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Preface

Because recapitulation of the historic developments within a scientific field usually

helps, or may even be required, for understanding current paradigms and concepts,

it appears important to begin with a condensed historic overview characterizing a

research area, which has gained an impressive amount of attention due to its impact

on various aspects of cell biology.

During the past decades, the concept of store-operated Ca2+ entry as a pivotal

component of cellular signaling in a wide range of biological systems and as a

process of particular importance for human pathology has emerged slowly and with

several critical milestones being accomplished only after a tedious process of

knowledge acquisition. All of this started with the perception of a Ca2+ transport

process that appeared initially to be important only for the more or less direct re-

filling of intracellular storage compartments. Mobilization or, in other words,

discharge of Ca2+ from these storage sites had already been recognized as a crucial

signaling step for the control of cellular functions, and the mechanism of re-

charging of these signaling elements had been envisaged as a process similar to

the charging of an electrical capacitator by the capacitative current. Thus, the initial

term created to describe the phenomenon was “capacitative Ca2+ entry”, originally
coined by Jim Putney Jr. in 1986. The understanding that the Ca2+ store refilling

mechanism is actually associated with highly relevant increases in cytosolic Ca2+

and the discovery of the striking dependency of the trans-plasmalemmal Ca2+ flux

on the filling state of the endoplasmic reticulum, representing the primarily

involved Ca2+ storage organelle, led to the concept of “store-operated Ca2+ entry”

(SOCE) as a (patho)physiologically important signaling pathway.

Elucidation of the molecular basis of this cellular mechanism was promoted by

the identification of the ion conductance mediating SOCE in mast cells. This

conductance, which was originally designated as calcium release-activated calcium

conductance (CRAC) by Markus Hoth and Reinhold Penner in 1992, was

characterized as highly Ca2+ selective and mediated by an ion channel of particu-

larly low unitary conductance, which suggested attempts to analyze the properties

at the molecular, single channel level as barely feasible. Subsequent investigations

in a wide range of tissues and cell types revealed ubiquitous expression of the

signaling phenomenon, along with inconsistencies regarding the biophysical

properties of the involved channels. Uncertainty about the pore features of store-

operated membrane conductances, along with an even more disturbing uncertainty
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regarding the mechanism(s) by which information on the filling state of the Ca2+

store is transferred to the Ca2+ entry channel has puzzled scientists in the field until

the recent discovery of a paradigm SOCE channel.

A signal complex comprised of a highly Ca2+ selective pore protein (Orai1) and

a Ca2+ sensor protein (STIM1) bridges the gap between plasma membrane and

endoplasmic reticulum, and enables the information flow required for store-

operated gating of the channels in immune cells and probably in many other tissues.

This recently gained knowledge on the mechanistic principles underlying a classi-

cal SOCE pathway is currently promoting further expansion of the field and inspires

investigators to fully elucidate the molecular mechanism of SOCE in different cell

types, including rigorous analyses of the role of additional signaling molecules

involved in these phenomena and elucidation of the crosstalk of SOCE with other

Ca2+ signaling mechanisms. Moreover, recent progress in SOCE research, specifi-

cally the emerging general agreement on certain molecular concepts, has

encouraged attempts to develop therapeutic strategies based on SOCE as a target.

This research includes the extensive evaluation of the role of SOCE pathways in

human pathology. At this point, having passed important milestones and in expec-

tation of further expansion of SOCE research into a variety of biomedical fields, this

book was intended to provide an overview on three main aspects SOCE research.

SOCE signaling is based on exceptional intracellular communication machinery,

the key parts of which have just recently been uncovered, is introduced in Part I of

this book. Part II provides information on how SOCE is currently seen as a

component of cellular Ca2+ signaling networks and a pivotal determinant of organ-

elle Ca2+ handling. Finally, current evidence for the (patho)physiological signifi-

cance of SOCE in a selection of organ systems and tissues is outlined in Part III.

Because molecular mechanisms, their integration within the cell’s signaling net-

work and (patho)physiological aspects of SOCE are highly integrated issues, the

reader will recognize a certain degree of intended and potentially useful overlap,

which is highlighted within the chapters by cross-references. Thereby, the book is

expected to provide a valuable synopsis including the most relevant scientific points

of view, specifically those of molecular biophysics, cell biology and pathology.

Finally, the editors would like to express their sincere thanks and appreciation to

all contributors for their dedicated collaboration in this project and also to Karin

Osibow for her support in editing this book.

