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Abstract

Calcium signaling in cells directs diverse physiological processes. The calcium waves triggered by 

fertilization is a highly conserved calcium signaling event essential for egg activation, and has 

been documented in every egg tested. This activity is one of the few highly conserved events of 

egg activation through the course of evolution. Echinoderm eggs, as well as many other cell types, 

have three main intracellular Ca2+ mobilizing messengers – IP3, cADPR and NAADP. Both 

cADPR and NAADP were identified as Ca2+ mobilizing messengers using the sea urchin egg 

homogenate, and this experimental system, along with the intact urchin and starfish oocyte/egg, 

continues to be a vital tool for investigating the mechanism of action of calcium signals. While 

many of the major regulatory steps of the IP3 pathway are well resolved, both cADPR and 

NAADP remain understudied in terms of our understanding of the fundamental process of egg 

activation at fertilization. Recently, NAADP has been shown to trigger Ca2+ release from acidic 

vesicles, separately from the ER, and a new class of calcium channels, the two-pore channels 

(TPCs), was identified as the likely targets for this messenger. Moreover, it was found that both 

cADPR and NAADP can be synthesized by the same family of enzymes, the ADP-rybosyl 

cyclases (ARCs). In this context of increasing amount of information, the potential coupling and 

functional roles of different messengers, intracellular stores and channels in the formation of the 

fertilization calcium wave in echinoderms will be critically evaluated.

Introduction

Fertilization is the “simple” process of sperm and egg fusion used in all sexually 

reproducing animals and plants. Yet, the molecular mechanisms of sperm-egg interaction, 

the morphology of each species’ sperm and eggs, and the process of developing into an egg 

are wildly diverse. Formally, an egg is a female gamete that is in a state capable of 

fertilization – it is a functional, not a morphological, distinction from its earlier stages of 

being an oocyte in development (e.g. Chiba, 2011). As in all organisms, oocytes and sperm 

undergo a meiotic reduction division to yield a single, haploid content of chromosomes. 

When the oocyte completes meiosis relative to being fertilized, though, is different for all 

species – some eggs are fertilized having finished meiosis (as in sea urchins and Cnidarians), 

while others have yet to begin meiosis (as in dogs and fox) or they may complete this 

process anywhere in between (as in humans, usually having finished one round of meiosis) 

(summarized in Austin, 1965, Gilbert, 2010). Often fertilization re-initiates the meiotic 

progression and sometimes even multiple sperm enter the egg for activation, all but one 

eventually dying (Carré and Sardet, 1984).
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Oocyte development is equally variable depending on the species. Oogenesis, by definition, 

is the complete process of differentiation of the female germ line stem cell into a mature 

oocyte, the egg, competent to be fertilized (Grudzinskas and Yovich, 1995). Oocyte 

maturation refers to the transition from an oocyte to an egg. In echinoderms, meiosis starts 

when one germ cell enters meiotic division I and then shortly arrests at prophase I. During 

this arrest period, the primary oocyte grows by massive accumulation of macromolecules 

(mainly yolk) generating a typically complex cytoplasm contained in a large cell (100-300 

μm). Primary oocytes complete meiotic division I to form a small polar body and a large 

secondary oocyte, which proceeds to metaphase of meiotic division II (Grudzinskas and 

Yovich, 1995). There, were it a sea urchin, the oocyte would complete meiosis forming a 

haploid nucleus called the pronucleus, and would then be capable of activation by sperm. 

Were the species instead a sea star, also an echinoderm, the early events of oogenesis are 

similar, but the egg is fertilized during meiosis, any time after beginning the meiotic 

reduction divisions, seen first by breakdown of the specialized oocyte nucleus, the germinal 

vesicle (Kishimoto, 2011; Chiba, 2011; see also Silvestre et al., 2011, for summary of 

regulation in mammalian oocyte-cumulus complex). The egg activation pathway is referred 

to as the collection of intracellular signals that will activate the egg, whether it is triggering 

of meiosis resumption in some animals, to starting the early developmental program of the 

embryo. Even with all the tremendous variation in reproductive strategies used to finally get 

to an embryo, some of the pathways used to activate the egg are highly conserved. The main 

early event of the egg activation cascade is the generation of a global Ca2+ oscillation in the 

cytoplasm, well known as the fertilization calcium wave (e.g. Gilkey et al., 1978; Striker, 

1999). Later events in the activation cascade include the conclusion of meiosis, changes in 

cytoplasmic pH, pro-nuclei formation and DNA synthesis for the first cleavages (Whitaker, 

2006). It is remarkable that in the midst of all the variation used by animals and plants to get 

to the point of initiating embryonic development, that the calcium activation pathway is used 

universally.

