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Abstract

Fertilization in sea urchins has a characteristic latent period of about 25 

seconds (from the time of sperm-egg fusion) before the increases (first at 

the point of sperm-egg fusion) and sweeps across the egg in turn activating it. No 

model can faithfully explain either what happens during the latent period to 

trigger this local increase or how the Ca' '̂^j wave propagates across the egg. 

There is evidence that shows that the second messenger inositol 1,4,5- 

trisphosphate (InsP^) does not solely control both events. Indeed, recent evidence 

shows that the sea urchin egg is also likely to contain another release

mechanism-the ryanodine receptor. Results presented here will show that there 

may indeed be another form of Ca' '̂^j release distinct from either the InsP^ or 

ryanodine receptors.

From confocal microscopy I have found that during the latent period a 

small spherical Ca''"'"̂  wave may travel inwards from the plasma membrane. This 

wave is insensitive to inhibitors to either the InsP^ or ryanodine Ca'*"'' release 

channels (namely heparin and ruthenium red) and may propagate through some 

other mechanism.

More evidence in favour of the existence of another Ca''"'’j release channel 

(which may be involved during the latent period) came through experiments with 

cGMP. cGMP may contribute to the local release that occurs during the 

latent period since it specifically releases Ca'*"*’i and given that the sperm have a 

guanylate cyclase. It is shown here that cGMP releases Ca'""*'| through a 

mechanism insensitive to heparin and only partly sensitive to ruthenium red.

This novel Ca'*"''i release channel may be sensitive to some sulfhydryl 

reagents since the sulfhydryl oxidizing reagent thimerosal too unmasks a novel 

Ca‘‘"̂ i release mechanism. Here eggs bathed in 1 mM thimerosal seawater 

spontaneously activate through a mechanism insensitive to either heparin or 

ruthenium red. This channel may have a role at fertilization since thimerosal also 

reduces both the duration of the latent period and the time to peak Ca''"''^ at



fertilization. Not all sulfhydryl reagents have the same effect - oxidized 

glutathione releases Ca''"'' from sea urchins, but through a heparin sensitive 

mechanism.

At the end of the latent period a Ca"'"''  ̂wave sweeps across the egg at an 

almost constant velocity [4 pm/sec (taking around 25 seconds to reach the 

opposite pole)]. Whole cell Ca''"''^ data has indicated that this wave is not 

sensitive to heparin, thus suggesting a mechanism independent of InsPj. 

Experiments shown here with ruthenium red and heparin indicate that the wave 

may propagate through both the InsPg and ryanodine receptors. Additionally 

there remains a release mechanism which is insensitive to either heparin or 

ruthenium red at fertilization. Here again it is likely that there is another type of 

Ca'''^i release mechanism in the sea urchin egg, which may play a role during 

propagation of the fertilization Ca''"''| wave.

This Ca''"''i wave does a number of things. It is shown here that one 

function may be to trigger the second phase of inward current, which is known to 

travel across the egg surface as a band preceding the wave of exocytosis.
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Chapter 1

Introduction

1.1 Fertilization, an overview.

All diploid multicellular organisms can reproduce sexually. This involves 

brief periods of haploidy in the form of spermatozoa and egg. Cells with two 

functional copies of their genes (either the same - homozygous or different - 

heterozygous) on different chromosomes are diploid while haploid cells have only 

one copy. Diploid cells destined to become gametes first duplicate their genes 

before going through two rounds of chromosome segregation, termed meiosis, to 

create haploid gametes. Gametes are either male - spermatozoa or sperm, or 

female - ovum or egg. Through fertilization gametes of the different sexes meet 

and fuse. Diploid organisms first evolved and aggregated forming multicellular 

organisms; to remain functionally diploid they had to sexually reproduce. For, if 

diploid organisms were to reproduce asexually, given random lethal mutations and 

evolutionary time, one copy of the genes would eventually become inactive, which 

in effect would create a haploid state although two chromosomes would still 

remain. Diploid cells must, then, sexually reproduce in order to remain diploid, 

which for multicellular organisms is where fertilization becomes crucial.

Fertilization is the name given to the many different processes which 

culminate in the union of two genomes from different parent cells. Much of what 

we know of fertilization has come from studies on the marine invertebrates, in 

particular from the sea urchin. These echinoderms release either eggs or sperm 

into the surrounding sea water where they are fertilized. Like all species which 

are fertilized externally they produce vast numbers of gametes, which can be



collected and studied easily. Despite the evolutionary distance between sea 

urchins and mammals many of the events of fertilization are similar for both. In 

this thesis I have used the sea urchin, Lytechinus pictus to study fertilization.

Fertilization not only brings the two genomes together, but also unlocks the 

cell cycle arrest which all eggs are in prior to fertihzation. Indeed, once ovulated 

sperm and eggs are destined to die unless they meet one-another, so fertilization 

is their only way of survival. Cell cycle arrest in the eggs often occurs at four 

different stages representing the stage of meiotic maturation. Mammalian 

oocytes, (they can be called eggs when they have completed meiosis), are arrested 

and fertilized at the 2"** meiotic metaphase while sea urchin eggs are at the 

pronuclear stage - meiosis having been completed they await fertilization in the 

first gap phase, G1 (Whitaker and Patel, 1990). In the sea urchin release of this 

metabolic lock is accomplished by two ionic messengers, Ca"'"'' and - which 

constitutes the ionic hypothesis of fertilization (Whitaker and Steinhardt, 1982). 

How the sperm first causes production of these two messengers has been the 

subject of much work.

Experiments have shown these two messengers are capable of initiating all 

the events of fertilization (except mitosis and cell division), without the need of 

sperm (Steinhardt and Epel, 1974; Steinhardt, et al., 1974) - this is sometimes 

referred to as parthenogenesis. The mechanics which give rise to both the Ca"̂ "̂  

and signals reside in the egg (Ridgeway et al., 1977; Steinhardt et al., 1977). 

To set these in motion the sea urchin sperm faces an enormous task, since it is 

about one million times smaller than the egg. Clues about how the sperm 

accomplishes this have come from the observation that Ca‘'"''i first increases (not 

only in sea urchins but in all deuterostomes) at the point of sperm-egg contact and 

spreads across the egg as a wave (Jaffe, 1985; Jaffe, 1991). In the sea urchin 

shortly after the Ca‘‘"''i wave the pH increases from around 6.9 to 7.3 (Johnson 

and Epel., 1976; Shen and Steinhardt, 1978). It is worth noting that not all 

species (such as the amphibian) which show an increase in pH at fertilization are 

metabolically suppressed if the pH increase is inhibited (Lee and Steinhardt,
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1981). In sea urchins however the pH change is required (together with Ca'^’̂ j) 

for some of the events downstream of the Ca'̂ '*'̂  wave, such as oxygen 

consumption (Epel et al., 1981; Whitaker and Steinhardt, 1981), protein (Winkler 

et al., 1980) and DNA synthesis (Whitaker and Steinhardt, 1981). The increased 

pH is a consequence of the increase in Ca'̂ '"'̂  which activates a Na' '̂/H'"' exchange 

through the actions of calmodulin kinase (Shen, 1989), and protein kinase C 

(Swann and Whitaker, 1985; Shen et al., 1990). The proximal message, then, 

seems to be the increase in Ca'"''''|. As yet it is not clear how sperm first increase 

egg Ca' '̂^i locally at fertilization in any species although there are many ideas.

Two models which attempt to explain the initiation of the Ca'*"*'̂  wave by 

sperm are dominant. These are known descriptively as the G-protein and sperm 

factor models - which I will explain in greater detail later in this chapter. Another 

important unanswered question is how does the Ca''"''^ wave propagate through 

the cytoplasm of the egg, in turn activating it. Swann and Whitaker, (1986), 

postulated an inositol (l,4,5)trisphosphate (Ins(l,4,5)P3) mediated wave for sea 

urchins while Busa and Nuccitelli (1985), argued for a calcium-induced calcium 

release (CICR) wave for the amphibian. However, since McPherson et al., (1992), 

showed that sea urchins have the ryanodine receptor [the CICR receptor (Endo, 

1977)], and release Ca'*"'‘j in response to ryanodine (Galione et al., 1991; Sardet 

et al., 1992) and that Xenopus homogenates do not respond to the CICR agonists 

ryanodine or caffeine (Galione et al., 1991), a closer examination of the 

mechanisms involved during both the generation and propagation of the 

fertilization Ca"""̂  ̂wave in sea urchins (and indeed in Xenopus) was warranted.

This thesis will then present data centred around two main themes - how 

sperm set the Ca'*’'*’! wave in motion and through which processes it crosses the 

egg. Here much of the data will revolve around the second messenger InsPg. But 

since fertilization is much more than this I will introduce the whole subject. By 

covering each as it occurs in time I will hope to show concisely the complexity and 

beauty of fertilization. To finish this chapter I will leave you with the events 

downstream of the Ca' '̂^i increase, ending with cell division.
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Before going on I want to show you the result of a fortunate experiment 

where the sperm was caught in the process of activating the egg (figure 1.1).

I

Figure 1.1 Some views of sea urchin fertilization.

Here the sperm has been caught activating an egg (the site of fusion is shown for clarity as the 
inset). Reading from top left to bottom right the first image shows the egg prior to insemination. 
This particular egg was injected with heparin (250 ng/mf) which prolongs the latent period 
(Crossley et ai, 1991) and hence gives more time to catch those early events. One pixel equals 
one square micron. Calcium green (10 -20 laMj) was used as the reporter dye.

1.2 Binding.

Metabolically repressed gametes are released from the sea urchin’s 

gonadopores into the surrounding seawater. Here, through dilution in seawater 

only the sperm become metabolically active [due to an increase in pH (Lee et al,
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1983)]. Flagellar motility and respiration are stimulated (Rothschild, 1948; 

Ohtake, 1976). Once diluted in seawater they therefore begin swimming 

frantically thus increasing both their effective radius and chance of colliding with 

an egg. Increased respiration is induced by a pH increase through proton efflux, 

a process involving Na' '̂/H"'' exchange since it is dependent on extracellular Na'*', 

and not or Ca"̂ "̂ , and can be induced artificially by monensin [a Na'^/H'^ 

ionophore (Hansbrough and Garbers, 1981 a)].

Sea urchin eggs, like their mammalian counterparts, are coated with a 

glycoprotein-rich vitelline layer (the zona pellucida in mammals), which itself is 

surrounded by a carbohydrate-rich jelly coat. The vitelline layer (or zona 

pellucida), represents a species specific barrier to heterologous fertilization, indeed 

once removed cross fertilization can be achieved (Bohus-Jensen, 1953; Tyler and 

Metz, 1955). Glycoproteins on the vitelhne layer bind homologous sperm through 

carbohydrate residues (SeGall and Lennarz, 1979; Glabe et al., 1982; Foltz and 

Lennarz, 1990). The homologous sperm receptor is a 30.5 kD protein, bindin, a 

protein externalized by the acrosome reaction on the sperm (Glabe and Vacquier, 

1977).

The acrosome reaction begins with the influx of Ca'*"'' ions into the sperm 

through D-600 and nisoldipine sensitive Ca'*"'' channels (Schackmann et ah, 1978; 

Schackmann and Shapiro, 1981; Garcia-Soto and Darszon, 1985). The acrosome 

reaction is a complex series of events stimulated both by components of the egg 

jelly [a large egg fucose sulphate (SeGall and Lennarz, 1979)] and the egg 

receptor of the vitelline layer (Aketa et al., 1979). It can also be induced by high 

external pH, but only in the presence of external Ca'""'' (Sendai and Aketa, 1991). 

How does both high pH and egg jelly induce this reaction? The answer seems to 

be through a large glycoprotein found on the apical sperm membrane which has 

now been isolated from many species of sea urchin (Podell and Vacquier, 1984 

a & b; Trimmer et al., 1985 and 1986; Sendai and Aketa, 1991). The idea that 

this glycoprotein is involved in the acrosome reaction came from studies showing 

that the acrosome reaction could be inhibited both by monoclonal antibodies
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against the sperm glycoprotein (Trimmer et al., 1985) or by the lectin wheat germ 

agglutinin, which bound heavily to the large glycoprotein (Podell and Vacquier, 

1984; Sendai and Aketa, 1991). How these glycoproteins interact with the sperm 

Câ "*̂  channels known to be involved in mediating the Ca'^’̂  influx, and indeed, 

whether they are themselves the channel, has yet to be shown. One scant piece 

of evidence which would tend to suggest that they are the Ca'*’''’ channel came 

from the finding that tritiated nisoldipine labelled a sperm membrane protein of 

Hemicentrotus pulcherrimus which had an almost identical molecular weight as 

Sendai and Aketa’s sperm glycoprotein (Mikami-Takei and Yasumatsu, 1989).

Once sperm and egg collide, the sperm respiration rate may be further 

increased through the action of small peptides - two of which, resact and speract, 

have been isolated from the surface of Arbacia punctulata and Strongylocentrotus 

purpuratus eggs respectively (Suzuki et al., 1984; Schackmann and Chock, 1986). 

Although bound to the egg surface some distance separates the plasma 

membranes of the two gametes. To bring these closer together the apical tip of 

the sperm is specialized to undergo the acrosome reaction. Just below the apical 

plasma membrane lies an unpolymerized pool of profilactin and the acrosomal 

vesicle which contains hydrolytic enzymes and the sperm receptor. Through the 

acrosome reaction the sperm membrane is driven towards the egg’s plasma 

membrane.

Following the Ca''"'" influx the acrosomal vesicle is stimulated to undergo 

exocytosis. Evidence suggests that this exocytosis is tightly coupled to the increase 

in Ca"'"'"| since it can be induced by Ca"'"'' ionophores in the sea cucumber Thione 

(Tilney et al., 1978). During the ensuing acrosome reaction in sea urchins the 

acrosomal vesicle at the tip of the sperm undergoes exocytosis releasing its 

contents, one of which, bindin - a 35 kD protein (Vacquier and Moy, 1977), has 

been proposed as the sperm adhesion protein (Summers et al., 1975; Vaquier and 

Moy, 1977), mainly because it induces species specific agglutination of homologous 

eggs (Glabe and Vaquier, 1977). At around this time the acrosomal process forms 

from polymerization of actin monomers which may be induced directly by the pH
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increase. Later changes include a K'*’ efflux and Ca'*"'' influx which is insensitive 

to D-600 but sensitive to respiratory inhibitors (Schachmann et al., 1978; 

Schackmann and Shapiro, 1981). As the polymerizing acrosomal process moves 

towards the egg the externalized bindin which coats the external surface is thought 

to bind specifically with carbohydrates on the egg receptor. Foltz and Lennarz, 

(1992), reported that they had isolated a glycoprotein (around 350 kD) from the 

vitelline layer of sea urchins, which they believed to be the egg receptor. Their 

evidence for this claim was twofold - one, that 70 kD fragments of the protein 

inhibited homologous fertilization and two, that the same fragment bound to 

homologous acrosome reacted sperm and bindin. They also showed that the 

species-specific block to fertilization could be inhibited by pronase treatment, thus 

showing that although carbohydrates are involved in binding, the polypeptide 

backbone perhaps presents these in the correct orientation to the sperm bindin. 

One rather interesting outcome of these experiments showed that Fab fragments 

generated from the anti 70 kD antibody bound to and activated between 2 and 

20% of the eggs in a batch. This finding suggested that a transmembrane 

signalling system could have been responsible for egg activation.

These latter results came at the time the sperm docking protein on 

mammalian sperm was identified, PH-30: an integral membrane glycoprotein 

consisting of two subunits, a and B (Blobel et al., 1992). The a subunit contains 

an a helical domain analogous to viral fusogenic proteins while the B subunit 

seems to have an integrin binding motif. These results hint at two possibilities of 

activation: one that fusion is enhanced therefore favouring the sperm factor 

model, and two that activation of eggs occurs through a transmembrane 

interaction involving the integrin. Integrins for example may trigger Ca’*"''} 

oscillations in neutrophils (Jaconi et al., 1991). Through what mechanism might 

they stimulate a Ca"'"''  ̂ release? Clues come from the postulated stimulation of 

tyrosine kinases (Komberg et al., 1981) since there is evidence linking tyrosine 

kinases with phosphoinositidase Gy and hence PPI hydrolysis (Rhee, 1991). 