We hope that the information provided by this book will be helpful for both

students and advanced scientists that are new in the field as well as inspiring for

researchers in a wide range of related areas.

Graz/Linz, November 2011 K. Groschner, W.F. Graier and C. Romanin
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SOCE: Fundamental Mechanistic Concepts



Introduction 1
James W. Putney

This volume will present a state-of-the art description and analysis of the rapidly

expanding field of store-operated Ca2+ entry (SOCE). And this first section will deal

with the most fundamental mechanistic concepts underlying this process. In this

brief introduction, I will try to summarize the historical development of the concept

of store-operated Ca2+ entry, and say a bit about some recent work that speaks to its

general function in cell signaling.

1.1 SOCE: Historical Development of the Concept

Many would attribute the origins of this concept to my 1986 hypothesis paper in

Cell Calcium (Putney 1986), but in fact no idea is born in a vacuum and much of

the key elements for this concept developed from much earlier findings. One earlier

and fundamental concept is that Ca2+ signals can arise in two very general ways:

either by influx to the cytoplasm across the plasma membrane, or by discharge to

the cytoplasm from storage depots within the cell. Although it is now clear that

this is a general property of Ca2+ signaling pathways, it was the smooth muscle

physiologists who first appreciated it, based largely on the differential sensitivity of

initial and sustained contractures to removal of extracellular Ca2+ (Bohr 1963; Van

Breemen 1969; Sitrin and Bohr 1971; Van Breemen et al. 1973; Steinsland et al.

1973; Reviews: Bohr 1973; Bolton 1979). The finding that this same dual mecha-

nism of Ca2+ mobilization applied to other, non-excitable cell types led to the

suggestion that it was a general property of Ca2+ signaling systems (Putney et al.

1981). Commonly both processes occur and they interact and regulate one another

in a variety of ways. One clear example is the heart where the influx of Ca2+ is
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amplified many fold through a process of Ca2+-induced Ca2+ release through

ryanodine receptors in the sarcoplasmic reticulum (Meissner 1994). However, the

more common mechanism operates in the reverse mode: release of intracellular Ca2+

activates Ca2+ influx channels in the plasma membrane, which is the process of

SOCE, and the focus of this volume.

Early in my career, I attempted to understand Ca2+ signaling in exocrine gland

cells by monitoring a downstream Ca2+-regulated event, the activation of Ca2+-

activated K+ channels. Membrane permeability to K+ could be assessed by the rate

of efflux of a radioactive K+ mimic, 86Rb+. In a pattern reminiscent of the earlier

studies on smooth muscle contraction, activation of any of three surface receptors

(muscarinic, a-adrenergic or Substance P) stimulated the rate of 86Rb+ efflux and

this response occurred in two phases: a transient phase which did not depend upon

extracellular Ca2+, and a sustained phase that required extracellular Ca2+ (Putney

1976). The nature of the Ca2+ independent phase was not known until in a sub-

sequent study, it was shown to depend upon an internal pool of Ca2+ that was released

in response to receptor activation (Putney 1977). Thus, these three receptors appeared

each capable of releasing stored Ca2+ and also activating Ca2+ influx through plasma

membrane channels. Further, by use of a series of experiments employing serial

application of different agonists and antagonists under differing conditions, it was

shown that a single pool of intracellular Ca2+ as well as a single population of surface

membrane channels were commonly regulated by the three different receptor types.

In the absence of extracellular Ca2+, the released Ca2+ was lost from the cells, pre-

sumably through active extrusion at the plasma membrane, but could be replenished

from the outside, apparently through the receptor-activated channels. This was the

first suggestion that plasma membrane channels were responsible for maintaining the

intracellular stores, although it was not that clear that this could occur completely

independently of receptor activation. That receptor activation was not required to

refill the stores was shown by experiments of a similar nature carried out with slices

of rat lacrimal gland. In the previous study with parotid slices (Putney 1977), refilling

was achieved with the following protocol: in the absence of external Ca2+, stores

were emptied with agonist for one receptor (muscarinic), then Ca2+ was restored to

permit influx, then the agonist was removed pharmacologically by application of a

potent receptor antagonist (atropine). Ca2+ was then removed, and a second agonist

(Substance P) was applied which induced a robust transient 86Rb+ efflux, indicative of

efficient refilling of the pools. In the subsequent study with lacrimal slices (Parod and

Putney 1978), a similar protocol employing epinephrine as the first agonist, phentol-

amine as the antagonist and carbachol to assess refilling produced essentially the

same result as before. However, in this study an alternative sequence was also tested:

following depletion of the intracellular store by epinephrine, phentolamine was added

before restoration of extracellular Ca2+. In this condition, it was assumed that the

receptor-operated channels were inactive. However, a brief (2 min) application of

external Ca2+, even after phentolamine, was equally efficient in refilling the intracel-

lular stores. This experiment indicated that refilling could occur efficiently in the

absence of receptor activation. Three years later, Casteels and Droogmans (1981)

reported a similar phenomenon in smooth muscle. They proposed a privileged route
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by which Ca2+ could enter the intracellular stores, in this case sarcoplasmic reticulum,

without traversing the cytoplasm.