The ion Ca2+ is a most versatile intracellular messenger found in eukaryotic cells. Its 

concentration within the cytoplasm is spatially and temporally controlled by ion channels, 

exchangers, and pumps, which in total are able to elevate calcium levels over 1000 fold in 

less than a second, and then promptly restore their resting levels. The Ca2+ transporting 

proteins are located in the plasma membrane and in the membranes of organelles such as the 

endoplasmic reticulum, the mitochondria and the lysosomes, which play specific roles in the 

cellular homeostasis of Ca2+. In general, the transduction of the Ca2+ signals is mediated by 

reversible binding to specific classes of proteins that act as Ca2+ sensors. The decoding 

operation is based on conformational changes in the sensor proteins regulating the 

interaction with specific targets (Berridge et al., 2000; Carafoli et al., 2001). Ca2+ is the 

most ubiquitous of the intracellular messengers, and most cell types contain very similar 

machinery of calcium signaling elements, being present in somatic cells and also in the germ 

line: in both sperm and eggs. This review will focus on the calcium signaling events 

involved at echinoderm fertilization.
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Echinoderms and the fertilization calcium waves

Echinoderms are marine animals that represent the ancient - at least 450 million years old - 

phylum echinodermata with thousands of known living species present throughout the 

world's oceans (Ettensohn et al., 2004). Due to rather useful conveniences, sea urchin 

gametes have been massively used for the past 150 years as a valuable experimental model 

for studies on fertilization, Ca2+ signaling and development (Vacquier, 2011). Some of the 

many advantages of working with echinoderm eggs include the separated sexes of the 

animals, facility to obtain large amounts of eggs and sperm, both of which have completed 

meiosis, external fertilization – therefore, easy to manipulate, synchronous development and 

the fact that animals are easy to keep in the lab at relatively low costs.

Historically, muscle contraction was the first physiological event to be recognized as a 

calcium modulated process (Ringer, 1882; see Szent-Györgyi, 1975), and thereafter, 

fertilization and nerve functions emerged as examples of the widespread roles of calcium. 

Thus, many of the fundamental calcium signaling machinery were first described and/or 

heavily studied using sea urchin eggs as a model. The first fertilization calcium wave to be 

discovered was visualized by the luminescent calcium-stimulated photoprotein aequorin, 

microinjected into eggs of the fish Oryzias latipes (Gilkey et al., 1978). Ten years later, in 

the mid- 80's, aequorin was used to detect calcium waves at fertilization in sea urchin (Eisen 

et al., 1984, Eisen and Reynolds, 1985) and starfish (Eisen and Reynolds, 1984), the main 

representatives of echinoderms used for calcium signaling investigations. Later, the 

development of confocal fluorescence imaging and the increasing availability of fluorescent 

calcium probes defined the characteristics of the echinoderm fertilization calcium wave as 

we know them today: they originate at the point of sperm entry and cross the egg with a 

spherical wave front. Differently from ascidians and mammalian eggs (that produce 

repetitive calcium transients), echinoderm eggs produce one single wave after fertilization, 

which takes about 20 s to cross the egg (Hafner et al., 1988; Jaffe, 1995) with a constant 

velocity of 5-50 μm/s (Jaffe and Creton, 1998).

The fertilization calcium wave can be formed by eggs or oocytes independently from the 

sperm. They can be triggered in vitro by microinjection of calcium messengers, ionophores 

or even by a needle prick (Jaffe, 1995; Whitaker et al., 2006). However, it is accepted that 

the sperm-egg interaction has a role on the triggering of a signal transduction pathway that 

initiates the calcium transient in vivo. Although most of the molecular detail of this pathway 

is still uncertain, activation of PLC-γ of starfish oocytes and sea urchin eggs occurs during 

fertilization and stimulates the production of IP3 (Swann and Whitaker, 1986; Carroll et al., 

1997; Carroll et al., 1999; Shearer et al., 1999). In general, the consensus holds that PLC 

activation is central to the initiation of the fertilization calcium transient. In echinoderms, the 

PLC is likely to be PLC-γ, activated by a src-like kinase (Runft et al., 2002; McGinnis et al., 

2011) whereas in mammals, the key PLC (PLC-ζ) is an isoform unique to, and contributed 

by the sperm (Saunders et al., 2002; Ito et al., 2011).