Indeed, in the sea urchin tyrosine kinase activation is reported to be upstream of 

the Ca'*"*'̂  wave (Ciapa et al., 1991). These latter data are therefore suggesting
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that the sperm activates eggs through a receptor based interaction [an idea 

thought originally to involve G-proteins (Jaffe et al., 1988)]. However, the data 

of Blobel et al., (1992) also favours a fusion model for mammals. In sea urchins 

this may also be the case since shortly after binding the sperm fuses with the egg, 

a process perhaps stimulated by bindin, which has been cloned and, like PH-30, 

found to share a certain amount of sequence homology with the fusogenic viral 

spike proteins (Glabe and Clark, 1991), and has the ability to interact and fuse 

mixed phase liposomes in vitro (Glabe, 1985 a and b).

1.3 Fusion.

The rapid onset of an inward current termed 4^ marks the beginning of 

sperm-egg fusion and fertilization (McCuUoh and Chambers, 1992; Lynn et al.,

1988). A latent period after 4^, of around 20-30 seconds (using conventional 

imaging techniques) before there is any detectible increase in Ca"̂ """,, probably 

represents the processes involved in generating the Ca‘‘"'’i increase. The point of 

the following discussion is to show that fusion of gametes is upstream of the Ca"""̂ ; 

increase. If fusion were downstream of the Ca'""''| increase then one model put 

forward to demonstrate how the sperm activates the egg - the sperm factor model 

(discussed more fully later), could be ignored. Because of this much interest has 

therefore focused on exactly when sperm and egg achieve cytoplasmic continuity.

Three sets of experiments have tackled this issue all making use of 4n- 

The experiments of Hinckley et al., (1986) used dye transfer after 4n to assay for 

fusion, while those of Longo et al., (1986) used electron microscopy of individually 

imbedded and serially sectioned eggs. Some time after 4n the sperm - egg 

interaction was preserved through fixation in both sets of experiments. Fusion is 

deemed to have occurred when (i) the fluorescent dye Hoechst 33342 (from the 

egg) enters the sperm cytoplasm, or (ii) the fusion pore becomes visible. The 

outcome of both sets of experiments show that fusion happens, on average, no 

sooner than 5 seconds after 4n* The third set of experiments, carried out by
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McCulloh and Chambers (1992), relied completely on electrical measurements. 

They applied a patch pipette to the surface of an egg forming a loose seal while 

also impaling the egg using a conventional intracellular recording electrode. By 

applying the sperm down the patch pipette they hoped to measure both the 

capacitance increase (equivalent to an increase in surface area as the sperm 

membrane incorporates into the egg’s membrane) from the area of membrane 

circumscribed by the pipette and (from the conventional intracellular 

electrode). Their experiments were successful and showed that both the 

capacitance increase and occurred simultaneously without the previously- 

mentioned 5 second lag. The earlier results probably reflected the limit of 

resolution of both earlier methods, both of which relied on fixation as a means of 

capturing the fusion event. Herein probably lies their problem, since chemical 

fixation procedures are slow, taking a few seconds to fix cell preparations 

(Chandler, 1984), while formation of fusion pores during exocytosis (a fusion event 

about which there is a wealth of knowledge) is extremely fast, in the order of 

microseconds (Spruce et al., 1990) and sometimes reversible even after some 

seconds - a phenomenon called flicker (Fernandez et al., 1984; Breckenridge and 

Aimers, 1987; Alvarez and Fernandez, 1988). Labile exocytotic structures such 

as these may not survive chemical fixation. The latter results of McCulloh and 

Chambers (1992), would support the idea that the fusion pore is simply not robust 

enough to survive fixation until about five seconds after its formation. Whatever 

the reasons behind the discrepancy the important finding is that all three results 

do however agree that fusion of gametes occurs before the onset of the Ca‘‘"''i 

transient. These data make it possible to at least not discount the sperm factor 

model, but do not help in choosing it over the alternative G-protein model. Both 

could serve equally well to explain the absolute latent period. Before going on to 

cover the events which lead to the increase in Ca"'"''  ̂ I want to describe the 

perhaps unique way marine invertebrates prevent the entry of supemumery sperm 

during this latent period, termed the fast block to polyspermy (Jaffe, 1976).

The fast block is so named because a slow block, by way of the fertilization 

envelope, follows the Ca'*"''̂  wave - through extemalization of the contents of the
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cortical granules, via exocytosis, some of which polymerize in the perivitelline 

space in the presence of Ca'*”'" forming the tough hyaline layer (Citkowitz, 1971; 

Kane, 1973). The fast block is electrical in nature and conferred by the sperm 

induced action potential (Jaffe, 1976; Chambers and DeArmendi, 1979). The 

action potential is fired in response to a depolarization brought about by the 

sperm (Dale et al., 1978), taking the egg from its physiological resting membrane 

potential of around -70 mV (Jaffe and Robinson, 1978; Chambers and De 

Armendi, 1979) to positive membrane potentials (Jaffe, 1976; Lynn et al., 1988). 

The action potential is followed by the activation potential, which is likely to be 

due to the opening of Ca'*”*' activated monovalent cation channels (Chambers and 

de Armendi, 1979; David et al., 1988). The time of onset of the sperm- induced 

depolarization in the voltage-clamped eggs is equivalent to the previously 

mentioned and so constitutes the beginning of fertilization. During the period 

from firing of the action potential to elevation of the fertilization envelope the 

egg is without a physical block to polyspermy, and as such may be susceptible to 

further sperm incorporation. The fast electrical block thus bridges the gap 

between the electrical union of sperm and egg and elevation of the fertilization 

envelope, and provides a fast and reversible block to polyspermy.

Original evidence for the fast block was threefold, one - egg’s with action 

potentials less than 0 mV were polyspermie, two - holding the egg at membrane 

potentials more positive than 4-5 mV blocked fertilization, and three - eggs held 

at -30 mV are polyspermie. Lynn et al., (1988) in a thorough study showed that 

eggs held at membrane potentials more positive than 4-17 mV never respond 

electrically to sperm although many are seen to adhere. One unlikely possibility 

was that the acrosome reaction was in some way controlled by the membrane 

potential. However, of those sperm adhering, many had undergone the acrosome 

reaction, and indeed acrosome reacted sperm also failed to give an 

electrophysiological response, although as many as twenty were seen to attach 

(Lynn et al., 1988). The exact nature of this block remains unknown, but when 

released from their positive potential for only a brief period of time, around 30 

ms, sperm incorporation is resumed, showing that the fusion mechanism remains
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intact but inactive (Shen and Steinhardt, 1984). Since sperm binding is not 

inhibited but electrophysiological responses are (Lynn et a/.,1988) one must infer 

that only fusion has been inhibited. These data would tend to support a fusion 

model of activation since sperm binding seems unperturbed. Indeed, release from 

a positive potential for only 30 ms is enough to resume fusion and activation.

How fusion is inhibited by these positive-going membrane potentials has

not been shown. The egg may remain at these positive membrane potentials as

Jaffe (1976) originally suggested through a slowly developing Na'*' conductance.

A statistical analysis of the various data revealed that the fast block may not

absolute, but instead represents a reduction in the probability of sperm

incorporation at more positive membrane potentials (Whitaker and Steinhardt,

1982), as originally suggested by Rothschild and Swann (1951 & 1952). Electrical

blocks to polyspermy are not an isolated feature of sea urchins alone. Many

marine invertebrates show a depolarization at fertilization (Whitaker and

Steinhardt, 1982; Shen, 1983), while in other eggs like the crab Maia squinado it

takes the form of a hyperpolarization (Goudeau and Goudeau, 1989). Mammals

have no clear fast electrical block to polyspermy; the exception may be rabbits

where a depolarization accompanying fertilization seems to constitute a fast

electrical block (McCulloh et al., 1983). In hamsters there is no electrical block

to polyspermy although fertilization is accompanied by a series of underlying

Ca' '̂^i oscillations which hyperpolarize the egg by activating a conductance

(Miyazaki, 1991). These hyperpolarizations do not seem to prevent entry of

supemumery sperm. Not all animals are particularly concerned about preventing

polyspermy, indeed animals with large eggs (the exception v& Xenopus) such as the

urodeles, reptiles and birds display physiological polyspermy. These species seem

to cope with polyspermy through regression of the extra male pronuclei. In the

urodele Triton, for example, during formation of the mitotic spindle those

supemumery male pronuclei regress (Frankhauser, 1948), a phenomenon also

reported to occur in polyspermie mammalian eggs (Hunter, 1976). j  Evidence
suggests that the sperm is a voltage sensor, since electrical blocks accompany the

sperm and not the egg in cross species fertilizations (Iwao and Jaffe, 1989). This

electrical block extends beyond the marine invertibrates to Xenopus.
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1.4 The Ca^ î increases.

Fertilization in echinoderms was postulated to involve the release of stored

since the Ca"̂ "̂  ionophore A23187 proved such a good parthenogenetic 

activator of eggs (Steinhardt and Epel, 1974; Steinhardt, et al., 1974). Remember 

that fertilization begins with sperm-egg fusion, an event marked by depolarization 

of the egg. Shortly after this a latent period of around 20-30 seconds ensues 

before the Ca’̂ ‘*’i wave begins at the point of sperm entry [as seen using aequorin- 

a protein which releases a photon upon binding Ca"̂ "̂  (Risen et al., 1984)]. This 

latent period was first measured fairly accurately by Allen and Griffin (1958), who, 

using a spermicide (lauryl sulphate) and fixation of egg populations, measured the 

time taken to either begin or complete the cortical reaction. Sperm egg fusion 

becomes insensitive to lauryl sulphate at the beginning of the latent period 

(Whitaker et al., 1989). They found that a latent period of around 20 seconds 

always preceded the cortical reaction in two species of sea urchin, Arbacia 

punctulata and Psammechinus miliaris. Shen and Steinhardt (1984), revealed that 

there was an absolute latent period of around 7 seconds before which no eggs 

activated, followed by a variable latent period where the percentage of eggs 

activating increased with time.

Allen and Griffin (1958), believed that the latent period represented one 

or more chemical reactions. They arrived at this conclusion by measuring the 

duration of the various periods at 10 and 20°C, thereby obtaining the Qjq for each. 

Their data give a Qjq for the latent period of 2.3, and a for the cortical 

reaction of 1.4, which argue that the cortical reaction is limited by diffusion while 

the latent period is not. To date there has been no satisfactory explanation of the 

one or more chemical reactions which Allen and Griffin believed constituted the 

latent period. Since these pioneering days, there is widespread acceptance in 

favour of Ca"̂ "̂  as the ultimate messenger at fertilization not only in the sea 

urchin but in all deuterostomes (Steinhardt et al., 1974; Steinhardt et al., 1977; 

Jaffe, 1985; Jaffe, 1991). Yet, not only what goes on during the latent period but 

also how the Ca'‘‘‘*’i wave spreads from its point of origin, insemination, to the
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antipode remain unclear. However, although there is no consensus of opinion on 

how the sperm first initiates the release of two main ideas have emerged. 

These are the G-protein and sperm factor models of activation, both of which 

deserve a fuller description. Before doing this I want first to introduce the system 

on which most of the following data will be based, the polyphosphoinositide (PPI) 

second messenger system.

(A) The polyphosphoinositide messenger system.

(i) Ins(l,4,5)Pg as a second messenger.

Cellular stimulation, through a signal transduction process involving a 

receptor, a G-protein, and a phosphoinositidase C (PIC), leads to the production 

of at least two second messengers - inositol (l,4,5)trisphosphate (InsP^) and 

diacylglycerol [DAG (reviewed by Berridge and Irvine, 1984 and 1989)]. I want 

to go briefly through the data which have lead to this present level of 

understanding.

Incorporation of ^̂ Pj into phosphatidyl inositol (PI) in pancreatic slices 

after stimulation with carbamylcholine was the first indication that inositol was 

involved at a signalling level (Hokin and Hokin, 1953). In many cells stimulation 

by either neurotransmitter or hormones leads first to the specific breakdown and 

later re-synthesis of PI (Hokin and Hokin, 1958; Michell, 1975) - the incorporation 

of ̂ ^Pj into PI and not glycerol shows that inositol is specifically re-synthesised into 

PI, which occurs through combination of myo - inositol with CDP - diacylglycerol 

(Michell, 1975). These data thus show that physiological stimuli lead to changes 

in the levels of PTs. Michell (1975) suggested that the stimulated hydrolysis of PI 

lead to increased Ca'*"'' permeability. In 1979 Berridge and Fain presented data 

(from the blowfly salivary gland) which supported the idea that hydrolysis of 

phosphatidyl inositol is involved in Ca"^\ signalling. To show that the hydrolysis 

of PI produced a substance capable of opening Ca’*’’'" channels the substance 

needed to be isolated and shown to cause a Ca"*"̂  release. This was first achieved

22



by Streb et al., (1983) and later by Burgess et al., (1984) who both showed that 

inositol (l,4,5)trisphosphate (Ins(l,4,5)Pg) released Ca' '̂^ from permeabilized 

pancreatic and hepatic cells respectively while Whitaker and Irvine (1984) showed 

that InsP(l,4,5)Pg was capable of activating intact sea urchin eggs. At the same 

time Berridge et al., (1984) showed that both inositol trisphosphate and inositol 

bisphosphate levels increased before secretion after stimulation of the blowfly 

salivary gland with serotonin. Now the physiological effector molecule, InsPg, had 

been shown to both increase at the right time and also on its own to simulate the 

physiological response. These inositol phosphates were the water soluble 

hydrolysis products of phosphatidyl inositol phosphate (PIP) and phosphatidyl 

inositol bisphosphate (PIP2 ), which Michell et al., (1981) and Kirk et al., (1981) 

had shown were produced from PI after stimulation of hepatocytes with ADH. 

Since then the Ins(l,4,5)P3 receptor has been purified to homogeneity 

(Suppattapone et al., 1988; Ross et al., 1989) and cloned (Mignery et al., 1989) 

showing it to be a high molecular weight protein (260 kD) which shares sequence 

homology with the ryanodine receptor (the CICR receptor, Mingery et al., 1989)]. 

Incorporation of purified Ins(l,4,5)Pg receptor into lipid vesicles indicated it was 

both the physiological receptor and a Ca''"'' channel (Ferris et al., 1989). Heparin 

has been shown to competitively inhibit the binding of InsPg to its receptor 

(Worley et al., 1987; Hill et al., 1987; Cullen et al., 1988; Guillemette et al., 1989) 

and in sea urchins has proved a useful tool to unravel some of the processes 

underlying fertilization (Crossley et al., 1991). If Ins(l,4,5)Pg is to act as a second 

messenger it must be produced in sufficient amounts during stimulation. Irvine 

(1989) has shown that the level of InsPg increases to around 10 pM from its sub

micromolar levels. These data therefore show that the levels of Ins(l,4,5)Pg 

increase upstream of the Ca"'"'" release, that InsPg itself releases Ca"'"'', and that 

inhibition of Ins(l,4,5)Pg binding to its receptor can inhibit the physiological effect. 

Recent evidence suggests that the InsPg receptor is also enhanced by Ca''"'' on 

both its luminal (Missiaen et al., 1991 and 1992) and cytoplasmic domains (Finch 

et al., 1991: Bezprovanny et al., 1991). Inui and Endo’s (1992) results in 

permeabilized skinned smooth muscle cells bring together the work on luminal 

(Missiaen et al., 1991) and cytoplasmic (Finch et al., 1991; Bezprovanny et al.,
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1991) modulation of the InsPg receptor to its ligand by Ca’̂ '*'.