In 1983 came the discovery of the Ca2+ mobilizing second messenger, inositol

1,4,5-trisphosphate (IP3) (Berridge 1983; Streb et al. 1983). The initial experiments

involved demonstration of IP3-induced release from intracellular stores, mainly by

use of permeable cell models (Streb et al. 1983; Burgess et al. 1984; Biden et al.

1984) but also with microsomal fractions (Prentki et al. 1984; Streb et al. 1984;

Ueda et al. 1986). However, when plasma membrane fractions were separated from

endoplasmic reticulum, it appeared that IP3 did not activate release from the plasma

membrane vesicles (Streb et al. 1984; Ueda et al. 1986). Yet, injection of IP3 into

sea urchin oocytes produced a full fertilization response, known to require activa-

tion of Ca2+ influx (Slack et al. 1986). At this point I attempted to put together the

prior work on Ca2+ entry with the more recent findings with IP3 to come up with a

model that could account for the biphasic nature of Ca2+ signaling. This was the

often cited 1986 hypothesis paper published in Cell Calcium (Putney 1986). I chose

this instrument, a hypothesis paper, for publishing this idea because at the time I

did not know how to proceed to test it. I used the term “capacitative” to describe a

mechanism by which the empty state of the intracellular store signaled to and

activated Ca2+ channels in the plasma membrane. Closely associated components

of the endoplasmic reticulum would then rapidly capture this entering Ca2+

resulting in efficient refilling of intracellular stores. I envisioned the process of

Ca2+ entry as a constant refilling of the stores and constant emptying through the IP3
receptor; thus the analogy with electrical circuitry whereby current flows through a

resistor and capacitor in series. This idea was somewhat similar to the model

proposed by Casteels and Droogmans (1981), although I assumed a series arrange-

ment of channels and ER pumps, rather than a direct conduit. Subsequent findings

confirmed the basic idea of store Ca2+ content regulating influx, but the route of

entry was not as envisioned by either myself or Casteels and Droogmans. This was

clearly demonstrated in two subsequent studies that provided the initial proofs for

the concept of store-operate Ca2+ entry.

The first was a report in the Biochemical Journal in 1989 in which transient

increases in [Ca2+]i were observed during refilling of intracellular stores, indepen-

dently of receptor activation (Takemura and Putney 1989). The protocol was

similar to the earlier study in lacrimal cells in which stores refilled rapidly follow-

ing block of the agonist receptor. The major difference was that [Ca2+]i was

more directly monitored by using the newly developed Ca2+ indicator, fura-

2 (Grynkiewicz et al. 1986). In the earlier study, no increase in 86Rb+ efflux was

seen during the process of refilling, suggesting a highly protected route to the stores.

But with fura-2, one could clearly see a transient rise in [Ca2+]i during the refilling

process. The rise was transient because as the stores refilled, the store-operated

process shut down. The second key finding, reported in that same year, served to

simplify and redefine the primary experimental paradigm for demonstrating and

investigating store-operated Ca2+ entry. Thapsigargin is an inflammatory plant

toxin that was shown to increase Ca2+ in cells (Ali et al. 1985; Thastrup et al.

1987). Jackson et al. demonstrated that thapsigargin released the same pool of Ca2+
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as did phospholipase C-linked agonists, but without increasing the formation of IP3
(Jackson et al. 1988). The mechanism for this release was not known at the time, but

was later shown to result from inhibition of the sarcoplasmic-endoplasmic reticu-

lum Ca2+ ATPase which is responsible for concentrating Ca2+ in the intracellular

stores (Thastrup et al. 1990). I recognized that this reagent could serve as a test of

the store-operated Ca2+ entry idea, but I was discouraged by the fact that Jackson

et al. did not apparently observe any increased Ca2+ entry in the cells they studied.