How the eggs form a calcium wave

It is known that the calcium wave can propagate even when the egg or oocyte is immersed in 

calcium free media, indicating that the calcium is released from internal stores (Crossley et 
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al., 1988, Schmidt et al., 1982). In echinoderms eggs as in many other cell types, , the ER is 

the main organelle involved in calcium storage and calcium release events. Calcium 

accumulation in the ER is driven by a SERCA pump (Smooth endoplasmic reticulum 

calcium ATPase pump) and elementary release events from the ER either by IP3 or RyR 

receptors – transmembrane calcium channels that open upon binding their specific ligand 

enabling calcium to diffuse out along a concentration gradient (Carafoli et al, 2001). The 

architecture of the ER can have profound effects on the spatiotemporal characteristics of 

calcium signals. In sea urchins, the cortical ER morphology is transiently altered during the 

peak of the calcium oscillation at fertilization, with the formation of transient vesicles (as 

opposed to its original lamellar-reticulate morphology) that may be important for shaping 

calcium signals and the formation of the wave itself. Most of that work was accomplished 

by visualizing the ER at fertilization using lipophilic fluorescent dyes (Terasaki et al., 1984; 

Terasaki and Jaffe, 1991) and GFP probes (Terasaki et al., 1996), directly showed that the 

ER is a key element in shaping calcium signals that rely on release of calcium from internal 

stores at fertilization. It is possible; however, that a Ca2+ influx from the external media 

may play a role in the first steps of the signaling cascade that eventually leads to the global 

calcium release from the ER and possibly other internal stores. In echinoderms, this is still a 

matter of debate (Runft et al., 2002). Ca2+ influx was demonstrated during the period 

between fertilization and the initiation of the Ca2+ wave in sea urchin (Creton and Jaffe, 

1995). However, this evidence has been underestimated by several authors, since the eggs 

can be activated in free-Ca2+ media (Runft et al., 2002). Nevertheless, in starfish, prophase 

I-arrested oocytes Ca2+ influx may participate in oocyte activation (Santella et al., 2004), 

and this process may involve coupling of different calcium messengers and stores, as will be 

later discussed. Moreover, what does happen and what can happen may be significantly 

different, especially when invoking feedback steps within an overlapping pathway.

Several models have been proposed to explain the formation of global spatially-regulated 

Ca2+ oscillations. These can be classified by the number of Ca2+ stores required (one or 

two) and control by positive and/or negative feedback of Ca2+ on Ca2+ induced calcium 

release channels (CICR) (Berridge and Galione, 1988; Carafoli et al., 2001). The CICR 

model is based on the fact that IP3 and RyR channels are known to be biphasically regulated 

by Ca2+ concentrations i.e.: low calcium concentrations activate the channels, triggering 

calcium flow into the cytoplasm, whereas higher concentrations inhibit the channels and 

stop calcium movement. Thus, calcium released from one receptor can diffuse to 

neighboring receptors, triggering further calcium release (Galione et al., 1991, Patel and 

Brailoiu, 2012) forming a trail along a cluster of channels. Note that a regulated variation on 

IP3 concentrations may be added to this scenario, further regulating the signal in a 

localization-specific manner. Moreover, in the so called two pool mechanism, calcium 

released from one compartment (pool 1) may be taken up by a second compartment (pool 2), 

which would overload and spontaneously release Ca2+. This is a mechanism used, for 

example, by the RyR receptors (Fill and Copello, 2002). Evidence for “all of the above” 

mechanisms exist in the fertilization calcium wave in echinoderms. The fundamental 

evidence for this is: 1) microinjection of calcium or calcium ionophores in sea urchin eggs 

can trigger a propagating wave (Hamaguchi and Hiramoto, 1981, Mohri and Hamaguchi, 

1991) and; 2) Long-term Ca2+ oscillations were reported by releasing Ca2+ from a ER-
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separated store, resulting in cycles of Ca2+ overloading, release and reuptake in sea urchin 

egg homogenates (Churchill and Galione, 2001) (Figure 1).

In many species the fertilization calcium oscillation(s) is mainly carried by the IP3 receptor 

(Stricker, 1999). In echinoderm eggs, however, it appears to be a substantial coupling 

between IP3 and RyR receptors in order to shape the calcium wave, since antagonists of the 

RyR receptors considerably reduce its traveling velocity and structure (Galione et al., 1993a, 

1993b; Whitakeer, 2006). RyR receptors are gated by cADPR, a metabolite nucleotide from 

NAD+. Indeed, the calcium mobilizing activity of cADPR was first demonstrated in sea 

urchin eggs and shown to be independent of the IP3 mechanism, acting via CICR (Galione 

et al., 1991; Lee, 1993, Lee, 2012). cADPR is enzymatically synthesized by enzymes 

belonging to the ADP-rybosil cyclase family, which were also first detected in sea urchin 

egg homogenates and subsequently found to be widespread in animal and plant tissues.