(ii) DAG as a second messenger.

The other product of PIP2  hydrolysis by PIC is diacylglycerol (DAG). 

Together with serine containing phospholipids, DAG binds to protein kinase C 

(PKC), shifting its activity profile such that in basal Ca"'"'’ its kinase activity 

becomes active (Takai et ah, 1979; Kaibuchi et al., 1981). This is the most likely 

route for DAG production at fertilization. However, DAG need not come from 

hydrolysis of inositol containing lipids. Indeed, phosphatidyl choline, (PC), can 

be the major source in response to certain agents. For example, hydrolysis of PC 

by certain phospholipase C’s accounts for the delayed formation of DAG in 

response to agonist activation in rat pancreatic acini (Matozaki and Williams,

1989), while the action of phospholipase D on PC to produce phosphatidic acid 

(PA) can also lead to DAG formation through the action of PA phosphohydrolase 

(Martinson et al., 1989). Moreover, almost all of the DAG produced after 

treatment with the phorbol ester PMA comes from PC through the PA pathway 

in astrocytoma cells (Martinson et al., 1989). So DAG production is not simply 

the sole property of the PPI messenger system. PKC is also not a single enzyme. 

PKC represents a whole family of related kinases with different tissue distributions 

and substrate specificities (Nishizuka, 1988; Kikkawa et al., 1989; Strulovici et al., 

1991). In sea urchins the phorbol ester 12 - O - tetradecanoyl phorbol acetate, 

which mimics DAG and activates PKC (Castagana et al., 1982), increases the pH 

through activation of the Na'""/H''' exchanger, as determined by the dependence 

on external Na'*’ and inhibition by dimethylamiloride (Swann and Whitaker, 1985), 

an inhibitor of the exchanger at high concentration (Vigne et al., 1984). These 

data suggest that at fertilization DAG may give rise to the observed pH increase 

about 1 minute post fertilization (Steinhardt and Shen, 1978), which is dependent 

on extracellular Na"*" and inhibited by high concentrations of amiloride (Johnson 

and Epel 1976; Shen and Steinhardt, 1978). However, the pH change at 

fertilization is now believed to be produced partly through PKC, but also through 

calmodulin-kinase phosphorylation of the Na' '̂/H'"' exchanger. The evidence for
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this belief is that both W-7 - a calmodulin inhibitor, and a synthetic peptide 

mimicking the PKC substrate domain partially block cytoplasmic alkalinization at 

fertilization (Shen, 1989; Shen et al., 1990). The pathway leading to the 

production of both Ins(l,4,5)P3 and DAG is given in figure 1.2. It is now well 

established that there is a large turnover in the levels of PPI at fertilization 

(Turner et ah, 1984) which is reflected by the increased levels of Ins(l,4,5)Pg and 

DAG at fertilization which precede the cortical reaction (Ciapa and Whitaker,

1986), thus placing both DAG and Ca' '̂"' in the vicinity at the right time to alter 

the egg’s pH. Although DAG need not come from PIP2  hydrolysis these data 

would suggest that in sea urchins at fertilization it does.
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Figure 1.2. The pathway leading to the production of Ins(l,4,5)Pg and DAG.
The pathway shows a schematic view of a cell responding to an agonist (A), which through 
interaction with a receptor (R) stimulates phosphoinositidase C (PIC) through a G protein (G) 
to liberate the two second messengers Ins(l,4,5)?3 and DAG.

(Hi) Localization o f receptors.

Localization studies show the Ins(l,4,5)Pg receptor on the rough and 

smooth ER, the nuclear membrane, and possibly on other smooth surface 

structures, but not on the plasma membrane (Ross et al., 1989). Much attention 

has focused on the exact nature of the organelle responsible for releasing Ca'*"''
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in response to Ins(l,4,5)P3. Originally studies indicated the microsomal fraction 

was particularly enriched in the receptor (Pretiki et al., 1984). Later however a 

more localized cellular distribution emerged, showing an enrichment near the 

nucleus in adrenal chromaffin cells (Burgoyne et al., 1989) and in cisternal stacks 

and not rough ER in Purkinje cells (Satoh et al., 1990). Moreover, since both 

platelets and differentiated neutrophils have almost no ER but respond as well as 

hepatocytes and exocrine pancreatic cells (where stacked ER represents almost 

half the cellular membranes) to Ins(l,4,5)Pg (Pozzan et al., 1988) a distinct Ca"̂ "̂  

releasing organelle has been proposed - the calciosome (Volpe et al., 1988). 

Whether it truly exists as a separate organelle has never been shown, but it may 

simply represent specialized regions of the ER. Recently the sea urchin ER has 

been shown to have a sub - plasma membrane specialization in terms of both 

architecture (Terasaki and Jaffe, 1991; Terasaki et al., 1991) and ryanodine 

receptor enrichment (McPherson et al., 1992). The ER of sea urchins eggs forms 

a continuous network (Terasaki and Jaffe, 1991) which would tend to argue 

against distinct organelles such as the calciosome in these cells, although the 

present data showing sub-plasmalemal specialization (Terasaki et al., 1991) and 

enrichment of the ryanodine receptors below the plasma membrane (McPherson 

et al., 1992) would favour some form of specialization, which has been postulated 

having a role in egg activation.

(B) Models proposed for the generation of the signal at fertilization.

(i) The G-protein model.

G-proteins fall into two major types, small and monomeric or large and 

trimeric. The ones I will describe here are of the large type. These trimeric 

proteins are at the heart of cell signalling across the plasma membrane. Many 

hormones and neurotransmitters which bind to cell-surface receptors change the 

conformation of the receptor upon binding such that they interact with G-proteins. 

These proteins are freely diffusible on the inner membrane of the bilayer, and are 

so named because the a  subunit hydrolyzes GTP. Receptor activation triggers the
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a subunit to exchange GDP for GTP, and dissociate from the B/y subunit. Once 

released and activated, these free a subunits remain in an active state until 

hydrolysis of the GTP is complete and the products have dissociated. In this 

active state they can thémselves activate several enzymes such as adenylate cyclase 

and phosphoinositidase C (reviewed by Gilman, 1987). Such a transmembrane 

signalling system forms the basis of one model of egg activation.

This G-protein model was first proposed by Jaffe et ah, (1988), based on 

evidence involving the use of either ADP-ribosylation toxins specific for G-proteins 

or the non-hydrolysable analogues GTPyS and GTPpS. Cholera toxin, known to 

ADP-ribosylate stimulatory G-proteins activated eggs, while pertussis toxin - 

known to ADP-ribosylate inhibitory G-proteins (reviewed by Gilman, 1987) had 

little inhibitory effect at fertilization (Turner et ah, 1987). These data showed that 

a cholera toxin sensitive G-protein could be coupled to mechanisms already 

present in the egg capable of increasing Ca"*"̂ !. Moreover, the results with GTPyS 

and GDPpS confirmed this - GTPyS [known to activate G-proteins (Gilman,

1987)] injection into eggs resulted in elevation of the fertilization envelope, while 

GDPpS [a G-protein antagonist (Eckstein et ah, 1979)] resulted in failure to 

elevate an envelope after insemination (Turner et ah, 1986). The crucial result 

here is that GDP6S inhibited fertilization as judged by the failure to raise a 

fertilization envelope. Further evidence in support of this model came through 

elegant experiments where mRNA encoding serotonin or acetyl choline receptors 

was injected into Xenopus oocytes. After a period of maturation, application of 

the agonist resulted in responses indistinguishable from fertilization (Kline et ah,

1988). Given that these receptors are known to act through a G-protein mediated 

pathway they favour the G-protein model of egg activation. Only one element of 

these data however argues that the sperm makes use of the endogenous G- 

proteins: that GDPpS inhibited fertilization envelope elevation. All the other data 

simply show that G-proteins are present and when activated can lead to the 

release of Ca'*"''. Later results by Crossley et ah, (1991) showed that although 

GDPpS inhibited fertilization envelope elevation it did not inhibit the release of 

Ca'̂ '"'̂  triggered by the sperm. The clear implication of these data was that sea
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urchin sperm did not utilize the G-protein mechanism. In mammals though, the 

G-protein model is more acceptable. This again hinges on one result - that 

GDPpS inhibits the sperm induced Ca"'"'" transients (Miyazaki, 1991). Even in the 

mammals there is doubt, since phorbol esters and sphingosine (which enhance and 

reduce the activity of protein kinase C respectively) alter the response to

GTPyS but not sperm (Swann et al., 1989; Miyazaki, 1991) showing that sperm 

acts differently from the G-protein agonist. To summarize briefly then, there is 

no compelling evidence to as yet accept the G-protein model of fertilization, 

especially in the echinoderms, but also in mammals.

What function might the G-proteins have? There is evidence to suggest 

that they are involved during oocyte maturation, at least in starfish. Here, as a 

part of maturation induced by 1-methyladenine the Ca'^’̂ j release mechanisms 

sensitivity to Ins(l,4,5)P3 increases 100 fold and to sperm 10 fold (Chiba et al., 

1990). Only maturation, not fertilization, can be inhibited by pertussis toxin 

(Shilling et al., 1989). Bearing in mind that pertussis toxin does not inhibit 

fertilization in sea urchins (Turner et al., 1987) we might infer that the evidence 

for their involvement in echinoderm oocyte maturation is stronger than that for 

fertilization.

These doubts about the role of G-proteins at fertilization are borne by the 

existence of an alternative model of egg activation, the sperm factor model.

(ii) The sperm factor model.

This model quite simply suggests that through sperm-egg fusion some factor 

in the sperm activates the egg. The model, originally proposed by Lionel Jaffe 

(1980), who likened the incoming sperm to a Ca'*"'' bomb, has been altered over 

the years to fit the accumulating data. In sea urchins, for example, a Ca''"'" bomb 

does not suffice since injection of Ca"'"'' leads only to local elevation of a 

fertilization envelope (Swann and Whitaker, 1986). Another candidate activator 

is InsPg, which was first shown by Whitaker and Irvine (1984) to induce the
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cortical reaction when injected into sea urchin eggs. Two possible scenarios for 

the involvement of Ins(l,4,5)P3 exist:

(i) that the sperm is an Ins(l,4,5)Pg bomb, and

(ii) that through fusion sperm PIC produces Ins(l,4,5)P3 locally from egg PIP2 .

Evidence that there is enough Ins(l,4,5)P3 in sperm came when the levels 

of InsP3  in sperm were shown to increase during the acrosome reaction (Domino 

and Garbers, 1988; Iwasa et al., 1990), to around 10’̂ ® - 10"̂  ̂moles InsP3  which 

is around the threshold (5x10'^® moles) capable of activating eggs when injected 

(Whitaker and Irvine, 1984).

Evidence against the Ins(l,4,5)P3 bomb came by way of heparin, a 

competitive inhibitor of InsP3  binding to its receptor (Hill et al., 1987; Cullen et 

al., 1988; Guillemette et al., 1989) and application of the diffusion equation. 

Given that sperm contain just enough Ins(l,4,5)P3 to activate eggs (Domino and 

Garbers, 1988; Iwasa et al., 1990), one would expect heparin to completely inhibit 

fertilization since it shifts the sensitivity to Ins(l,4,5)P3 by a factor of twenty 

(Crossley et al., 1991). Since heparin was shown only to increase the latent period 

it suggested that the sperm is probably not an Ins(l,4,5)P3 bomb. Moreover, 

Whitaker et al., (1989) suggested that the concentration of the activating substance 

at the mouth of the fusion pore between sperm and egg would be much less than 

in the sperm.

Evidence that the sperm did not produce Ins(l,4,5)P3 locally from egg 

precursors came from a combination of experiments using GTPyS, heparin and 

the Ca'^^ chelator BAPTA. Firstly, given that PIC hydrolysis of PIP2  produces 

both Ins(l,4,5)P3 and DAG PIC activity should be reflected by a pH change, 

through the actions of DAG even in the absence of a Ca"'"''̂  increase. Crossley 

et al., (1991) showed that BAPTA was capable of inhibiting the pHj change at 

fertilization and not after injection of GTPyS. This would suggest that at 

fertilization there is no hydrolysis of PIP2 . Furthermore, heparin completely 

inhibited the response to 150-200 pM  ̂GTPyS (approximately ten times threshold
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concentration) and not sperm (Crossley et al., 1991), which one would presume 

should be a better producer of InsPg than sperm. These data then argue that the 

sperm does not produce the two second messengers InsP  ̂ and DAG from the 

hydrolysis of PIP2 if the Ca '̂ ĵ increase is first inhibited while, GTPyS does. We 

can infer from these data that the sperm activates the egg differently from 

GTPyS, and that the sperm probably does not overcome the heparin block by 

generating high local levels of InsPg. These data also suggest that the increase in 

the amount of Ins(l,4,5)Pg and DAG prior to the cortical reaction (Ciapa and 

Whitaker, 1986), are a consequence of the activation of the Ca^^ activated PIC’s 

(Whitaker and Aitchison, 1985; Ciapa and Whitaker, 1992). How the sperm does 

activate the egg still remains open to question. If InsPg is not the missing 

activating factor what might it be? Candidates are cyclic ADP-ribose (Lee et al.,

1989), cGMP (Swann et al., 1987) and a large molecular weight factor (Dale et al., 

1985; Swann, 1990). The two models I have discussed are shown in figure 1.3.

REC.
PM DAGPIC
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Ca C a

CaCa
ER

cytoplasm

Figure 1.3. The sperm factor and G-protein models of fertilization.

The two predominant activating theories are illustrated. To the left the sperm factor model is 
shown. Here, through sperm-egg fusion a factor (X) stimulates an Ca"̂"̂; release. To the right 
the G-protein model of activation is shown. Here the sperm serves as the agonist. .

It is worth recalling that the mammalian sperm receptor is composed of a

30



fusion protein and an integrin (Blobel et al., 1992). Integrins are those membrane 

spanning proteins which bind extracellular proteins such as laminin and 

fibronectin. They have also been implicated in signalling across the bilayer, and 

as such one must wonder what bearing, if any, this has at fertilization in the 

mammal.

1.5 spreads as a wave at fertilization.

The first increases at the point of sperm entry but later spreads

across the egg as a wave in almost all deuterostomes eggs where it has been 

looked for (Jaffe, 1985; Jaffe, 1991). InsP^ may play a central role during wave 

propagation. InsPg may come from a Ca'*"''j stimulated activation of PIC leading 

to further hydrolysis of PIP2  (Swann and Whitaker, 1986). Before discussing the 

sea urchin wave further I want first to draw from the wealth of data that exists 

about Ca'*"'’ waves in other systems.

(A) A current view on waves.

Ca''"‘'i waves and oscillations in somatic cells are a recurring feature of cell 

signalling and are thought to either propagate or oscillate through the same 

mechanism (reviewed by Berridge, 1990). Models explaining Ca"*"*" wave 

propagation have envisioned either Ins(l,4,5)Pg or Ca'*"'" as the final mediator of 

the release and have been discussed in exhausting detail (Berridge and Irvine, 

1989; Berridge, 1990; Meyer, 1991). Current ideas on the subject come from data 

on the Ins(l,4,5)P3 receptor. In 1991 both Finch et al., (measuring "̂ Ĉa"̂ "*" release 

from synaptosomes) and Bezprozvanny et al., (using reconstitution of canine 

cerebellum Ins(l,4,5)Pg receptors in planar lipid bilayers) showed that Ca'*"*' both 

enhanced and inhibited the release of Ca’’’’*’ in response to Ins(l,4,5)Pg. The bell

shaped response to constant levels of 2 pM Ins(l,4,5)Pg occurred over the range 

0.01 - 5 pM Ca''"'', with channel open probability increasing in the range 0.01 - 

0.25 pM Ca''"'' and falling as the Ca''"'' reaches 5 pM. In another report the
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Ins(l,4,5)P3 receptor has been postulated to alter its sensitivity to Ins(l,4,5)P3 as 

the luminal Ca"̂ "̂  changes (Missiaen et a l, 1991 and 1992). Thus, both 

cytoplasmic and luminal variations of Ca"̂ "̂  could act in concert in a CICR like 

way, while the basal levels of Ins(l,4,5)P3 remain constant to release Ca^^.