Nonetheless, there was evidence from the earlier studies in platelets that

thapsigargin could cause a sustained [Ca2+]i increase (Thastrup et al. 1987) and

very early experiments examining the effects of Ca2+ repletion on secretion

provided evidence that thapsigargin likely did augment entry (Patkar et al. 1979).

When we applied thapsigargin to parotid acinar cells, a robust and sustained

elevation in [Ca2+]i ensued (Takemura et al. 1989). Removal of external Ca2+ and

its subsequent restoration clearly demonstrated that this sustained elevation was due

to increased Ca2+ entry across the plasma membrane. Importantly, thapsigargin and

a phospholipase C-linked agonist, methacholine, were not additive in increasing

Ca2+ influx, indicating that thapsigargin had stimulated the same pathway for Ca2+

entry as had the more physiological receptor agonist. Two important implications

came from this study. First, it provided direct evidence that simply depleting Ca2+

stores could quantitatively account for all of the Ca2+ entry produced by activation

of the phospholipase C-IP3 signaling pathway. Second, since IP3 receptors were not

activated, it indicated that the pathway to the cytoplasm did not traverse the IP3-

regulated Ca2+ pool but that the Ca2+ entered the cytoplasm directly through the

store-operated channels (Takemura et al. 1989; Muallem et al. 1990). Why did

Jackson et al. not see Ca2+ entry in their studies with thapsigargin? We now know

that the cell line used in that study, NG115-401L, a neuroblastoma/glioma hybrid

line, is deficient in store-operated Ca2+ entry (Csutora et al. 2008) due to a

deficiency in the Ca2+ sensor STIM1. And a third important consequence of the

1989 paper on thapsigargin was that it provided perhaps the simplest and most

readily understandable evidence for store-operated Ca2+ entry. Interest in this

phenomenon increased as a new tool for its investigation became available.

In 1992 a major advance occurred when Hoth and Penner published the first

recordings of whole-cell current activated by Ca2+ store depletion (Hoth and Penner

1992). They called the current ICRAC for Ca2+ release-activated Ca2+ current. The

current was similar to other selective Ca2+ current in being highly selective for Ca2+,

and thus strongly inwardly rectifying with a positive reversal potential. The current

was small, however, in the range of only a few pA/pF. Actually, in the mast cells

which Hoth and Penner used in their initial studies, and other hematopoetic cells,

such as T-cells, ICRAC seems to be somewhat larger than other cell types where is

may be close to threshold levels of detection, <1pA/pF (for example; Vig et al.

2006; DeHaven et al. 2007). And even these small currents are generally only seen

when Ca2+ inactivation of the current is reduced or prevented, by either inclusion of

chelators in the patch pipette solution, or by holding at relatively positive membrane

potentials. Hoth and Penner used the whole-cell patch clamp technique to measure
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total membrane current; attempts to detect single channels underlying ICRAC were

unsuccessful. Subsequently, Zweifach and Lewis (1993) used a noise analysis

algorithm to estimate the single channel conductance of CRAC channels to be

~24 fS, well below the level detectable by conventional electrophysiological

techniques. Two clues to the molecular nature of the channels were provided in

these early studies: first, ICRAC developed rather slowly following store depletion,

with a time constant of the order of 20 s; second, the extremely low estimated single

channel conductance predicted that the molecular nature of the CRAC channel

might be very different from other ion channels.

From 1992 to 2005 research on store-operated Ca2+ entry followed three general

lines: investigations into the properties and regulatory mechanisms for ICRAC and

store-operated Ca2+ entry, for example, the complex regulation by intracellular and

extracellular Ca2+; attempts to delineate the mechanism by which depleted Ca2+

stores signaled to plasma membrane Ca2+ channels; attempts to identify the store-

operated channels. Whereas the first thread of investigation produced a lot of useful

information, the other two sometimes yielded briefly encouraging findings which

usually did not survive further scrutiny. Some issues from this earlier work still

remain unsettled, for example the role of the hypothetical signaling molecule, Ca2+

influx factor (Csutora et al. 2008), and the function of transient receptor potential

channels in store-operated Ca2+ entry (Liao et al. 2008). These issues have been

discussed in a number of exhaustive reviews (Parekh and Penner 1997; Lewis 2001;

Putney and McKay 1999; Barritt 1999; Parekh and Putney 2005; Cahalan 2009;

Yuan et al. 2009) and will to some extent continue to be addressed in the current

volume (see Chaps. 4, 5 and 7).