cADPR and the ADP-rybosil cyclase family in echinoderms

ARC enzymes are quite remarkable in several features, which may potentially influence the 

regulation and shape of Ca2+ signals during fertilization, oocyte maturation, and early 

embryo development. One of the interesting aspects of ARCs is their so called localization 

paradox (De Flora et al., 2004) (Figure 2). cADPR is known and well studied as a cytosolic 

messenger, and ARCs, in general, have a “targeted for secretion” signal peptide, being found 

in the plasma membrane or in the lumen of secretory vesicles (close to the plasma 

membrane). The question of how an ectocellular (or luminal, shielded from the cytoplasm) 

enzyme works on the production of a cytoplasmic messenger is still to be elucidated. In sea 

urchin (S. purpuratus) eggs, three isoforms of ARCs have initially been described (Davis et 

al., 2008). Their subcellular localization has been found to differ from the mammalian 

homologs CD38 and CD157, which are strict extracellular enzymes (Liu et al., 2005; Lee, 

2012). Although the three SpARCs are membrane bound (either by a GPI anchor or a TM 

domain), ARCs beta and gamma appear to be within the lumen of acidic organelles present 

in the cortex of the egg. This orientation makes them contiguous with the extracellular space 

– at least in as much as to get into this lumen they needed to be synthesized and processed 

through the secretory pathway. Interestingly, ARC-beta (or ARC-2) is recovered in fractions 

of cortical granules and co-localized with hyalin, a protein of the cortical granules. Their 

activity (in vitro, measured via production of radioactive cADPR) is indeed better at acidic 

pH – consistent with an acidic vesicle location (Davis et al., 2008).

In mammalian cells, nucleoside transporters that would transport newly synthesized cADPR 

to the cytoplasm after its extracellular production were described (Guida et al., 2002). 

Remarkably, Zhao et al., (2012) reported that the human CD38 can also be found in an 

alternative orientation in lymphocytes - with the catalytic C-terminal facing the cytoplasm - 

thus suggesting that the flipping of the catalytic domain may be a mechanism for regulating 

the production of the cytoplasmic messengers. Although the mechanism is yet unknown, the 

alternative orientation was more active at producing cADPR, and the changed orientation 

could be artificially conferred with a single amino acid change. This finding may reflect a 

broader functionality for flippases or similar functioning membrane proteins.
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In sea urchin eggs, the topological paradox was addressed by using specific nucleoside 

transporters inhibitors, and evidence surfaced that substrate and product are indeed 

transported into and out of the vesicles that enclose ARC-beta (Davis et al., 2010), although 

the physiological role or relevance of this arrangement is still uncertain. Another intriguing 

feature of ARCs is that individual ARCs show remarkable catalytic differences in the face of 

marked structural similarity. For example, using NAD as substrate, the sea slug Aplysia 

ARC (the first ARC to be described and structurally resolved) produces essentially cADPR 

as a product, while CD38 (Human homolog for ARC) produces mainly ADP ribose and only 

a small amount of cADPR (2-3% of the reaction products) (Howard et al., 1993; Takasawa 

et al., 1993; Kim et al., 1993). The molecular determinants of that change have to do with 

the affinity of the docking site to the newly synthesized cADPR. In normal conditions, 

cADPR has a finite possibility of reentering the active site, resulting in its hydrolysis to 

ADP ribose. It is thought that protein factors or membrane lipids interacting with amino 

acids exposed to the surface of the enzyme (e.g. Asp147, in the catalytic dipeptide 

Glu146Asp147) can induce conformational changes and thus alter the catalysis. It is 

important to note that ADP-ribose is an activator of the TRPM2 (transient receptor potential 

channel, subfamily M, member 2) channels, being therefore a Ca2+ signaling messenger 

itself (Kolisek et al., 2005; Lange et al., 2008). Moreover, the multi-functionality of ARCs 

goes beyond cyclization to form cADPR and hydrolysis of cADPR to form ADP ribose. 

Using NADP as substrate in the presence of nicotinic acid (NA), ARCs are also able to 

switch to another catalysis mode, the base-exchange reaction, to produce a third messenger 

for calcium signaling, nicotinic acid adenine dinucleotide phosphate (NAADP). The 

nicotinamide group of NADP (formed by a NAD kinase) is exchanged for a nicotinic acid 

group (NA), requiring a half maximum concentration of NA of 5 mM and an acidic pH (at 

neutral pH it converts NADP to another metabolite - cADPR 2 phosphate) (Lee, 2012).