One current model proposed by Lechleiter et al., (1992), to account for the 

propagation of Ca'*”'’ waves (here in the form of spherical and spiral waves) in 

Xenopus oocytes centre around a constant cytoplasmic level of Ins(l,4,5)P3 with 

Ca’*”*' acting as the mediator. This idea builds on those observations of Finch et 

al., (1991) and Bezprozvanny et al., (1991), where Ca’*"*' acts as a co-agonist on 

the cytoplasmic face of the luminal membrane. Other models propose a role for 

the ryanodine receptor where the Ins(l,4,5)P3 is said to prime the response to 

CICR occurring through the ryanodine receptor (Berridge and Galione, 1988; 

Berridge, 1991).

(B) The sea urchin Ca'*”'"i wave.

Swann and Whitaker (1986) originally postulated that the wave of increased 

Ca‘̂ '*'i propagated across the egg through the generation of Ins(l,4,5)P3. They 

based this idea on two sets of data. One which showed that local injection of 

Ins(l,4,5)P3 caused a wavelike elevation of the fertilization envelope (taken to 

represent the underlying propagation of a Ca'*”*'| wave (Whitaker and Irvine, 

1984). This was later confirmed by Swann (1987, thesis). The other that there 

are Ca' '̂*' activated PIC’s in sea urchins (Whitaker and Aitchison, 1985). The 

Ca’*”*' activated production of Ins(l,4,5)P3 idea gains support from data showing 

that at around the time of the Ca' '̂*'j wave the levels of Ins(l,4,5)P3 increase 

(Ciapa and Whitaker, 1986 and 1992). And since the wave propagates through 

the whole of the cytoplasm the finding that PIPj is not only present on the inner 

face of the plasma membrane but also on the ER (Helms et al., 1991), may mean 

that the substrate is present throughout the egg, although this has yet to be shown. 

Moreover, the finding that neomycin, which among other things inhibits the Ca'*”*' 

activated production of Ins(l,4,5)P3 (Griffin et al., 1980) inhibits the Ca'*”*'̂  wave
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but not a release in response to Ins(l,4,5)P3 (Swann and Whitaker, 1986) 

would tend to favour the autocatalytic production of InsPg at the wave-front.

At this time however the sea urchin was thought to house only the 

Ins(l,4,5)Pg receptor since local injection of Ca^^/EGTA buffer complexes 

showed only local elevation of the fertilization envelope (Swann and Whitaker, 

1986). These data argued against the sea urchin having a functional CICR 

mechanism - suggesting that sea urchins do not have the CICR receptor. 

However recent evidence shows that sea urchins do indeed have the ryanodine 

receptor (McPherson et al., 1992), and that injection of ryanodine, a CICR 

agonist (Endo, 1977), activated eggs (Galione et al., 1991; Sardet et al., 1992). 

These later findings were hinted at by Crossley et al., (1990, thesis) who showed 

that heparin (a competitive inhibitor of the Ins(l,4,5)Pg receptor (Hill et al., 1987; 

Cullen et al., 1988; Guillemette et al., 1989) just significantly altered the 

propagation velocity of the Ca‘‘"'’j wave. These data point towards the 

involvement of another receptor, a likely candidate being the ryanodine receptor.

1.6 Events downstream of the wave.

After the wave of Ca"""*"̂  has crossed the egg all subsequent events of 

development are set in motion. In table 1.11 have included data originally shown 

by Whitaker and Steinhardt (1982) with some of the newer findings added for 

completeness.

As mentioned at the very beginning of this chapter, all the events 

downstream of the Ca'^"''| wave are largely a consequence of that initial increase. 

Evidence for this view arose from experiments using the Ca"'"'" ionophore A23187. 

All the events listed in table 1.1 are initiated by Ca'*"'' ionophores (Steinhardt and 

Epel, 1974; Steinhardt et ah, 1974) but for the very early events (depolarization) 

and later events (mitosis and cleavage) - these latter events needing the sperm 

DNA and centriole (Steinhardt and Epel, 1974; Chambers et a/.,1974; Scheul et
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al., 1976). In addition, if Na"  ̂is removed from the external medium seconds after 

insemination the pH change is abolished as are many of the events downstream 

of this such as protein and DNA synthesis (Chambers and Dimich, 1975; 

Chambers, 1976). It must be stressed that pH as a signal is peculiar to the marine 

invertebrates, while Ca"'"*' is a much more universal signal.

Table 1.1. The sequence of events following fertilization in the sea urchin.

Event Time after depolarization. Mediator

Action potential 0 seconds Na'*’ and Ca"*"̂

Ca‘‘"''j increases about 15 seconds unknown

Second phase of inward current 30 seconds maybe Ca++

(carried by Na'*’ and K^)

Cortical reaction 40 - 100 sec. Ca++

Activation of NAD Kinase 40 - 100 sec. Ca++

Increase in reduced

nicotinamide nucleotides 40 - 900 sec. Ca"̂ "̂  and pH

Acid efflux 1 - 5  min. Ca^^ and pH

Increase in pH^ 1 - 5 min. pH

Increase in K^ conductance 1 - 5  min. pH

Increase in O 2  consumption 1 - 3  min. Ca"'"'' and pH

Initiation of protein synthesis 5 min. Ca'^"'' and pH

Activation of amino acid transport 15 min. Ca"̂ "̂  and pH

Initiation of DNA synthesis 20 - 40 min. Ca"*"̂  and pH

Mitosis 60 - 80 min. MPF (& Ca++

Cleavage 85 - 95 min. Ca++ ?

These data were all collected from Lvtechinus pictus at 16 - 18 °C and represent estimates ; 
not absolute values. MPF stands for maturation promotion factor, composed largely of cdc2 ; 
cyclin, (Nurse, 1990), the question marks are included where there is ongoing research.
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1.7 R esu lts presented in this thesis.

This thesis is split into four results sections:

In the first I have measured some of the earliest increases in Ca'""''| at 

fertilization. I will introduce the idea here that a spherical wave of Ca'̂ "'"| release 

may propagate inwards from the plasma membrane at fertilization after 

depolarization. The last part of this chapter will show that this spherical wave has 

no bearing on the duration of the latent period or the propagation of the 

wave. To conclude this chapter I will show that an increase in conductance 

follows the Ca'*'\ wave perhaps through the opening of channels stimulated by 

(:a++i.

The second results chapter explores the action of cGMP and its ability to 

release with the view that the Ca' '̂"'; generated by the sperm could occur 

through a mechanism independent of Ins(l,4,5)P3.

The third results chapter will focus both on the generation and propagation 

of the Ca' '̂^i wave. To do this I have used the sulfhydryl reagent thimerosal which 

has been used to good effect in other systems to throw light upon the various 

mechanisms of Ca'""''| release.

The fourth and final results chapter takes a closer look at wave 

propagation at fertilization using confocal microscopy. Here I will present data 

using heparin and ruthenium red designed to dissect the possible mechanisms 

involved in wave propagation during fertilization.

One central theme which will emerge from each results chapter is that 

there may be a novel Ca''"'' release mechanism in the sea urchin egg.
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Chapter 2

Materials and methods

2.1 Handling of gametes.

This thesis will present data obtained from the sea urchin Lytechinus pictus. 

We purchase these from Marinus Inc., Long Beach, CA, USA. They were 

imported by aircraft on ice in sea water into the UK. Upon arrival in London 

they were transferred into tanks of sea water at 16°C. The urchins were fed at 

regular intervals on sea weed collected from the Marine Biological Laboratory, 

Millport, Scotland. In our tanks the urchins remained gravid for up to one year.

When gametes of either species were required urchins were taken from the 

tanks and shed by injection of 0.05 ml 0.5 M KCl which depolarizes the gonads. 

To collect the eggs or sperm the urchins were placed in a 50 ml beaker of 

artificial seawater (ASW). Females were placed upside down, males the right way 

up. Since sea urchins have fivefold symmetry there is one gonadophore per 

segment at the top of the urchin. Sperm were collected "dry" using a 200 pi 

Gilson pipette with as little contamination with ASW as possible and kept at 4°C 

on the day of use. When required for insemination 10 pi of "dry" sperm were 

diluted in 1 ml ASW. 10 pi of this suspension is added to a 1 ml suspension of 

eggs. The final sperm density is around 0.5 - 1 x i tf /  ml. Eggs were collected 

using plastic pasteur pipettes and then washed through a nitex mesh in ASW to 

remove the jelly coat. This mesh has fibres around 100 pm apart which shears off 

the jelly coat from the eggs as they pass through. After removing the jelly coat 

a sample of eggs is tested by insemination, and only if there is ^ 95% fertilization 

envelope elevation (FEE) are the eggs used. All experiments presented in this
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thesis are on gametes collected in this way.

To permit either microinjection or impalement the eggs were stuck down 

to poly-D-lysine coated glass cover-slips (20 pg/ml) which were mounted onto a 

band of rectangular perspex using high vacuum grease to create a small water 

tight bath. A solution of eggs were added to this bath and allowed to settle and 

adhere to the cover-slip. The eggs were checked to ensure they did not adhere 

too much and so become "pancaked". After being dejellied and stuck down eggs 

were used for up to 1 hour. Eggs with intact jelly coats were kept for no more 

than 3 hours at 16°C and samples dejellied regularly for use.

2.2 Materials used.

Sea urchins were stored in sea water obtained from London Zoo, but for 

all experiments I used ASW. This was prepared from millipore filtered distilled 

water with 0.48 M NaCl, 0.011 M CaCl^ 0.04 M MgCl^, 0.015 M Mg^SO^, 0.01 M 

KCl, 0.0025 M NaHCOg, 0.001 M EDTA, at pH 8.0 and between 950 and 1000 

mOsmoleskg'^ (as measured using a vapour pressure osmometer, model 5500 

(Wesccor, Inc. 459 So.Main Street, Logan Utah 84321 USA)).

All reagents were obtained from Merck Ltd. (Poole, Dorset) unless 

otherwise stated. Solutions for microinjection were all prepared in 0.5 M KCl, 

20 mM pipes, 100 pM EGTA, at pH 6.8 (injection buffer) which on its own does 

not activate eggs when microinjected. All substances for injection were first 

dissolved in this buffer by weight except ruthenium red which does not dissolve 

completely in solution. For this reason I determined its concentration by 

monitoring its absorbance in injection buffer. After filtering through sterile 22 pm 

millipore filters the concentration was determined by use of the molar extinction 

coefficient is 21,400 at 532 nm Luft, (1971)]. All solutions of ruthenium red 

were made up on the day of use.
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In chapter 4 the injections were not performed using 0.5 M KCl, 20 mM 

pipes, 100 pM EGTA, pH 6.8 because of the need to reconstitute the 

phosphodiesterase in 50 mMj MgSO4,50 mM Tris / HCl, pH 7.5, which upon 

injection does not itself release Ca^^. This phosphodiesterase (Sigma; porcine 

brain, P1790) after reconstitution was incubated in a waterbath at 30°C with 0.8 

pmoles cGMP (40 pi at 20 mM) for 4 hours. 5 pi samples were removed and 

spotted onto plates for later chromatography. TLC (thin layer chromatography) 

of guanine nucleotides (Sigma, Poole, UK or Boeringer Mannheim, East Sussex, 

UK) was performed by running vertically on 20 x 20 cm PEI (polyethyleneimine) 

precoated cellulose on polyester sheets (Aldrich Chemical Company, Inc, P.O. Box 

355, Milwaukee, WI 53201 USA) using 0.2 M LiCl as described by Honegger et 

al., (1977). The plate was viewed at 254 nm and the spots traced. During the 

course of the experiment samples were injected. These injections are the only 

ones in the thesis where the injection buffer was not standard but was 50 mM 

MgSO^, 50 mM Tris / HCl, pH 7.5 (because of the reconstitution constraints).

2.3 Microinjection techniques.

For microinjection eggs were first stuck down to poly-D-lysine coated cover 

slips. Microinjection pipettes were pulled using GC150F-10 filamented glass 

capillary tubes ''Clark Electromedical Instruments, Pangboume, UK) on a 

microelectrode puller (Bioscience, Sheemess, UK). These typically were of low 

resistance when filled with 3 M KCl (around 5 Mohm) and had short shanks. 

These micropipettes were backfilled by use of capillary action. Each pipette was 

inserted into a holder (Clark Electromedical Eh-2MS) which was mounted on a 

hydraulic micromanipulator (MO-103, Narishige Instruments, Japan). At the 

cylinder head the pressure was 2,000 kPa. To deliver a pulse of pressure to the 

micropipette a length of 0.8 mm diameter teflon tubing connected the pipette to 

a Nitrogen or Oxygen cylinder via a solenoid valve (British Fluidics, Bishops 

Stortford, UK). Pulses of pressure were delivered at a frequency of around 1 Hz 

controlled by two 555 stimulators (Radiospares). A pulse duration of around 10-
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50 msec typically delivered 0.1 - 5 pi out the pipette.

Eggs were injected by bringing the continually pulsing micopipette (to 

prevent clogging of the tip) down onto them. The pipette was placed on the egg 

indenting the surface. Once there entry was achieved by tapping sharply the 

micropipette assembly while pulsing continuously. The correct amount of injectate 

was ensured by both measuring the displacement of the cytoplasm or by 

measuring the fluorescent intensity of fura2.

2.4 Measuring the size of the injection.

Two types of assessment were used to measure the volume injected - one 

relying on an eyepiece graticule and the other injection of a fluorescent probe.

High pressure injection into eggs causes displacement of the cytoplasm 

such that the diameter of the displacement correlates with injection volume. 

Crossley (1990, thesis) showed that injection of different concentrations of lucifer 

yellow into eggs (monitoring displacement of the cytoplasm) mirrored the 

calibration curve obtained by measuring the fluorescent emission from egg sized 

(about 100 pm) droplets of the same lucifer yellow concentrations. I have used 

the same technique but with furaZ fluorescent emission at 350 nm to test my 

microinjection technique, the results of which are displayed in figure 2.1. Fura2 

was first diluted in 0.5 M KCl, 20 mM pipes, 50 mM EGTA, pH 6.8. Cover slips 

were coated with dimethylchlorosilane (2% in 1,1,1 - trichloroethane) to reduce 

the surface tension of the glass and so permit spherical droplets to settle. Small 

droplets of furaZ were injected onto the surface of the cover-slip under silicone 

fluid by using a slow pump to inject the correct volume of droplet (those around 

100 pm in diameter). The voltage across the photomultiplier was kept constant 

at around 700 V. Figure 2.1 shows the fluorescent emission from both eggs and 

egg sized bubbles.

39



The ratio of 350/380 emission showed that both samples had Ca"'”'’ levels 

very similar to each other. I chose to plot the emission after excitation at 350 nm 

since this | change is relatively small . even in very

different Ca''"'' enviroments. Since the ratio of fluorescent emission showed that 

the Ca"'"  ̂ in both cases was around the same level (around 100 nM) an 

assumption that the 350 signals were nd affected by being in completely different 

Ca''"'' media seemed valid. The outcome of these experiments showed that 

microinjection of small volumes into eggs is quite accurate - correlation 

coefficients of 0.996 and 0.982 show the close linear relationship of these two sets 

of data.
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Figure 2.1. The accuracy of microinjection.