In 2005 the modern, molecular era of store-operated Ca2+ entry began with the

initial identification of the endoplasmic reticulum Ca2+ sensors, STIM1 and STIM2

(Roos et al. 2005; Liou et al. 2005), followed shortly thereafter by the Ca2+ channel

proteins, Orai1, 2 and 3 (Feske et al. 2006; Vig et al. 2006; Zhang et al. 2006). Much

will be said about these proteins in the following Chaps. 2–4 and in the other Parts

2 and 3 in this volume. Briefly, the STIM proteins are endoplasmic reticulum

resident single pass membrane proteins with a Ca2+ binding domain directed to

the lumen of the endoplasmic reticulum. Upon release of Ca2+ from the endoplas-

mic reticulum, Ca2+ dissociates from the domain resulting in a conformational

change, association of STIM proteins into dimers and higher order oligomers, and

accumulation of STIM at endoplasmic reticulum—plasma membrane junctions

where STIM interacts with and activates channels composed of Orai subunits

(Hogan et al. 2010; Cahalan 2009; Prakriya 2009; Hewavitharana et al. 2007;

Smyth et al. 2006). Note that for some years before the discovery of Orai channels,

there was considerable interest in the possible role of TRPC channels as store-

operated channels (Parekh and Putney 2005). There remains the possibility that

these somewhat less selective cation channels can function in a store-operated

mode, and this is an issue that will be addressed in Chaps. 5 and 6, and which has

been discussed in recent publications (Yuan et al. 2009; Ambudkar and Ong 2007;

Liao et al. 2009).
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1.2 The Physiological Function of SOC Channels

The availability of molecular tools to investigate store-operated Ca2+ entry has

afforded an opportunity to address a long-standing question: what is the physiolog-

ical function of store-operated Ca2+ channels? At the level of the organism, it is

clear that this process is very important as mutations in the major players, whether

arising by chance in humans, or by design in animal models, in all cases produce

severe phenotypes characterized by general immune deficiencies as well as

problems in musculo-skeletal development and problems with ectodermally

derived tissues and functions (Feske 2009). But what is the basis for these effects

at the cellular level? The basic assumption has been that these channels serve to

refill and maintain endoplasmic reticulum Ca2+ stores, which are important for Ca2+

signaling as well as for proper protein synthesis and protein folding. This is no

doubt true, but some recent findings have suggested that these channels may have

more direct roles in Ca2+ signaling. To understand how store-operated Ca2+ entry

fits into Ca2+ signaling pathways, it is necessary to understand the complexity of

Ca2+ signals when they occur in the physiological range of stimulus strengths. In

both excitable cells and non-excitable cells, Ca2+ signals most commonly occur as

one or a series of regenerative all-or-none bursts of cytoplasmic Ca2+ sometimes

termed Ca2+ oscillations (Woods et al. 1986; Berridge and Galione 1988; Thomas

et al. 1996). In excitable cells these often result from the excitable behavior of

plasma membrane Na+ and Ca2+ channels. In non-excitable cells, they generally

represent episodic discharges of stored Ca2+. There has been much discussion about

the primary source of these intracellular release oscillations. In the vast majority of

cases it is clear that they represent episodic release of stored Ca2+ by IP3; however,

opinions differ as to whether it is the IP3 level which is oscillating or whether

complex feed forward and feed back mechanisms at the level of the IP3 receptor can

produce oscillations in Ca2+ release at a constant IP3 level (Goldbeter et al. 1990;

Meyer and Stryer 1988; Thomas et al. 1996; Dupont et al. 2007). In either case,

there is general consensus that the function of these oscillations is to produce a

mode of digital Ca2+ signaling (Lewis 2003; Dolmetsch et al. 1998). Theoretically,

digital Ca2+ signaling can be achieved if the immediate downstream response

element responds only to a level of [Ca2+]i above a certain threshold, significantly

above the resting [Ca2+]i level. A series of oscillations can be integrated and thus

converted to an analog signal if the time constant of the response element is slow in

comparison to the interspike interval of the oscillations. There is evidence that one

major response element, a Ca2+-calmodulin dependent protein kinase, does have

the appropriate kinetic characteristics to act as an integrator of Ca2+ oscillations

(De Koninck and Schulman 1998).

So, in order to understand the basic cellular function of store-operated Ca2+

channels, one would need to understand their role in the signaling function of Ca2+

oscillations. Clearly Ca2+ influx plays a role in Ca2+ oscillations because removal of

external Ca2+ causes the oscillations to rapidly run down and eventually cease

altogether (Thomas et al. 1996; Bird and Putney 2005). However, in the majority of

instances Ca2+ entry contributes little if any to the global rise in [Ca2+]i associated
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