Interestingly, a fourth ARC was described in sea urchin eggs, further expanding the ADP-

ribosyl cyclase family in echinoderms. Although its subcellular localization in the eggs was 

not addressed, exogenous expression of that enzyme in mammalian cell lines and Xenopus 

oocytes showed that one single residue exchange (Tyr149) is enough to alter the preference 

for product formation from cADPR to NAADP (Ramakrishnan et al., 2010). Although not 

much is know about the mechanisms of ARC catalysis in echinoderms, given their different 

localizations (peripheral secretory vesicles versus plasma membrane), indications are that 

ARCs are key players in the triggering and regulation of calcium signals, since they can 

produce three (cADPR, ADP-ribose and NAADP) calcium messengers, depending on 

conditions like substrate availability, pH, and potential interactions with other factors in the 

membrane. How the messenger products are regulated in vivo is still not clear, but it is 

certainly an essential topic to be resolved by further investigation.

NAADP – multiple calcium messengers in the eggs

The most recently discovered Ca2+-mobilizing messenger is NAADP (Lee and Aarhus, 

1994; Galione, 2011, Hooper and Patel, 2012). The Ca2+-mobilizing properties of NAADP 

were first recognized by Lee and colleagues using sea urchins while they were investigating 

the effects of various pyridine nucleotides on calcium release from egg homogenates. Most 

of the subsequent work in the early days of NAADP study was accomplished with the use of 
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the sea urchin egg homogenates. This approach is advantageous since the lysate can be 

prepared simply from eggs, are remarkably stable and able to release/uptake calcium when 

challenged with different messengers and inhibitors (Morgan and Galione 2008). However, 

much less is known about this pathway compared to IP3 and cADPR pathways.

The channels/receptors activated by NAADP are intriguing, including their characteristic 

lack of positive feedback by Ca2+ (CICR) and the self-inactivation of calcium release 

response when NAADP is added at concentrations less than those required to activate 

detectable Ca2+ release (Aarhus et al., 1996; Genazzani et al., 1996; Lee et al., 1997). The 

later is thought to be related with the fact that once bound to its receptor radiolabelled 

NAADP cannot be displaced by non-labeled NAADP (Aarhus et al., 1996; Billington and 

Genazzani, 2000; Patel et al., 2000). As stated before, synthesis of NAADP in vivo is 

thought to be accomplished by ARCs, and its turnover (to NAAD) can also be carried out by 

a cytoplasmic alkaline phosphatase (Schimid et al., 2012). Thus, a balance of NAADP 

calcium-potentiating ligand may be in constant flux, of synthesis and degradation (recycled 

to an inactive form) depending on the physiology and signaling inputs on the cell.

Multiple messengers, new calcium stores

Accumulating evidence suggests that the primary Ca2+ stores targeted by NAADP are 

distinct from the endoplasmic reticulum. The initial reports of Ca2+ release evoked by 

metabolites of pyridine nucleotides already showed that the reactive subcellular fractions in 

egg homogenates were largely separate from the microsomal/ER fraction sensitive to IP3 

and cADPR (Clapper et al, 1987), and that blocking of Ca2+ storage by the ER only 

partially reduced Ca2+ release evoked by NAADP in both sea urchin egg homogenates 

(Genazzani and Galione, 1996) and intact eggs (Churchill and Galione, 2001). Later, 

subcellular fractionation experiments in sea urchin eggs recovered a “reserve granule” 

fraction presenting NAADP but not IP3/cADPR-evoked Ca2+ release. This fraction was 

enriched in lysosomal markers and presented ATP-dependent Ca2+ sequestration - sensitive 

to preincubation with bafilomycin and the ionophore nigericin. Furthermore, in intact sea 

urchin eggs, treatment with glycyl-phenylalanine 2-naphthylamide (GPN, a lysosomotropic 

agent), caused the lysis of acidic vesicles, resulting in release of calcium in the cytoplasm, 

consistent with Ca2+ storage (Churchill and Galione, 2002). From these data, it was 

proposed that in sea urchins the primary targets of NAADP are the acidic stores, rather than 

the ER.

