptor conversely translocate from rafts to non-raft membranes upon the activation;
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thus lipid rafts serve as both positive and negative regulators of trophic factor-related signals
in the receptor-specific manner. Importantly, it is known that the association of receptors
with lipid rafts depends on sugar moieties of residing gangliposides; for example, EGF
receptors have the highest affinity for GM1 or GM2 ganglioside, but the lowest affinity for
highly gly-cosylated GD1a (Miljan et al., 2002). Thus, reconstitution of gangliosides in lipid
rafts caused by sigma-1 receptors promotes the relocation of EGF receptors from rafts to
non-rafts membranes, leading to potentiation of the EGF receptor activity (Takebayashi et
al., 2004b). In such, sigma-1 receptors by modulating lipid components of the plasma
membrane may regulate diverse signal transductions mediated by trophic factor receptors as
is indeed seen in other systems such as NGF or BFND (Takebayashi et al., 2002; Yagasaki
et al., 2006).

13.8 The Sigma-1 Receptor in Human Diseases

13.8.1 Neuropsychiatric Disorders

Since the first prototypic sigma receptor ligand SKF-10047 induces psy-chotomimeric
actions and some antipsychotics such as haloperidol have low-nM affinities for sigma
receptors (Su and Hayashi, 2003), the sigma-1 receptor lig-ands had been expected to serve
as a new class of psychotherapeutic drugs. However, newly synthesized selective sigma-1
receptor ligands do not necessarily have psychotimimetic effects (Hayashi and Su, 2004a).
Further clinical studies failed to show significant effect of sigma-1 receptor ligands on
positive symptoms of schizophrenia (Volz and Stoll, 2004). On the other hand, recent
preclinical studies have accumulated substantial data showing that sigma-1 receptor ligands
possess robust neuroprotective action against, for example, -amyloid- or ischemia (Hayashi
and Su, 2008). Sigma-1 receptor agonists also show anti-amnesic and anti-depressant-like
actions in animal models (Maurice et al., 2002).

On the analogy between psychostimulant-induced psychosis and schizophrenia, sigma
receptor ligands have been extensively examined in animal models of drug-dependence. The
use of psychostimulants such as methamphetamine and cocaine acutely causes psychosis in
humans similar to positive symptoms of schizophrenia. Further, the long-term use of
psychostimulants promotes neuroad-aptative/neuroplastic changes, often those are
irreversible and promote hard-to-cure symptoms such as withdrawal symptoms, craving,
anxiety, aberrant stress-responses and depression (Hyman et al., 2006). Recent studies have
found that sigma-1 receptors are upregulated in particular brains regions relating to
dopaminergic reward and motor systems following chronic treatments with psychosimulants
(Stefanski et al., 2004; Liu and Matsumoto, 2008).

It is not totally clarified how sigma-1 receptor chaperones at the MAM promote neuronal
plasticity that likely involves morphogenesis of cells in the central nervous system. In in
vitro studies, however, upregulation of sigma-1 receptors is shown to promote neuronal
differentiation and potentiation of BDNF signallings (Hayashi and Su, 2004b; Yagasaki et
al., 2006); both have been proven to be implicated in the pathophysiology of depression and
drug dependence (Hyman et al., 2006). Indeed, certain antidepressants promote
neuritegenesis by activating sigma-1 receptors in PC12 cells (Takebayashi et al., 2002). The
action in activating neuronal differentiation may involve at least in part the action of
sigma-1 receptors to promote reconstitution of plasma membrane lipid rafts that alters signal
transduction of the trophic factor receptors (Hayashi and Su, 2005). Recent studies
demonstrate that cholesterol is de novo synthesized in the brain, which is independent of
cholesterol supplied by the blood circulation. Further, cholesterol provided by astrocytes is
shown to serve as a potent inducer of neuronal morphogenesis including synap-togenesis
(Barres and Smith, 2001; Suzuki et al., 2007). In contrast, the aberrant metabolism of
cholesterols is known to cause neuronal dysfunction and degeneration (Pregelj, 2008). Thus,
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sigma-1 receptors regulating cholesterol transport and raft formation may play important
roles in neuroprotection and neuroplasticity in the brain.

13.8.2 Cancer

Early binding studies found that sigma-1 receptors highly express in many cancer cells
(Vilner et al., 1995). Recent studies demonstrated that some sigma-1 receptor ligands inhibit
unstrained proliferation of carcinoma both in vitro and in vivo (Spruce et al., 2004). A recent
study provides an intriguing mechanism of sigma-1 receptors in regulating proliferation in
cancers. The study found that sigma-1 receptor ligands cause the dissociation of cholesterol
from sigma-1 receptors, which subsequently leads to reconstitution of plasma membrane
rafts (Palmer et al., 2007). The reconstitution of lipid rafts promotes dramatic inhibition of
cell adhesion mediated by B-integrin, the strength is indicative of invasiveness of cancers
(Palmer et al., 2007). Knockdown of sigma-1 receptors by siRNA shows the similar
phenotype. The effect of sigma-1 receptor ligands was abolished if the composition of lipid
rafts is altered by using drugs that affect lipid raft formation such as methyl- B-cyclodextrin
(2% for 30 min) (Palmer et al., 2007). These findings further suggest that cholesterol
trafficking and raft formation regulated by sigma-1 receptors may be involved in promoting
pathogenic processes involved in human diseases.