The solid line represents the injected eggs, the dotted line the bubbles. These data represent the 
fluorescent emission after excitation at 350 nm from either eggs or egg sized bubbles. Eggs were 
injected with fura2 ranging from 1 - 2 0  nMj. Bubbles the size of eggs were blown under silicone 
onto dimethyldichloresilicane (2% in 1,1,1 - trichloroethane) pretreated cover - slips using 1 - 20  
nM fura2 in 0.5 M KCL, 50 mM EGTA, 20 mM pipes, pH 6.8. Each data point represents the 
mean of six separate measurements, with SEM’s shown for all.
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One point needs to be noted here. For all injections I have assumed that 

the egg is an empty sphere. This is not so since much of the cytoplasmic space 

is taken up by the endoplasmic reticulum and other organelles. Thus the final 

intracellular concentrations are not absolute.

2.5 Electrophysiological techniques.

All experiments were performed with a single electrode (filamented, 

GC120F - 10, Clark Electromedical, UK) pulled on a Kopf electrode puller 

(David Kopf, Tujunga California). Once backfilled with 3 M KCl only those with 

resistances falling between 30 and 50 Mc were used. The bath electrode 

consisted of a silver - chloride pellet (E200, Clark Electromedical) fixed to a 1 ml 

syringe containing ASW with the circuit completed by a glass capillary tube filled 

with ASW.

After being stuck down to glass slides coated with poly-D-lysine, (20 pg/ml)
current

the eggs were impaled. Before impalement zero was established after 

compensating the negative capacitance to replace the current being drawn by the 

microelectrode. After impalement the negative capacitance was adjusted to give 

the correct waveform (see Halliwell and Whitaker, 1987) during current clamp in 

the chopping mode at 5 kHz. Using a Narishige hydraulic micromanipulator the 

electrode was advanced towards the egg and placed against the surface of the egg 

indenting it slightly. Impalement was achieved by overcompensating the negative 

capacitance briefly. The electrode could be seen entering the egg on occasion. 

A holding current of 1 nA sometimes maintained the impalement while the egg 

recovered. During the next 10 minutes the electrode was typically moved deeper 

into the egg improving the seal as reflected by the reduction in holding current 

required. The egg membrane resistance was constantly monitored by passing 0.1 

nA hyperpolarizing current pulses for 1 second. Eggs typically reached resting 

membrane potentials of either -10 mV or -70 mV. Only those eggs which reached 

the lower physiological membrane potential of -70 mV (Jaffe and Robinson, 1978;
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Chambers and de Armendi, 1979; David et al., 1988) were used. Once at around 

-70mV the holding current was slowly removed, sometimes almost completely. If 

required at this point the egg was then microinjected. During this injection the 

membrane potential falls rapidly to zero, but as the microinjection pipette is 

removed the egg quickly regains a resting membrane potential equal to its 

preinjection potential if the injection was not too damaging. After this my criteria 

then was to use only those eggs which maintained a -70 mV resting membrane 

potential using < 500 pA holding current and which fired regenerative action 

potentials upon either removal of the holding current or injection of a 

depolarizing current. No compensation was done for leakage currents since all 

measurements here report voltage dependent currents, while leakage currents will 

display a linear current voltage relationship. Having satisfied the criteria the egg 

was sometimes voltage clamped. To assess the voltage clamp a voltage command 

step from -80 mV to -30 mV lasting 100-500 ms was applied while both increasing 

the gain and altering the phase to give the squarest wave possible with the least 

voltage ringing. This voltage step should result in the opening of the voltage 

dependent Ca'*"'' channels (David et al., 1988) which are clearly identifiable by 

their kinetics. This procedure also gives some indication of the accuracy of the 

voltage command step (since the eggs Ca"*"̂  channels will respond only if the 

command step is in the correct range). The accuracy of the command step was 

previously shown by Swann (1987, thesis) by insertion of a second electrode 

(which will introduce a further leakage current and so reduce the efficacy of the 

clamp) to be within 10% of the command voltage. At the end of each experiment 

the electrode was removed from the egg and the holding current removed to 

measure the true zero voltage, which was invariably very close to the 

preinsemination value (within 5 mV either way) and the record corrected.

The recording electrode was mounted on a preamplifier based on the 

design of Purves (Purves, 1981). Recordings were achieved by coupling the 

electrode to a switching single - electrode voltage-clamp amplifier (Halliwell and 

Whitaker, 1987) based on the design of Wilson and Goldner (1975). This 

amplifier can either inject constant current or pulses of current. For voltage
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clamp recordings pulses of current are injected with a frequency of 5 kHz. 

Because the time constant of the egg is large, about 100 ms (tau = membrane 

resistance x membrane capacitance) compared to the time constant of the 

microelectrode, about 50 ps (measured, where tau = microelectrode resistance x 

total stray capacitance), when the pulsing frequency is set at 5 kHz (1 pulse every 

200 ps) only the egg will store charge while the current flowing through the 

microelectrode will decay. Furthermore, by using negative capacitance, much of 

the current being drawn from the microelectrode is replaced. The sample and 

hold set up passes current for 2/3 of the time and samples 1/3 of the time, 

therefore all currents measured are 1/3 their true value. This is compensated for 

during calibration which is achieved using a 100 M ohm resistor and a 1 nA 

current pulse to read 100 mV. Leakage currents are set to 10 pA or less. 

Recordings were made jointly via a Sony digital pulse code modulator (model 701- 

ES) onto Sony video 8 tape (MP90) on a video 8 recorder (model EV-C3E), 

directly as files using the UMANS software (Chester Reagan), and directly on a 

Gould chart recorder (model BS-272). One oscilloscope (Crotech, model 2021) 

was set at 50 ps / division to monitor the pulsing frequency and to apply the 

negative capacitance properly. Another oscilloscope (Tektronix, model 2221) was 

used to monitor the slower changes accompanying intracellular recordings. 

Driving the system was the software of Chester Reagan loaded onto a Ness PC 

(386 - 16 - SX series).

2.6 Measuring intracellular calcium using whole cell imaging.

The fluorescent intracellular Ca'*"*' probe fura2 (Molecular Probes, Ohio, 

U.S.A.) was injected into cells to give 10 pM  ̂ (Giynkiewicz et al., 1985) showed 

that this dye was useful because upon binding Ca"'"'’ its fluorescent emission either 

increased or decreased depending upon the illumination. This property is useful 

since using the ratio of one emission to the other makes it possible to ignore 

either dye concentration or movement artifacts when calculating the intracellular 

Ca' '̂*' concentration. The spectral emission of fura2 is also not effected by either
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Mg'*"'' or ions (Giynkiewicz et al., 1985) which makes it a particularly useful 

intracellular Ca'^''' reporter. To calculate the Ca' '̂^j concentration the equation 

used is:

[Ca++], = X K, X (R - R ,J/(R ^ax - R)

where = fluorescent emission after 380 nm illumination in zero Ca’̂ '*'.

Fg = fluorescent emission after 380 nm illumination in saturating Ca''"''.

Kjj = dissociation constant of fura2.

R = measured ratio.

Rjnin = minimum ratio

Rmax = maximum ratio 

To determine the saturating Ca''"'' and zero Ca"'"'' constants for the equation I 

followed the method of Poenie et al., (1985). They used a buffer which mimics 

ooplasm [155 mM KCl, 25 mM NaCl, 100 mM 3 - (N - morpholino) propane- 

sulphonic acid (MOPS), pH 7.0,]. This buffer was prepared with 100 pM fura2 

with either saturating Ca"'"'' (1 mM CaClg) or zero Ca"*"*" [10 mM ethyleneglycol - 

bis(B - aminoethylether) N,N,N‘,N‘- tetraacetic acid (EGTA)]. 5 pi drops were 

spotted onto cover - slips and the intensity of emission and ratio collected at a 

constant photomultiplier voltage (typically 0.7 kV). I used 0.774 pM as the 

dissociation constant for fura2 as used by Poenie et al., (1985) which they obtained 

by titration with the ooplasm type buffer with different Ca"'"'' concentrations.

Ca"'"'' measurements were made using two interference band pass filters, 

(350 and 380 nm, half max. bandwidth of 10.3 and 11.3 nm respectively; Ealing 

Optics, Watford, U.K.) to illuminate the specimen which passed light emitted by 

a 50 W high pressure mercury vapour lamp (Technical Lamps, Slough, U.K.).

1 A stepper motor (Radiospares) operated to provide a measurement at both o 

wavelengths every 0.5 seconds. Both the excited and emitted light passed through a 

Leitz 40x, 0.65 NA fluorescent objective and were separated from each other by 

a 400 nm dichroic mirror. The light greater than 400 nm passed along an optical 

path to the photomultiplier tube. Before reaching here a further 560 nm dichroic 

filter was placed to transmit that light > 560 nm up to the eyepiece for viewing
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(since red light is used for illumination). That hght < 560 nm is reflected to pass 

through the last 490 nm interference bandpass filter (half max.bandwidth 7.2 nm; 

Ealing Optics, Watford, U.K.) and enters the photomultiplier (Thom EMI, 

Middlesex, U.K.). The output current from the photomultiplier was fed into a 

current to voltage convertor and then into an A/D convertor and the data saved 

on a IBM compatible PC. The system is driven by the UMANS software of 

Chester Reagan (Bio-Rad, Milton Keynes, Hemel Hempstead, UK).

During the course of an experiment a background signal is recorded from 

the egg before injecting fura2 giving a signal to noise ratio of greater than ten. 

After injection of fura2 (typically 10 pMj, 0.1% injection of 10 mM stock in 

injection buffer) the background is subtracted by the software automatically at 

both wavelengths. Eggs almost never raise envelopes after injection of fura2 and 

often when left will divide after fertilization. Calibration of the raw data can be 

achieved by entering the correct constants using an analysis programme. The 

system was calibrated regularly (on average every few weeks when used regularly).

However, as previously noted by Poenie et al., (1985), the calibration R^jn 

is sometimes higher than its counterpart in cells (giving either very low or negative 

basal Ca‘̂ '''i levels). This is apparently due to some viscosity effect altering the 

fluorescence of fura2 disproportionately at longer wavelengths resulting in lower 

Rmin and R^ax values inside cells. To correct for this they have used the 

"viscosity" factor, which they determined. The viscosity factor can be calculated 

by comparing the difference in fluorescence at a single wavelength using two 

different Ca'*’'*' concentrations. The ratio of the difference in the cell is smaller 

than in calibration solution by a factor of 0.85. Therefore, multiplication of the 

calibration solutions j  R^.^ and Rmax values by 0.85 standardizes them. I have 

used this viscosity factor in correcting the cahbration solution ratios.

The whole cell imaging system is sensitive enough to report a change in 

signal as small as 50 nM Given an egg volume of 500 pi this is equivalent

to 2.5 X 10’̂  ̂ moles of Ca"""*". I was interested in calculating how big a volume
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would have to be (assuming a free Ca’̂ '*' concentration of 1 pM) to be detected. 

A volume around 25 pi, equivalent to around 5% egg volume, is necessary 

assuming a free Ca"*"*' concentration of 1 pM. This is important when measuring 

the duration of the latent period, since the sperm increases Ca'*’'*’ locally as seen 

with confocal microscopy. Thus the whole cell latent period is not an absolute 

since the Ca'*"‘’j will increase at a point source.

2.7 Measuring intracellular calcium using confocal microscopy

This technique relies quite simply on two pinholes. One situated before 

the specimen, the other after. The net result is an very sharp image since out of 

focus glare (in the z direction) is not displayed.

I have used a Leica confocal microscope (model 122050) fitted with a 

conventional Leitz fluovert FU microscope (Leica Lasertechnik, Heidelberg, 

Germany). The intensity of light emitted by the argon laser (which has two 

prominent lines at 488 and 514 nm) is variable. This is reflected by a photodiode 

behind the first pinhole and after the first interference filter (set at 488 nm for 

calcium green experiments) and shows the laser power (on a scale of 0 - 255) 

which can be altered in this range. This beam illuminates the specimen and 

passes back down the objective where a dichroic mirror (set at 510 nm for Ca' '̂^ 

measurements) deflects that light > 5 1 0  nm through a second and variable 

pinhole. The "confocality" is ultimately set by the original fixed pinhole. 

Depending on the objective used and numerical aperture the second pinhole must 

be set correctly to ensure "confocality". The choice of pinhole for a x40 lens is 90, 

which corresponds to a physical size of around 110 pm. Using this setting I have 

checked the z plane resolution of the system.

To do this I scanned down through an uninjected inverted egg. By 

illuminating the area of the cover-shp to which the egg was stuck I recorded the 

emission (due to reflection) at that point, set close to saturation by increasing the

46



voltage across the photomultiplier. After stepping down 1 pm into the egg away 

from the cover-slip i.e. towards the objective, I recorded that reflected emission 

by the egg, which should give some indication of the z plane resolution in an egg. 

The results of this will be hampered by diffraction of the reflected light by the egg 

which may result in an increase in the observed confocality. The results of this 

are plotted in figure 2.2.
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Figure 2.2. z plane resolution.
These data represent the mean pixel intensity from areas of egg separated by 1 ^m. The mean 
pixel intensity is plotted against the distance travelled into the egg in ^m.

The exact relationship determining the z plane resolution is complicated 

but the following equation shares widespread acceptance:

Zi / 2  = 0.45 lambda / n{l - cos [sin‘̂ (N.A./n)]}
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Where lambda = wavelength of illuminating beam (pm)

n = refractive index of air or water (1 or 1.5 respectively)

N.A. = numerical aperture of lens

The outcome of this equation is that when using an objective with an N.A. of 1.3, 

and oil immersion, 488 nm illumination, should be 0.3 pm in either direction. 

That is, that half the fluorescent emission should decay exponentially every half 

micron or so. This is almost borne out by the data of figure 2.2 where the is 

around 1 pm. Therefore the confocality is reasonable.

Eggs were loaded with the long wavelength dye calcium green-1, henceforth 

calcium green (Molecular Probes, Ohio, U.S.A.). Calcium green was preferred 

to fluo3 since it bleaches much more slowly. A 0.1% injection of calcium green 

giving 10 - 20 pMj calcium green was used.

Calcium green is modeled on fluo3. It undergoes a fourteen fold change 

in fluorescent emission upon binding Ca’*’’'' at 505 nm, which is roughly four times 

less than fluo3 (Molecular Probes catalogue, 1992). At 488 nm excitation the 

fluorescent emission peaks at 530 nm. One reported Kd of calcium green is 285 

nM with an off rate of 124 sec'^ [in 50 mM hepes buffer (0.175 M ionic strength), 

pH 7 and at 16°C (Eberhard and Erne, 1991)].

Once injected ,eggs were scanned using a 488 nm interference bandpass

filter set to interrupt the beam. Emitted light was reflected by a 510 nm dichroic

mirror into either one photomultiplier (or two photomultipliers simultaneously by

use of a 45/55 beam spitter). Before entering the photomultipliers the light was

interrupted by long pass filters set at 530 nm. The laser power setting was

minimum at around 30 units. Offset controls were adjusted to zero and the

voltage across the photomultipher increased to give clear images (around 500 V).

Scans were tailored to the individual experiments by creating simple macros.

Images were however alwavs created in a 128 by 128 pixel format by means of 
' left and right

line-scanning in both directions to increase time resolution (to about one
I
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scan/sec.). 128 lines of pixels were scanned to create one image. To create 

clearer images this procedure was repeated on average four times. The resultant 

image was a composite of each scan. One image scanned four times took one 

second. The time resolution of the system is much faster than this and indeed has 

a single linescan option to measure continually extremely fast changes (in the ms 

timescale).

Having accumulated data I processed it to give quantitative information. 

This consisted of doing a ratio using the first image as the denominator. Each 

subsequent image was ratioed with this pixel by pixel to give a signal independent 

of dye concentration. This was confirmed by using rhodamine dextran to ratio 

against.