Acidic stores, such as lysosomes, have been shown to sequester Ca2+ by mechanisms 

dependent on their low luminal pH (Patel and Docampo, 2010), and have been increasingly 

implicated in elementary calcium signals in several models (Patel and Mualem, 2011), 

including sea urchin eggs (Morgan, 2011). In egg homogenates, as in other cell types, the 

rationale for calcium storage/release into/out of acidic vesicles has to do with the recurrent 

observations that inhibition of the vacuolar H+-ATPase decreases proton uptake, and, if 

their membrane is sufficiently leaky (sometimes a low concentration of valinomycin – a 

potassium ionophore - have to be added to assure a counter ion transport), that alkalinization 

results in Ca2+ release (Morgan and Galione, 2007a; 2007b; Ramos et al., 2010). Thus, 

calcium uptake is thought to be driven by the proton gradient, probably coupled to a Ca2+/H
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+ exchanger. Although the detailed mechanisms are not well understood, it has been 

extensively shown that different acidic vesicles are able to store/ release calcium in sea 

urchin eggs (Morgan, 2011). In fact, experiments in sea urchin egg homogenates employing 

luminal pH indicators such as acridine orange or lysosensor also have shown that NAADP 

uniquely among Ca2+ mobilizing messengers also causes the alkalinization of acidic stores, 

representing another possible signaling mechanism for this molecule (Morgan and Galione, 

2007).

The two pore channels – candidate NAADP targeted channels

Following the accumulating amount of biochemical/physiological data regarding NAADP, a 

new family of calcium channels has emerged as the likely targets for this new messenger 

response, the two-pore channels (TPCs) – members of the superfamily of the voltage gated 

channels. The hypothesis of TPCs as the NAADP receptors and/or responders has emerged 

due to complementary genetic based results from several different laboratories, as well as 

their localization with a lysosomal marker, LAMP1, when heterologously expressed in 

HEK293 cells, an increased response to NAADP when overexpressed, and the evidence that 

a TPC in A. thaliana (AtTPC1) localized to plant vacuoles, the major acidic organelle in 

plants (Guse, 2012; Lee, 2012; Galione, 2011; Patel and Muallem, 2011; Peiter et al. 2005). 

TPC topologies are predicted as two domains, each containing six transmembrane regions 

(TMs), connected by a cytosolic loop. The N-terminus and C-terminus are predicted to be 

cytosolic whereas the short loops between TMs 1-2, 3-4 and the putative reentrant loop 

between TMs 5-6 (for each domain) are predicted to be luminal. Sea urchin eggs express 

three isoforms of TPCs (1, 2 and 3) (Ruas et al., 2010; Hooper et al., 2012), and over 

expression of those channels were shown to be related with effects on endolysosomal 

structures and dynamics, implicating a role for NAADP in the regulation of vesicular 

trafficking in sea urchin eggs (Ruas et al., 2010). Most of the evidence directing TPCs as the 

NAADP receptors is related to experiments where TPC-overexpressing cells lineages co-

precipitate more radiolabelled NAADP than in wild type cells (Calcraft et al., 2010, 

Brauiloiu et al., 2010). Recently, however, contradicting findings that human TPCs are 

preferably sodium-selective channels activated by the phosphoinositide PI(3,5,)P2 (elegantly 

accomplished by patch-clamping intact enlarged vacuolin-treated lysosomes) (Wang et al., 

2012) have increased the debate regarding the potential in vivo functional roles of those 

channels in different animals and cell lines. Additionally, photoaffinity labeling of NAADP 

binding proteins in sea urchin and mammalian cells showed that NAADP does not bind 

directly to TPCs in sea urchin (Walseth et al., 2011) and mammalian cells (Lin-Moshier et 

al., 2011). Instead, NAADP binds to another set of unidentified proteins (with 30, 40 and 45 

kDa) that co-precipitate with SpTPC1 and SpTPC3 (Walseth et al., 2012). Thus, the 

identification of the TPC-interacting NAADP binding proteins (or NAADP receptor(s)) has 

emerged as a crucial aspect to understand the function of this second messenger. 

Nevertheless, evidence for NAADP targeting RyR and transient receptor potential channel, 

subtype mucolipin 1 (TRP-ML1) was obtained in mammalian cells (Gerasimenko et al., 

2003; Dammermann and Guse, 2005; Dammermann et al., 2009; Zhang et al., 2011) raising 

the suggestion that NAADP may be targeting multiple channels in different cell types (Guse, 

2012).

Ramos and Wessel Page 8

Cell Calcium. Author manuscript; available in PMC 2016 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ARCs/ NAADP/ TPCs at echinoderm fertilization

Echinoderm eggs depolarize at fertilization (Steinhardt et al., 1971). The depolarization is a 

physiological response to the first interacting sperm that reduces the probability of 

interaction with additional sperm, the so-called fast block to polyspermy (Jaffe, 1976; 

Whitaker, 2006). It is fast, compared with the other time scales at fertilization - within 20 ms 

and is due to activation of voltage-gated channels in the plasma membrane (Chambers and 

de Armendi, 1979). The absolute block to polyspermy is provided a few seconds later by the 

calcium-dependent exocytosis of cortical granules that cause elevation of the fertilization 

envelope, which functions as a mechanical barrier to polyspermy (Whitaker, 2006; Wessel 

and Wong, 2009; Vacquier, 2011).