13.9 Conclusions

In this book chapter, we introduced a novel sterol-binding ER protein, the sigma-1 receptor
chaperone. Sigma-1 receptor chaperones localize at the MAM, an ER subcompartment
apposing to mitochondria (Hayashi and Su, 2007), where sigma-1 receptors associate with
lipid rafts (Hayashi and Su, 2005). The association of sigma-1 receptors with cholesterol is
altered by the ligand treatment, leading the relocation of sigma-1 receptors at the ER
membrane (Hayashi and Su, 2005; Palmer et al., 2007). The sigma-1 receptor regulates the
ER distribution of cholesterol as well as the formation of lipid rafts at the plasma membrane
(Hayashi and Su, 2005). Further, sigma-1 receptors accelerate glycosylation of gangliosides
at Golgi (Hayashi and Su, 2005). It is unclear at present how exactly the innate activity of
the sigma-1 receptors (i.e., molecular chaperone activity) contributes to the regulations of
cholesterol transport, ganglioside syntheses, and reconstitution of lipid rafts at the plasma
membrane. Nevertheless, the regulation of lipid redistribution and metabolisms certainly
affect a variety of signal transductions mediated by receptors of several trophic factors (e.g.,
EGF, NGF, BDNF), thus regulating cellular survival, differentiation, and cell adhesion.

The role of ER cholesterol in regulation of SREBP has been exhaustively examined, and
elucidated evidence constitutes a clear picture wherein cholesterol regulates one of
fundamental functions of the ER: the lipid biosyntheses. However, information for depicting
roles of cholesterol in other basic ER functions (e.g., protein synthesis, protein folding,
protein/lipid secretion, post-translational protein modifications, Ca2+ signalling), if any, is
considerably scarce. Thus, one ultimate goal of this chapter is to cast fresh light on potential
functions of cholesterol at the ER by reviewing the sigma-1 receptor chaperone, and to
provide a scope for future investigations. The data from sigma-1 receptor chaperones and
others clearly suggest the potentials of ER cholesterol in regulating 1) protein folding and
degradation at the ER, 2) compartmentalization/segregation of ER resident proteins, 3) the
function of mitochondria via the ER-mitochondria contact, and 4) sphingolipid biosyntheses.
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ER endoplasmic reticulum

MAM mitochondria-associated ER membrane
SREBP sterol regulatory element binding protein
PHB prohibitin domain-containing

Prp prion protein

erlin ER lipid raft protein

IP3 receptors
PtSer

inositol 1,4,5-trisphosphate receptors
phosphatidylserine

PtEt phosphatidylethanolamine
SBDL sterol-binding domain-like

1AF iodo-azido fenpropimorph

NGF nerve growth factor

EGF epidermal growth factor

BDNF brain-derived neurotrophic factor
MAPK mitogen-activated protein kinase
NMDA N-methyl-D-aspartate

Hsp heat shock protein

BiP immunoglobulin binding protein
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Sigma-1 receptor ; ~ DsRed-KDEL

Fig. 13.1.

Mitochondria-associated ER membrane (MAM). A Spatial localization of MAM and bulk
ER membranes. MAM is visualized by immunofluorescence using anti-sigma-1 receptor
antibodies. ER membranes are visualized by expressing DsRed-tagged KDEL in the CHO
cell. Bar=10 pm. Note that sigma-1 receptors accumulated at punctate substructures of ER
membranes (arrows in the inset at higher magnification). B Spatial localization of MAM and
mitochondria. MAM is visualized by immunofluorescence using anti-sigma-1 receptor
antibodies. Mitochondria were visualized by expressing mitochondria-targeting red
fluorescent proteins (Mito-DsRed) in the CHO cell. Bar=10 um. MAM expressing sigma-1
receptors apposes to mitochondria (arrows in the inset at higher magnification)
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Cytoplasm

ER membrane

ER lumen

Fig. 13.2.

ER lipid rafts composed of cholesterol and sigma-1 receptors. The mitochondria-associated
ER membrane (MAM) contains the relatively high level of cholesterol, when compared to
other bulk ER membranes, thus forming lipid rafts as reported by recent studies. The sphin-
golipid counterpart(s) constituting lipid rafts with cholesterol at the ER is not well defined.
In oligodendrocytes, galactosylceramide appears to represent a major sphingolipid
component of ER rafts. The sigma-1 receptor, which possesses two transmembrane
domains, resides preferentially at lipid rafts of the MAM. Amino acids marked with pink are
shown to be involved in ligand-binding of the sigma-1 receptor. Those in green are proposed
to constitute sterol or cholesterol-binding domains. Sigma-1 receptors at ER rafts have been
shown to regulate lipid transport/metabolism, Ca2+ signalling, reconstitution of plasma
membrane lipid rafts, ganglioside synthesis, cellular survival and differentiation. The arrow
indicates the domains in the juxtaposed position as demonstrated by sulfhydryl-reactive,
radioiodinated photo-crosslinking
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Table 13.1

Ligands of the sigma-1 receptor chaperone

Synthetic compounds
(+)Pentazocine
(+)Dextromethorphan
(+)SKF10047
Haloperidol
Fluvoxamine
Imipramine
Donepezil
SA31747

Natural/endogenous compounds
Progesterone
Dehydroepiandrosterone sulfate
Pregnenolone sulfate
Hyperforin/hypericin
Dimethyltryltamine
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