2.8 Fertilizing eggs in 2 mM EGTA sea water.

I have fertilized eggs in Ca' '̂*' free ASW using acrosome reacted sperm 

using the method of Schmidt et al., (1982). This is accomplished by adding 10 pi 

dry sperm to 100 pi egg jelly. Egg jelly is collected by passing about 1 ml packed 

eggs through a nitex mesh and harvesting the suspension. This is then sonicated 

to dissociate the jelly and stored either at 4°C or on ice on the day of preparation 

and use. The sperm egg jelly solution is mixed well and added 5 seconds after 

mixing to 500 pi 10 mM EGTA ASW pH 8.9 (the high pH compensates for the 

acidification caused by the chelation of Ca"*"̂  by EGTA with the release of H^ 

ions). 100 pi of this solution is immediately added to a 1 ml bath of immobilized 

eggs in 2 mM EGTA calcium free ASW. These particular experiments were done 

using CLSM in order to monitor Ca'^''' influx.

2.9 Assaying for sperm incorporation

As a conclusive check on the number of sperm entering eggs, since this will 

have bearing on the time to peak of the fertilization Ca'*"'' wave observed using
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whole cell recordings, I have measured the number of sperm incorporating the 

egg which I had previously injected with heparin and or ruthenium red. To do 

this I first injected the egg with fura2 and either heparin, ruthenium red or both 

and fertilized using either low or high sperm densities. After fertilization (as 

shown by a Ca"̂ "̂  increase) I added 10-20 pM Hoechst 33342 to the bath and 

incubated for 10 minutes. Hoechst is a vital fluorescent probe for DNA and 

hence stains both female and male nuclei. This assay is based on the technique 

used by Hinckley et al., (1986). The eggs were observed using a Nikon Diaphot 

TMD inverted microscope using UV illumination through a 340-380 nm bandpass 

excitation filter. At this wavelength all fura2 injected eggj fluoresce and so 

confirm that the correct egg is being observed. Eggs were sometimes 

photographed using a 35 mm camera mounted on the microscope.

2.10 Statistical analysis.

Numerical data presented in this thesis is shown as the mean +/- SEM 

(with n in parenthesis). This gives a good comparison of the means. However 

this does not give a clear indication of significance. To compare of significance 

of parametric data I have used a t test. This test gives a value of probability, p, 

which is an indication of the chance that the effect is either significant or not. If 

p  is less than 0.05 then statistically speaking you can be 95% sure, or confident, 

that the effect is not due to chance alone. This is expressed as 95% confidence 

limits. Where p  values have been quoted they have been obtained [unless 

otherwise stated, by use of the students unpaired t test (two tailed)], and 

interpreted using 95% confidence intervals. The test is unpaired because different 

eggs were compared to each other. A two tailed test holds more weight if the 

data remains significantly different. A t test makes the assumption that data is 

normally (Gaussian) distributed in a bell shaped manner. A test for normally 

distributed data is that 2/3 of the data points lie within one standard deviation of 

the mean, and 95% of the data points lie within two standard deviations of the 

mean. Where data of the kind I have presented is not parametric (normally
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distributed), a Mann-Whitney two sample U test has been used. Data presented 

in this thesis which has been compared for significance has usually been 

parametric (as defined above) making the t test an appropriate statistical test for 

comparing samples.
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Chapter 3

Some early events at fertilization

3.1 Introduction.

In 1958 Allen and Griffin showed that a latent period, of between 10 and 

30 seconds after sperm-egg binding, always proceeded fertilization envelope 

elevation (FEE)- a visible marker that egg activation had taken place. During this 

latent period the sperm somehow triggers a release of internal calcium 

culminating in a wave of which travels across the egg from the point of 

sperm entry triggering many important events, including a wave of exocytosis 

(Eisen et al., 1984; Eisen and Reynolds, 1985; Jaffe, 1985) and reinitiation of the 

cell cycle (Whitaker and Patel, 1990). Both how the sperm first generates the 

release of during the latent period and how this increase in interacts 

with the ionic events accompanying egg activation are unclear. This chapter will 

deal with two aspects of Ca’̂ '*' at fertilization, firstly the contribution Ca' '̂*’ influx 

has on the latent period and secondly how an Ca'""''| increase affects the various 

phases of inward current at fertilization.

Influx, of Ca’̂ '*' ions through voltage gated channels is largely responsible 

for the rising phase of the action potential triggered by the sperm at fertilization 

(Chambers and de Armendi, 1979; David et al., 1988). Results presented here 

investigate the possibility that during the latent period a small propagating wave 

of Ca' '̂^i may spread inward from the plasma membrane resulting in a small 

sustained increase in Ca'^'''i during the latent period before the main fertilization 

Ca' '̂^i wave begins. One possible mechanism of propagation could be through 

CICR^ 5 here utilizing the InsP^ or ryanodine receptors. The first part of this
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chapter will explore this Ca"*"'' influx and possible spherical wave. In the later half 

of this chapter I will show that the circular band of conductance which spreads 

over the egg surface (McCuUoh and Chambers, 1991) correlates well with the 

propagation of the main underlying Ca'*"*'; wave. The implication being that an 

Ca"̂ "*"! activated conductance contributes to the second phase of inward current.

Later in this chapter I will refer to some of the phases of conductance 

which accompany fertilization. During a normal fertilization (sperm incorporated) 

two distinct phases of inward current are apparent (Chambers and de Armendi, 

1979). These are defined below:

The first of these, phase 1, almost corresponds to what I will describe as

the latent period - defined here as the time from sperm-egg contact (marked

either by or a step increase in basal C a a n d  ending at the point the main

Ca'‘"''i wave begins: flg.3.1. Phase 1 begins with a sperm induced depolarization

(carried by Na"*" and Ca'*"'' ions) which brings the egg membrane to a potential

sufficient to activate the egg’s regenerative action potential mechanism (Dale et

al, 1978; Chambers and de Armendi, 1979). The rising phase of the action

potential is elicited by the opening of voltage dependent Ca^^ channels at around

-50 to -60 mV (Chambers and de Armendi, 1979), while the falling phase is due

to the opening of voltage gated channels at around -10 mV (David et al.,
6

1988). The action potential at fertilization typically lasts about seconds while an 

artificially induced action potential lasts 2 seconds (Chambers and de Armendi, 

1979). This difference between the action potential duration at fertilization and 

after artificial depolarization is due to the influx of Na'*' ions through sperm 

incorporated channels (Chambers and de Armendi, 1979; McCulloh and 

Chambers, 1992) and probably contributes to the fast block to polyspermy (Jaffe, 

1976). Action potentials induced by either fertilization or artificial 

depolarization have similar peaks at around +20 mV. Lowering external Na'*' 

ions 100-fold has no effect on the peak height of the action potential in both 

cases. Reducing external Ca'*"*' ions 100-fold reduces the peak height of the 

action potential at fertilization and after artificial depolarization to around -59 

mV, showing that the rising phase of the action potential is primarily due to Ca'*"*'
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influx (Chambers and de Armendi, 1979). McCulloh and Chambers (1992) 

further showed that the sperm was likely to induce an action potential by 

incorporation of its channels into the egg’s through fusion. This sperm gated 

current not only triggers the regenerative action potential, but is sustained and so 

underlies the various phases of conductance which follow.

The second phase of inward current begins at a point ofj where

the inward current begins to increase again (fig. 3.3). This current is carried 

mainly by Na'*' ions (Chambers and de Armendi, 1979) with a lesser contribution 

made by ions (Obata and Kuroda, 1987). For some time it has been unclear 

whether the second phase of inward current happened before or after the Ca"̂ "*"̂  

rise. Steinhardt and Epel (1974) proposed that the Ca‘̂ '''i increase preceded the 

second phase of inward conductance since a similar change was seen in eggs 

treated with A23187. Moreover, David et al., (1988) showed that the A23187 

induced inward current displayed the same voltage dependence as the second 

phase of inward current. Later McCulloh and Chambers (1991) showed that the 

second phase of inward current crossed the egg as a band from the point of sperm 

entry coincident with a wave of exocytosis. They went onto propose that the band 

of conductance and the wave of exocytosis were produced by the same substance 

moving through the cytoplasm. The clear implication is that it is the wave of 

Ca‘̂ ‘*’i moving through the cytoplasm that induces both phase 2 and exocytosis. 

Ca' '̂^j activated Na'*' currents have previously been described in egg membrane 

of the tunicates (Takahashi and Yoshii, 1978), Nemertean worm (Kline et al., 

1986), and in heart (Colqhhoun et al., 1981). Results presented here will add 

substance to these previous data and show that the second phase of inward 

current is both preceded by and dependent on an Ca‘*"''i increase.

A third phase of conductance is taken as beginning at the peak inward 

current and ending a point equal to 10% of the peak (Lynn et al., 1988).

Following this a fourth and final phase of conductance (carried by and 

induced by a pH, increase) returns the egg to its negative membrane potential 

(Shen and Steinhardt, 1980).
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3.2 Whole cell calcium measurements with fura2.

The fluorescent binding dye fura2 makes calibration of Ca‘‘"'’i levels

relatively straight-forward. Eggs were injected with fura2 to give 10 - 20 pMj then 

the fura2 loaded egg was excited alternately with 350 and 380 nm UV. The 

fluorescent emission, collected at 490 nm, was displayed as a ratio of 350/380 nm 

excitation. The resting level was calculated to be between 100 and 300 nM.

Table 3.1 and figure 3.1 show the typical Ca' '̂^j response in an egg during 

fertilization.

Table 3.1. Some aspects of the fertilization calcium transient.

Ca^'''i at step (nM) Ca''"''j at peak (pM)

44.4 +/- 6.8 (16) 1.6 +/- 0.1 (19)

Latent period (sec) Time to peak (sec)

26.5 +/- 1.9 (22) 29.4 +/- 1.3 (31)

Each egg was injected with fura2 to give 10 pMj then fertilized in ASW at 16°C. The data 
represents mean +/- SEM, n is shown in parenthesis. Both the calcium at step and peak 
height represent increases above basal.

The mean step increase in Ca' '̂^i is around 45 nM and is the first indication of 

sperm-egg contact. The likelihood is that this step increase in Ca"*"""! is due to 

depolarization of the egg membrane at fertilization (Crossley, 1990, thesis) gating 

the influx of Ca''"'' (therefore 7̂  ̂ and the step increase in Ca"'"''| should occur 

simultaneously). The time from the beginning of this step increase to the point 

at which the Ca''"''^ begins to rise is defined here as the latent period. Some other 

measurable aspects of the transient are time to peak and peak height which 

are displayed in figure 3.1.
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Figure 3.1. Internal calcium levels in a control fura2 injected egg.
An egg injected with 10 jiMj fura2 and fertilized in ASW at 16®C fertilized. The Câ ĵ levels both 
during the latent period and later during the main fertilization wave are shown. The lower 
portion of the figure displays the early increase in more clearly and shows a typical 
measurement of the latent period. When the time to peak increases then the latent period (as 
measured relative to the rate of rise) may be affected using these criteria.

Since the step increase in probably reflects the influx of Ca’’’'*' during

depolarization of the egg, triggered by the sperm (Chambers and de Armendi, 

1979) a ring of high Ca'*"̂ i around the plasma membrane should be present. To 

show the spatial aspects of this early increase I used confocal microscopy.

3.3 Confocal microscopy shows the calcium influx at fertilization.

The distinct advantage of confocal microscopy is that only information from 

one focal plane is displayed as an image. The typical halo and z plane artifact 

due to collection of fluorescent emission from areas outside the egg or from areas 

out of focus (Silver et al., 1992) are absent. Because of this, the spatial patterns 

of Ca’’"''} increases in the egg show up very clearly.
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Eggs were injected with the single wavelength fluorescent Ca^^j dye, 

calcium green (10-20 pMJ. Calcium green bleaches more slowly than fluo3 and 

is less toxic to eggs (Strieker et aL, 1992) making it a better choice of dye. Figure

3.2 (a) shows the Ca"̂ ^̂  levels at fertilization in a calcium green loaded egg.

r a t  i o

2 *_Int  a rval

Figure 3.2 (a). Confocal images showing the early calcium levels at fertilization.

A single egg injected with calcium green (10-20 in ASW at 16°C and inseminated. Moving 
from top left to bottom right the sequence shows 12 ratio images of an egg in one equatorial 
plane. Frame number two shows that the first Ca^^j increase is confined to a rejion just b en ea th  
the egg plasma membrane. These images are representative of nine separate experiments, The 
crescent is a scanning artifact.

Beneath the plasma membrane the Ca"̂ "̂ - level rises first. The mean Ca '̂ ĵ level 

in the egg at this time is known to increases by 44 4-/- 7 nM (table 3.1). The time
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from this influx until a local Ca''"'' increase is visible at the point of sperm-egg 

fusion is here defined as the latent period. From this point until the Ca''"'' wave 

has fully crossed the egg is referred to at the propagation time. These data are 

presented in a summarized form in table 3.2.

Table 3.2. Some aspects of the fertilization transient as revealed by

confocal microscopy.

Latent period (sec) Propagation time (sec)

13.0 +/- 0.8 24.9 +/- 1.8 (9)

These eggs were first injected with calcium green and later fertilized at 16°C whilst monitoring 
the changing fluorescent intensity of calcium green emission with a confocal microscope. The 
latent period is here defined as the time from the first intensity increase around the egg periphery 
to the first noticeable increase locally (at the site of sperm-egg fusion). From this point until a 
time when the intensity at the opposite pole has reachW approximately 50% maximum is defined 
as the time to propagate. At the peak intensity of emission the calcium green emission was 
roughly 3 times higher than basal. These data are shown as the mean +/- SEM, with n in 
narenthesis. i When the time to peak increases then the latent period (as measured
relative to the rate of rise) may be affected using these criteria.

Before going on to discuss the possibility that there may be a spherically 

symmetrical wave which propagates during the latent period I want to compare 

the whole cell and confocal views of fertilization. The latent period measured by 

confocal microscopy and whole cell imaging are different. This can be attributed 

to differences in sensitivity of the collection system and not intrinsic differences 

in the dye. The confocal microscope detects those small local increases in Ca''"''^ 

which will go undetected by the whole cell collection system (see chapter 7 for a 

fuller explanation). The difference was shown not to lie in the choice of dye since 

cells injected with calcium green can be imaged using a whole cell collection 

system too. In three experiments I injected eggs with 10 - 20 pMj calcium green
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and excited at 490 nm and collected emission at 550 nm. Here the latent period 

was measured to be 22 +/- 2.2 seconds and the time to peak was 26 +/- 3.5 

seconds (n = 3). These values are very similar to those presented in table 3.1 for 

fura2. It is clear why the latent periods have a different duration but it is not 

clear what the Ca'̂ '"'̂  profile is like during this latent period. The fura2 data 

shows that the Ca'̂ '"'̂  increases fairly rapidly and remains at an elevated level for 

some time (see figure 3.1). Why might the Ca' '̂ '̂j remain elevated for so long? 

The answer could be that there is a small sustained influx of Ca"*"̂  ions 

throughout the latent period or alternatively that there is a small Ca'""''| wave 

which precedes the main fertilization Ca'*"''i wave.

To separate influx and hence diffusion of Ca'‘"‘'j from a propagated release 

is difficult. One way of doing this however is to look at the Ca’’"*’} profile as it 

changes with time. To show this the intensity along a hne of pixels through every 

second image in figure 3.2 (a) has been plotted. This is shown in figure 3.2 (b). 