Scarce information is available on the trigger of the sperm evoked initial depolarization, 

which in turn will activate the voltage gated calcium channels to allow calcium influx. In 

echinoderm eggs, many calcium indicator dyes detect a calcium influx in the cell cortex that 

occurs when the egg depolarizes (McDougall et al, 1993; Shen and Buck, 1993), referred to 

as the cortical flash. In starfish oocytes the cortical flash and wave initiation occur within a 

few seconds of one another (Moccia et al., 2004), whereas in sea urchin eggs, a remarkably 

long time elapses between the cortical flash and the initiation of the fertilization calcium 

wave (10-15s, depending on the species) (Shen and Buck, 1993). Interestingly, in starfish, 

electrophysiological studies have demonstrated that NAADP participates in the response to 

sperm by triggering a fertilization potential which depolarizes the membrane to the threshold 

of activation of the voltage gated-Ca2+ channels, allowing the Ca2+ influx for the cortical 

flash. The injection of NAADP elicits a cortical Ca2+ flash which is not affected by the 

down-regulation of IP3 receptors (Santella et al., 2000; Lim et al., 2001) and, even more 

interestingly, a link between NAADP-dependent fertilization membrane potential and the 

onset of the Ca2+ wave was suggested. Evidence has accumulated that desensitization of 

NAADP receptors either prevents Ca2+ release or impairs the pattern of starfish oocyte 

activation. Thus, Ca2+ influx during the early phase of the NAADP-induced fertilization 

potential may interact with the initiation of the Ca2+ wave at fertilization (Moccia et al., 

2006; Moccia et al., 2006). According to those findings, NAADP may be in fact the 

messenger that generates the first local calcium signal at fertilization in echinoderms, 

triggering the cascade that will eventually lead to the formation of the global calcium wave.

NAADP in the sperm

The molecular link between sperm interaction and the calcium wave is still mostly nebulous 

and whether or not the sperm activates a signal transduction receptor (much as a hormone) 

or delivers an “activating messenger” to the egg - or both - is still a matter of debate in most 

egg activation studies. In mammals, substantial evidence now exists that an isoform of PLC 

(PLC-ζ) is necessary and sufficient to activate the egg, and delivery of this enzyme by the 

sperm presents strong arguments of it being the sperm factor for that group of animals. PLC-

ζ however only appears to be present in most vertebrates (Saunders et al., 2002; Ito et al., 

2011). In keeping with the remarkable theme of eggs, sperm, fertilization, and evolutionary 

diversity, most animals then must use a different method to initiate the calcium flux.
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In echinoderms, the idea that the sperm is the vehicle that transmits an activating messenger 

to the egg once sperm egg fusion occurs has been a recurrent theme in the field (Galione et 

al., 1997; Wilding and Dale, 1997; Runft et al., 2002, Santella et al., 2004), mostly based on 

the observations that extracts of sperm cytoplasm will induce calcium transients when 

microinjected into eggs. Suggestively, NAADP is present in sea urchin sperm (Billington et 

al., 2002, Vasudevan et al., 2008) and is rapidly synthesized upon exposure to the egg jelly 

(Churchill et al., 2003). Initially, it was suggested that NAADP is produced in the sperm 

entirely for transference into the sea urchin egg to activate it (Churchill et al., 2003). Such a 

messenger role for NAADP is supported by the data on fertilization in starfish (Moccia et 

al., 2004; Moccia et al., 2006; Moccia et al., 2006b). Later, a direct role for NAADP was 

also investigated in the sperm per se. NAADP produced after contact with the egg jelly 

would act on its receptor/ channel on the acrosome to release Ca2+ to signal to vesicle 

fusion and exocytosis (Vasudevan, 2010). Because the acrosome is a lysosome-related 

organelle (Dell’ Angelica et al., 2000), and sperm lack an endoplasmic reticulum, it is 

possible that NAADP is the messenger responsible for calcium signals related to acrosomal 

exocytosis, rather than IP3 or cADPR.

Conclusions

Cells have developed various ways to control free cytosolic Ca2+ concentrations using 

highly regulated spatial-temporal protein regulators. Through the course of evolution, 

signaling at fertilization has been shown to be exceptionally conserved, where calcium is the 

main intracellular signal molecule that wakes the egg from its dormancy state after the 

sperm-egg interaction. The molecular pathway of that signal transduction is mostly 

unknown, but recent evidence points to rather complex arrangements including the coupling 

functions of multiple calcium stores and messengers (Berridge, 2000; Carafoli, 2001; 

Whitaker, 2006; Galione, 2011; Patel, 2011).