For a purely diffusion based process where external Ca'*"*' gains entry to the egg 

through depolarization the majority of the external Ca'*"*' is likely to enter the egg 

in the first 50 ms [since the Ca'*"'' current profile reaches peak after around 10 ms 

and has decayed to 1/e in 50 ms (David et al,. 1988)]. One would therefore expect 

to see a very rapid increase followed by a period of sequestration back to basal 

(Hernandez-Cruz and Sala, 1990). The fura2 data instead shows a rapid initial 

increase in Ca''"''^ which does not decrease but instead is sustained for around 26 

seconds (figure 3.1). From the analysis of the confocal data presented in figure

3.2 (b) the Ca'*"*' at the egg periphery rises first and remains at the same elevated 

level for some 14 seconds. During this period the level of Ca''"'' at increasing 

distances from the plasma membrane increases. ^his increase is likely to be 

due to diffusion away from the plasma membrane. It is not clear however 

whether or not the sustained increase just under the plasma membrane is due 

to local release or a continual influx of calcium ions.
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Figure 3.2 (b). Analysis of the spherical wave.
Here the intensity along a line of pixels (through the centre of the egg) taken from every second 
ratio images shown in figure 3.2 (a), beginning at the first, is shown. The egg diameter is around 
100 ^m. This figure shows the influx of Ca** at the egg periphery is followed by a sustained rise 
at the cortex for at least 22 seconds which is accompanied by a slower increase which spreads 
towards the centre of the egg.

Confocal microscopy reveals that this rapid rise is likely to be due to 

depolarization of the egg’s plasma membrane since fertilization and artificial 

depolarization both show a ring of high under the plasma membrane

[figures 3.2 (a) and (b)]. To mimic the influx of Ca^^ which occurs at fertilization 

I have artificially depolarized eggs using current injection. The eggs were prior 

injected with calcium green (10 -20  pM). An experiment using calcium green is 

shown in figure 3.2 (c). The ratioed data is shown as a time sequence. These 

data clearly show that in response to a 500 ms depolarization Ca'*"̂  enters the egg 

much like it does at fertilization [compare fig 3.2 (a) and (c)].
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Figure 3.2 (c). The Ca , levels following a step depolarization.
Eggs were injected with calcium green (10- 20 nMj) and step depolarized from -80 mV to -30 mV 
for 500 ms using current injection. The inward Ca^^ current was monitored during the procedure 
and measured 1.2 nA. The images are 0.5 seconds apart. The Ca'"'"; increase in the egg is no 
different from the early increase which occurs at fertilization [fig 3.2 (a)].

This Ca"̂  ̂ influx induced by artificial depolarization and fertilization are 

almost indistinguishable. It appears that the initial influx represents depolarization 

induced by sperm, which I confirmed on two occasions by fertilizing current 

clamped eggs (therefore free to fire action potentials). Moreover, there is no 

increase in fluorescence under the plasma membrane when eggs are fertilized in 

either Ca^^-free ASW or in sea water supplemented with 150 pM diltiazem (a 

benzothiazipine type calcium channel blocker). These data are shown in figure
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3.2 (d).

Figure 3.2 (d). The Ca influx is inhibited by diltiazem and Ca^^-free ASW.

These data show a control fertilization together with a fertilization in 150 nM diltiazem (a 
benzothiazipine) ASW or in Ca^^-free ASW (moving from left to right). Eggs were either 
inseminated in ASW supplemented with diltiazem (n = 2) or in Ca"̂ -̂ free ASW (n = 5). In the 
Ca^^-free experiments eggs were inseminated by first acrosome reacted the sperm. The acrosome 
reaction was induced by treating sperm with egg jelly. After five seconds acrosome reacted sperm 
were diluted in Ca-free ASW supplemented with 10 mM EGTA at pH 8.9 (to account for the 
acidification of the mixture as EGTA exchanged H"" ions for Ca^^). 100 1̂ of this was added to 
a 1 ml bath containing immobilized eggs in 2 mM EGTA ASW which had already been injected 
with calcium green (10-20 pMj).
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Eggs in nominally free Ca-ASW supplemented with 2 mM EGTA can be fertilized 

with acrosome reacted sperm. Using both Ca‘‘"‘’-free ASW and diltiazem there 

was no influx of Ca"'"'' at the beginning of the latent period. The main Ca''"‘‘i 

wave still propagated across the egg. From these data it is clear that the Ca"'"'’ 

influx has been abolished. This had no effect on the time it took the Ca'""''̂  wave 

to cross the egg in the Ca"*"*" free ASW (23.0 +/- 0.98 (n = 5). There seems little 

doubt then that the early influx of Ca"""̂  ions is due to a sperm induced 

depolarization but whether it represents a spherically symmetrical wave and what 

function it might serve are not clear.

From confocal microscopy the sustained increase in Ca'""*'| (as revealed by 

fura2) resembles a wave propagating inwards from the plasm membrane [figure

3.2 (a)]. A form of CICR may underlie this phenomenon which will be addressed 

below. An alternative view might be that this phenomenon is due to a sustained 

influx of Ca'*"*' ions through non-inactivating Ca''"‘‘ channels. But this too should 

result in a sharp increase in at the cell periphery (Cheek et al., 1989;

O’Sullivan et al,. 1989) followed by diffusion of that Ca"’"''; throughout the cell 

giving a distinctive diffusion profile across the cell. This is unlike the experimental 

findings presented here. McPherson et al, (1992) have shown that in the 

unfertilized sea urchin egg ryanodine receptors are found at an increased density 

around the egg periphery. It is possible then that here lies a possible mechanism 

through which the spherical wave might propagate. This can be tested by using 

ruthenium red - an inhibitor of the classical CICR receptor (Antonui et al., 1985). 

Another possibility is that there is some form of CICR through the InsPg receptor 

since both Finch et a/.,(1991) and Bezprovanny et al., (1991) show that Ca'*"'' acts 

as a coagonist together with InsP^ to release Ca'*"*'. This too has been tested by 

using heparin - a competitive inhibitor of InsPg induced Ca'*"'' release (Worley et 

al., 1987; Guilmette et al., 1988). The effect of these inhibitors are shown in 

figure 3.2 (e). Here the sustained increase in Ca'*"‘'j that occurs throughout the 

duration of the latent period has been analyzed with the whole cell collection 

system.
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Figure 3.2 (e) The early effects of heparin and ruthenium red (RR).
These data show that neither RR (3/3) nor heparin (3/4) alter the sustained increased basal level 
of Cb++ following sperm induced depolarization. Moreover, the combined effects of both 
inhibitors together show the same (5/5).

These data suggest that either the concentration of the inhibitors used was not 

high enough or that there may be yet another mechanism of propagating Ca"*"*"; 

waves in sea urchins.

Spherical wave or Ca' '̂*', diffusion? Diffusion does not seem likely since 

such a process does not subscribe to the diffusion based redistribution as modelled
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by Sala and Hernandez (1991) and demonstrated experimentally in the 40 pm 

diameter spherical bullfrog sympathetic neuron (Hernandez et al., 1991).

The next set of experiments will show that inhibiting the spherical wave has 

little effect on the main fertilization wave. These experiments will also confirm 

McCulloh and Chambers (1991) findings, that a circular band of conductance 

spreads over the plasma membrane following the main fertilization Ca'*"''̂  wave. 

Inhibiting the influx of Ca"*"̂  ions had no effect on the propagation velocity of the 

main Ca' '̂"', wave but what effect this has had on the latent period could not be 

determined since, there was no way of assessing the beginning of the latent period 

from these data. What role, if any, this Ca"*"*" influx has in determining the 

duration of the latent period will be addressed by later experiments, where fura2 

injected eggs are voltage clamped in order to prevent the opening of the voltage 

gated Ca"'"'' channels which reside in the egg membrane (David et al, 1988) and 

fertilized.

3.4 Simultaneous current and calcium recordings from eggs.

Sea urchin eggs were inseminated whilst monitoring changes in the 

membrane currents and the Ca"*"*"; levels to determine the relationship between 

the inward currents and the Ca'*"''| during fertilization. To do this eggs were 

current clamped using < 500 pA holding current in ASW while monitoring the 

membrane resistance { R ^  using 100 pA current injections. Once they had 

established a stable resting membrane potential (E^ )̂ of around -70 mV they were 

injected with fura2 (10 pMJ. Those eggs which depolarized sufficiently after 

injection and retained the ability to fire action potentials were inseminated in 

voltage clamp mode at -20 mV. This membrane potential ensures 100% sperm 

incorporation after an electrophysiological response (Lynn et al,. 1988).

The currents which flow can be separated into three phases (Chambers and 

de Armendi, 1979). Each phase is defined by its current profile (Lynn et al,
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1988):

(i) the first phase begins with and ends at the point of inflection called 7̂ ^

(ii) the second phase begins at 7,̂  and ends at

(iii) the third phase begins at 7̂ ,̂̂  and ends at a point equal to 10% of

During these phases the egg membrane is depolarized, while after the completion 

of the third phase it slowly returns to the preinsemination resting of around - 

70 mV (Jaffe, 1976; Jaffe and Robinson 1978; MacKenzie et al, 1977; Okamoto 

et al, 1977; Chambers and de Armendi, 1979) slowly returns. The magnitude of 

inward currents and at 7̂ ,̂ I^ , 7̂  ̂and and their time of attainment are 

shown in table 3.2.

Table 33. Current and calcium at fertilization at -20 mV.

Current (pA) Time (sec) Calcium^ (pM)

4 . 84 +/- 18 0 0.21 +/- 0.06

430 +/- 60 26 +h 4 0.22 +/- 0.0

A h 650 +/- 60 43 +!- 3 0.94 +/- 0.19

-^ p e a k 910 +/- 60 55 +/- 6 1.46 + / 0.10

The data represents the mean +/- SEM, n = 5. All eggs were held at -20 mV and had 10 pMj 
fura2. Only data from monospermic eggs are included here - polyspermy is clearly distinguished 
by the occurrence of many events. | Î a represents the current magnitude at rhe time 
the calcium first increases. I

The latent period is unchanged in voltage clamped eggs (around 26 seconds for 

both) as are all other aspects of the Ca^'^j wave (see table 3.1 for comparison).
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From these data it is also possible to determine which comes first, the 

increase in current or the main Ca'̂ '"'̂  wave. McCulloh and Chambers (1991) 

argue that a wave of conductance spreads over the egg surface which reflects the 

diffusion through the cytoplasm of some activator (perhaps Ca'‘" î). This wave of 

conductance represents the second phase of inward current, and in the sea urchin 

has previously been attributable to Na"*" alone (Chambers and de Armendi, 1979) 

or Na'*' and (Obata and Kuroda, 1987). Since a Ca"*" activated Na'*' 

conductance is present on the membrane of the Nemertean worm (Kline et al., 

1986), the tunicate (Takahashi and Yoshii, 1978) and in heart muscle (Colquhoun 

et al,. 1981). The implication of McCulloh and Chambers results (1991) is of a 

C a a c t i v a t e d  conductance in the sea urchin egg membrane.

For such a Ca''"‘'j activated conductance increase to be possible the Ca"*"̂  ̂

must increase before the inflection point at /̂ j, begins. And indeed, analysis of the 

data shown in table 3.2 and depicted in figure 3.3 reveals that the free Ca"*"’’} level 

increases before the onset of the second phase of inward current. The time (after 

the Ca''"''^ level has risen) at which the inward current begins to inflect can be 

determined:

-at (43 seconds after both the current and Ca'^’̂ j had significantly changed 

from their values at to become 650 pA and 0.93 pM (p < 0.03 and 0.03 

respectively).

-at an earlier time, equivalent to 75% of^& (32 seconds after 7^ )̂, the current was 

not significantly changed from its value at (410 versus 430 pA, p  > 0.8) while 

the Ca"'"''i had risen significantly to 0.45 from 0.22 pM (p < 0.03). These data 

show that the second phase of inward current follows a rise in Ca"'"''| above basal 

of greater than 200 nM.
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Figure 33. Calcium and membrane current in a control egg.
An egg microinjected with fura2 (10 pMJ and voltage clamped at -20 mV prior to insemination. 
The phase 1 inward current begin with 1̂  ̂ and ends at the point of inflection (I Ĵ. Phase 2 
continues from 1,̂  and ends at the current peak There is no detectible Câ ;̂ increase until
the later part of phase 1. Phase 2 appears after the Ca‘"‘"i has risen.

If is inverted in the top panel (note axis).

By chelating the released at fertilization by the sperm it is possible

to look directly at the influence of on phase 2. To do this I injected the

Ca++ chelator BAPTA [l,2-bis(2-Aminophenoxy)ethane N,N,N’N’-Tetraacetic 

Acid] into eggs before inseminating them.

3.5. BAPTA inhibits the calcium transient but not sperm induced 

currents.

Eggs were injected with fura2 and voltage clamped at -20 mV as before. 

This time they were injected with the calcium chelator BAPTA (5 mMJ then 

inseminated. Since this concentration of BAPTA is sufficient to inhibit both the
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transient and envelope elevation great care was taken to ensure 

monospermy, evidenced here as one

Since BAPTA inhibits the fertilization rise there is no or (fig

3.4). For this reason the mean time at which and occur in control eggs is 

used to determine their counterpart inward currents in BAPTA eggs. Neither the 

earliest part of phase 1, or are significantly changed between the control 

and BAPTA eggs (p > 0.6 and 0.4 respectively). The phase 2 current never 

appears in the BAPTA eggs so both and 4^, have the same value at 380 pA 

(n = 5). Indeed, the maximum inward current in BAPTA eggs, is only 470 pA 

and less than in the control eggs (680 pA). These data show that in the 

absence of an Ca'''^^ rise the early parts of the phase 1 current are unchanged and 

that the phase 2 current never occurs even though a small rise occurs (fig.

3.4).

0.4

0 .3  3

c
2 0 . 2  -

3O
o n

I  0 . 0 -
c 0.1 ^

0.2
m

0.0
120 180 240 300 360

time (seconds)

Figure 3.4. Calcium and current in a BAPTA injected egg.
Simultaneous measurement of the internal Ca*  ̂ level and the membrane currents after 
insemination by one sperm. The egg had 5 mM, BAPTA to chelate any calcium increases in the 
egg. There is no discernible increase in Ca'̂ '̂ i during the early part of phase 1 but a small calcium 
increase always appears around 40 seconds after at around the time of the maximum inward 
current (4).
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These data are summarized in table 3.4.

Table 3.4. Current and calcium measurements at -20 mV during insemination in 

a BAPTA injected egg.

Current (pA) Time (sec) Calcium^ (nM)

4 . 69 +/- 5 0 0.17 +/- 0.06

/ca 380 +/- 70 26' -

Ah 380 -H/- 60 43' -

/m 470 +/- 60 44 +!- 7 -

The data represents mean +/- SEM, n =  5. Each egg had 5 mM, BAPTA and 10 pM; fura2. To 
show the calcium dependent component of the phase 2 current the mean time in control eggs at 
which Iga and 1,̂  appear are used to measure the currents in BAPTA loaded eggs, hence the times 
(at *) are the same as in table 3.2.

This small Ca' '̂^j rise 90 + /-17  seconds ( mean +/- SEM, n = 5) after 

is only 0.11 +/- 0.02 pM (mean +/- SEM, n = 5) over basal, which given the 

previous data should not result in activation of the second phase of conductance 

increase (since Ca'^’̂ j has to rise by more than 200 nM). That Ca'^''‘i rises at all 

in these eggs may reflect a local increase in Ca‘*"''i around the site of sperm-egg 

fusion although this was never shown.

Overall these data show that the second phase of inward current can be 

inhibited using the Ca"*"̂  chelator BAPTA. These data add to the view that 

the second phase of inward current is activated by Ca'*"*'|. Some of these data are 

published in Swann et al., (1992).
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3.6 Summary.

The results presented here demonstrate:

(i) An early spherically symmetrical increase in Ca''"‘'i precedes the main 

fertilization Ca"*"̂ ! wave and may reflect a propagated release of 

through an unidentified mechanism involving internal stores stimulated by 

the influx of Ca''"''.

(ii) Abolishing the spherically symmetrical Ca''"'', increase has no effect on 

the main fertilization Ca''"''^ transients latent period or time to peak.

(iii) During the early part of the first phase of inward current the Ca"'" |̂ 

ions are not required for inward currents.