In echinoderms, our understanding regarding calcium at fertilization is essentially depicted 

as two separated - but possibly interacting – calcium events: the cortical flash and the 

calcium wave, and given the latest findings it is seems reasonable to assume that most (if not 

all) of the calcium stores and messengers known so far play a coordinated role in the 

formation and shaping of those signals. The current conviction is that NAADP is the 

messenger that acts “upstream” of IP3 and RyR receptors, triggering local calcium signals 

that can be amplified by ER channels either by CICR or overloading two-pool mechanisms 

(Figure 3). Furthermore, one may add to the considerations the potential functional role of 

the sperm in producing NAADP for the acrosomal reaction and/or for delivering it to 

activate the egg at fertilization (Vasudevan, 2010); the findings that modulation of ARCs 

and its topology (type II × type III) may modulate the production either cADPr, NAADP or 

even a third calcium messenger ADP ribose (Lee, 2011; Zhao et al., 2012); and the 

assumption that Ca2+ storage and uptake into the acidic vesicles may also be a reflection of 

their pH (H+ pumping activity) (Patel and Docampo, 2010, Morgan, 2011). By any means, 

however complex that process may be, further studies addressing the coupling actions of 

NAADP/TPCs and the ER channels are likely to be very helpful in our understanding of 

calcium signals at fertilization and in general cellular functionality.
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Abbreviations

SERCA Sarco/endoplasmic reticulum calcium-ATPase

IP3 Inositol-3-phoshate

cADPR Cyclic ADP ribose

NAADP Nicotinic acid adenine dinucleotide-phosphate

TPC Two-pore channel

ARC ADP-ribosyl cyclase

SpARCs S. purpuratus ARC

PLC Phospholipase

ER Endoplasmic reticulum

CICR Calcium-induced calcium release

RyR Ryanodine receptor

VOC Voltage operated calcium channels

TRP Transient receptor potential ion channels
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Figure 1. Calcium-release mechanisms in the endoplasmic reticulum (ER)
Ligand-binding: Specific ligands, IP3 and cADPR, bind to their channels (IP3 and RyR 

receptors, respectively), triggering Ca2+-release. Calcium-induced calcium release 
(CICR): IP3 and RyR receptors in the ER are biphasically regulated by Ca2+ concentrations 

- low calcium concentrations activate the channels, whereas higher concentrations inhibit the 

channels. Thus, calcium released from one receptor can diffuse to neighboring receptors, 

triggering further calcium release, forming a trail along a cluster of channels, and amplifying 

the original Ca2+ signal. Two-pool mechanism: Ca2+ released from one compartment may 

be taken up by a second compartment, which would overload and spontaneously release 

Ca2+.
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Figure 2. ARC topological paradox
NAADP and cADPR are cytosolic messengers targeting channels in the ER (RyR receptors) 

or in acidic vesicles (TPCs). Paradoxically, ARCs in general, have a “targeted for secretion” 

signal peptide and are found in the plasma membrane or in the lumen of secretory vesicles 

(Type II transmembrane protein orientation). Putative nucleoside transporters would be 

responsible for transporting the messengers to the cytoplasm. In human lymphocytes, ARCs 

were also found in an alternative orientation (Type III), with the C-terminal facing the 

cytoplasm.
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Figure 3. Calcium signaling events at fertilization in echinoderms - coupling of activity of 
multiple Ca2+ stores, channels and messengers
Sperm contact with the egg jelly triggers production of NAADP (1), which has been 

implicated in vesicle membrane fusion for the acrosomal reaction (2) and/or suggested to be 

delivered as the activating molecule to the eggs. Sperm-egg contact (3) has been shown to 

trigger a NAADP-dependent Ca2+ current that activate voltage-operated Ca2+ channels 

(VOC) in the membrane allowing Ca2+ influx for the cortical Ca2+ flash and the membrane 

depolarization responsible for the fast block to polyspermy (4). Coordinately, sperm egg 

interaction also triggers PLC activation and IP3 production, leading to IP3 receptors 

activation and amplification of the Ca2+ signal to form the wave by coupling with RyR 

receptors via CICR (5). The Ca2+ wave triggers the exocytosis of the cortical granules 

leading to the elevation of the fertilization envelope (FE) (6), which works as a shield for 

additional sperm, the slow block to polyspermy mechanism. Additionally, TPCs in acidic 

vesicles are found in the egg periphery and may play a role in local Ca2+ release events 

triggered by NAADP. ARCs are located in secretory vesicles, cortical granules and/or the 

plasma membrane, and may be responsible for differential production of either cADPR or 

NAADP.
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