(iv) An Ca''"''; increase of around 200 nM precedes the second phase of 

inward current at fertilization.
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Chapter 4

The effect of cGMP in sea urchin eggs

4.1 Introduction

Is guanosine 3’:5’-cyclic monophosphate (cGMP) the sole triggering 

messenger at fertilization?

In sea urchin eggs fertilization is marked by a rise in the free intracellular 

calcium concentration and a cytoplasmic alkalinization (Steinhardt et al.

1977; Whitaker and Steinhardt, 1982; Eisen et al., 1984). Two crucial questions 

about fertilization are:

(i) how is the Ca’*"'’i release initiated during the latent period? and

(ii) how does the Ca'""''| wave travel across the egg?

This chapter will address the first of these questions. Evidence suggests 

that during the latent period one or more chemical reactions [since its was 2.3 

(Allen and Griffin, 1958)] underlie the generation of the local Ca'*"̂ i signal. It 

remains unclear how the sperm triggers this increase in Ca'""'"| but two hypothesis 

exist. These are the G-protein and sperm factor models of egg activation.

Laurinda Jaffe et al., (1988) forwarded the G-protein model of activation. 

The model proposes that the sperm acts like a hormone and activates the 

hydrolysis of phosphatidyl inositol bisphosphate (PIP2 ) thus producing the two 

second messengers inositol 1,4,5 trisphosphate (InsPg) and diacylglycerol (DAG) 

via some receptor coupled G-protein route (see figure 1.3).
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The sperm factor model offers an alternative explanation of how the 

calcium is increased at fertilization (Whitaker et a/.,1989; Swann and Whitaker, 

1990). Here the sperm is said to fuse with the egg and so deliver an activating 

factor into the egg cytoplasm (see figure 1.3). This idea was reinforced when, in 

1985, Dale et al. injected a sea urchin sperm extract into eggs which caused 

activation. At the same time in Medaka eggs Lionel Jaffe proposed that the 

sperm acts like a calcium bomb. Both results put the egg activator in the sperm.

There are several activating routes open to the sperm since the unfertilized 

egg has at least two calcium release mechanisms and also since many factors can 

elevate calcium in eggs. The two release mechanisms are the InsPg (Whitaker and 

Irvine, 1984) and ryanodine-operated calcium channels (Galione et al., 1991; 

Sardet et al. 1992; McPherson et al., 1992). And some of the factors which 

increase the Ca'*"''| in eggs operate through these channels. These include InsP^ 

(Whitaker and Irvine, 1984) and cyclic ADP-ribose (Galione et a l, 1991) which 

are respectively inhibited by heparin [a competitive inhibitor of InsP^ induced rise 

in Ca‘*"̂ i in vivo (Crossley, et al., 1991)] and ruthenium red [an inhibitor of 

calcium-induced calcium release - CICR (Antoiu et al., 1985; Palade et al., 1989)]. 

Factors such as cGMP (Swann et al, 1987; Iwamatsu et al., 1988; Whalley et al., 

1992) and a large molecular weight factor from sperm (Dale et al., 1985; Swann, 

1990) are capable of activating eggs, but how remains unclear.

The sperm factor model was given credence by two sets of experiments. 

One showing that in sperm there are large amounts of InsP^ (Domino and 

Garbers, 1988; Iwasa et al, 1990) and cGMP (Kopf et al.,1919), two factors which 

activate eggs, and whose levels increase in the acrosome reacted sperm. The 

other showing that sperm-egg fusion is an early event and either occurs about 5 

seconds after (Hinckley et al., 1986; Longo et al., 1986) or at (McCulloh 

and Chambers, 1992).

Since the calcium increase at fertilization occurs around 25 sec after 7̂  ̂

(table 3.1) this window of time permits room for the idea of a diffusible activator
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coming from the sperm. The identity of such an activator remains unknown. 

However, one obvious candidate is InsPg. Results showed that heparin did not 

inhibit fertilization but did prolong the latent period (Crossley et al., 1991). These 

data argue that InsPg has a subtle role to play at fertilization during the 

generation of the calcium transient but that fertilization can proceed almost 

unaltered in its absence. Another candidate is cGMP. Swann, in 1987, showed 

that injection of cGMP (100 pM J activated eggs after a substantial delay of 

around 20 seconds. This delay implies an indirect mode of action. Some of the 

possible activating routes have been investigated including the cGMP dependent 

kinase and metabolism to an active product. Neither 8 bromo cGMP-which 

activates the cGMP dependent kinase (Lincoln and Corbin, 1983), or 5’GMP 

activated eggs suggesting a route independent of either kinase or 

phosphodiesterase respectively (Swann, 1987, thesis). Swann further showed this 

activity to be specific since no other guanine nucleotides (including 2’3’cGMP) or 

cAMP activated eggs when injected. One reason for injecting cGMP was that in 

sperm cGMP levels increase and reach maximal within 15 seconds after being 

treated with a small egg surface component which increases sperm respiration 

(Kopf and Garbers, 1979). This reflects the presence of a guanylate cyclase 

(Garbers, 1976; Radany et al., 1983; Ramarao and Garbers, 1987) which is likely 

to be stimulated when the sperm and egg first meet. How cGMP activates eggs 

is the subject of this chapter.

4.2 cGMP activates eggs.

Figure 4.1 shows the result of injecting 0.5 pi (0.1% of the egg volume) 

cGMP (using the appropriate pipette concentrations) to give the range of 

intracellular cGMP concentrations shown by the data points. The results shown 

represent activation as judged by fertilization envelope elevation (FEE). The 

[cG M PJi which causes 50% FEE (ECgg) lies between 5 pM  ̂and 10 pM^ since 5 

pMj gives 33% FEE (2/6) and 10 pM, 83% FEE (5/6). A final concentration of
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20 pMj gives 100% FEE (8/8) as do higher concentrations of 50 pMj (4/4).
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Figure 4.1. cGMP dose response curve.
Each data point represents the % fertilization envelope elevation after microinjection of 0.5 pi 
(0.1% egg volume) of a range of suitable cGMP concentrations. The cGMP was dissolved in 
injection buffer (0.5 M KCl, 20 mM pipes, 100 EGTA, pH 6.8).

A similar set of results were obtained by varying the injection volume from 0.1-1% 

(0.5 - 5 pi) and keeping the pipette concentration constant at 5 mM.

4.3 Phosphodiesterase destroys both cGMP and the activity.

Before proceeding it is important to show that cGMP, and not some minor 

contaminant of the cGMP (since high pipette concentrations are used) was 

responsible for activating eggs. Stock solutions of 20 mM cGMP were incubated 

with phosphodiesterase (PDE) in a water-bath at 30°C to cleave the cGMP to 

5’GMP. A sample was removed immediately onto ice to reduce the reaction rate.
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This was tested by injection into eggs. Table 4.1 summarizes these results.

Table 4.1. The effect of phosphodiesterase on cGMP induced Ca \  release.

Injection Latency(sec) Time to peak (sec) Peak eight (pM)

cGMP + PDE 25.3 +/- 6.7 27 +/- 4.1 1.80 +/- 0.11 (3)

(zero time sample)

cGMP + PDE 0 9 +/- 2.5 0.10 +/- 0.08 (4)

(>4 hrs at 30°C)

cGMP control 19.7 +/- 5.0 34 +/- 10.1 2.05 +/- 0.18 (3)

(>4 hrs at 30°C)

0,8 ^moles of cGMP (40 of 20 mM) was incubated in a water-bath at 30°C with 
phosphodiesterase (25 units/ml) in 50 mM MgSO ,̂ 50 mM Tris/HCl at pH 7.5. Two control 
cGMP samples were used: (i) A  sample firom the cGMP and phosphodiesterase mixture was 
initially removed onto ice (to slow the reaction rate) for injection (zero time sample) to show that 
the phosphodiesterase did not inhibit the releasing activity of cGMP by binding to the 
cGMP thus masking its activity. This sample was injected into eggs [(see figure 4.2(a)]. (ii) The 
other control consisted of a 20 mM cGMP sample kept in the water-bath (>  4 hours sample). 
To test the hydrolysis of the cGMP by the phosphodiesterase every hour 5 pi samples were 
spotted onto a thin layer chromatography plate for later analysis in a light box at 254 nm. Finally, 
the cGMP and phosphodiesterase mixture after 4 hours incubation was also tested for its 
remaining Ca’̂ '̂ j releasing activity by injection into eggs [see figure 4.2(a)]. All injections represent 
0.5% egg volume. All results indicate mean +/- SEM, n is shown in parenthesis.

Thereafter samples were removed after every hour for injection. These samples 

were also analyzed every hour using thin layer chromatography. The results 

indicate that only when the cGMP begins to disappear and be replaced by a 

substance with the same mobility as 5’GMP on TLC plates does the activity fall. 

This indicates two things, firstly that the PDE does not inhibit the ability of cGMP 

to stimulate an Ca’’"''} release and secondly that when there is no cGMP (after 4 

hours incubation with PDE) there is no Ca'*"'"| releasing activity as indicated by the
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example shown in figure 4.2 (a).
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Figure 4.2 (a). Phosphodiesterase and cGMP injections.

Each egg was microinjected with fura2 (10-20 pMJ. cGMP samples were prepared in reaction 
buffer (50 mM Tris/HCl, 50 mM MgSO ,̂ pH 7.5). 1 unit of phosphodiesterase (PDE from Sigma; 
from porcine brain; P1790) was reconstituted in the same buffer. Both samples were mixed giving 
0.8 n moles (40 pi of 20 mM) cGMP. A 5 pi sample was removed immediately onto ice while 
the remainder was incubated at 30°C in a water-bath for 4 hours. The results shown represent 
injection of cGMP/PDE on ice (n = 3) and cGMP/PDE after 4 hours (n = 4).

These data strongly suggest that cGMP is the active component. Moreover, 

analysis of cGMP from either Boehringer Mannheim or Sigma by TLC [figure 4.2 

(b)] or HPLC revealed no major contaminants at 254 nm. Both samples were > 

98% cGMP: Sigma cGMP was 98.9% cGMP, 0.7% GDP, 0.3% GMP and 0.1% 

GTP; Boeringer cGMP was 99.1% cGMP, 0.3% GDP, 0.3% GMP and 0.3% GTP.
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Figure 4.2 (b). TLC plate showing cGMP hydrolysis by phosphodiesterase.
This figure shows a tracing taken fi-om a TLC plate exposed to 254 nm UV light. The plate was 
ran in the vertical direction using 0.2 M LiCl. The front is shown by the uneven line, while the 
origin is shown by the horizontal line about 1 cm above the bottom of the plate. 5 pi samples 
were applied to the plate. Moving from left to right: the first five lanes show the hydrolysis of 
hydrolysis of 0.8 pmoles cGMP (40 pi of 20 mM cGMP) by 1 unit of PDE [phosphodiesterase 
(Sigma; porcine brain, P1790)] at 30°C going from t = 30 min, 1 ,2 ,3 , and 4 hours; the next three 
control lanes show 5’GMP samples at 1, 5, and 20 mM; the final lane shows a 20 mM cGMP 
sample incubated at 30°C for 4 hours. Not shown however is the intensity of fluorescence firom 
the various spots. I estimate that the intensity of the products fluorescence increases reaching a 
maximum at 4 hours. Concomitantly, after 4 hours the intensity of cGMP fluorescence is bearly 
detectible at 254 nm. The cGMP hydrolysis product runs with a mobility not significantly different 
from native 5’GMP (the hydrolysis product has an Rf value of 0.09 +/- 0.003 (5) while 5’GMP has 
an Rf value of 0.08 +/- 0.004 (3), mean +/- SEM, with n in parenthesis).
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4.4 cGMP releases intracellular calcium.

When a sea urchin egg is fertilized it releases Ca^^ from an intracellular 

Ca^^ store (Crossley 1990). If cGMP mimics fertilization then it too should 

release intracellular Ca^^. To show that cGMP releases calcium from an 

intracellular store cGMP was injected in a calcium free external medium 

(nominally calcium-free ASW with 2 mM EGTA). In figure 4.3 a typical calcium 

transient using 20 pMj cGMP and ASW is shown.
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Figure 43 . cGMP injection in calcium-free ASW.

Each egg was microinjected with fura2 (10 pMJ in ASW. The eggs were fixed onto glass 
coverslips using 10 ng/ml poly-D-lysine which permitted perfusion with calcium-free ASW 
(prepared without calcium and supplemented with 2 mM EGTA). Eggs were injected with 0.5 
pi 20 mM cGMP in either ASW (n = 8) or Ca-free ASW (n = 5).

Superimposed upon this is a similar cGMP injection in Ca-ffee ASW. This is one 

of five similar experiments. All injections of cGMP were done in the Ca-free
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ASW which can result in the entry of EGTA and so result in long latent periods 

and sometimes cell damage. The entry of EGTA after microinjection has been 

noted before by Crossley et al (1988) by monitoring the decrease in the intensity 

of fura2 fluorescence after injection in ASW and Ca-free ASW. The latter 

solution made the eggs more permeable to fura2. Only the falhng phase of the 

calcium transient is affected by a calcium free external medium as is fertilization 

(Crossley, 1990, thesis).

These data show that cGMP mimics sperm and clearly releases an 

intracellular Ca' '̂*' store. The next set of experiments were designed to identify 

whether cGMP released Ca"^^; from the same store as InsP^.

4.5 cGMP releases calcium from an InsP, sensitive store.

If cGMP releases calcium from the same store as InsP^ then by emptying 

the InsPg store cGMP should release no calcium when injected. To empty the 

InsPg store I injected the thio analogue of InsP^ - inositol 1,4,5 phosphorothioate 

(InsPSg). InsPg alone is insufficient since repeated injections of InsPg into sea 

urchin eggs does not lead to inactivation or depletion of the store (Whalley, et a/., 

1992), presumably reflecting the rapid hydrolysis of this second messenger 

intracellularly. Taylor et al., (1989) have shown that this analogue is resistant to 

either inactivation by phosphorylation or déphosphorylation and is only 3-fold less 

active than InsPj at releasing calcium. Figure 4.4 shows the result of injecting 20 

pMj cGMP into an egg which already had previously been injected with an 

internal concentration of 10 pM InsPSg (this egg was shown to be desensitized to 

10 pMj InsPg). This result was confirmed by desensitization experiments using 50 

pMj InsPSg followed by supramaximal injections of either cGMP (200 pM^) or 

InsPg (10 pMj). Injection of eggs with 50 pM, InsPSg causes a large calcium 

transient with peak 3.50 +j- 0.81 pM (mean +!- SEM, n=4). As soon as the 

calcium levelled off the eggs were injected with 10 pMj InsP^ and/or 20 pMj 

cGMP which resulted in the release of 0.43 4-/- 0.17 pM Ca''"''| (mean +/- SEM,
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n = 4) and 0.48 +/- 0.17 pM (mean +/- SEM, n=3) respectively.
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Figure 4.4. Inositol 1,4,5, phosphorothioate and cGMP injection.

Eggs were injected with fura2 (10 ^Mj) prior to injection with inositol 1,4,5 phosphorothioate 
(InsPSg) to give 10 ^Mj (n = 7) and 50 pM, (n = 4). Those eggs injected with 10 pM InsPSj 
were then injected with 10 pM, InsPj (n =  4) and/or 20 pMj cGMP (n = 7). Those eggs injected 
with 50 pMj InsPS) were then injected with 200 pM, cGMP (n = 3). The data shown represents 
1 such injection with 10 pMj InsPS) followed by 10 pMj InsP) and 20 pM cGMP.

One could argue that InsPS^ does not inhibit the response to either InsP^ or 

cGMP by emptying the store but does this through receptor occupancy. However, 

sea urchin eggs desensitized to InsPS^ were also desensitized to the Ca"*"̂  

ionophore, A23187 (Whalley et al., 1992) showing that InsPSg is likely to work by 

depleting the InsPj sensitive store. One other possibility however exists, that the 

Ca’̂ '*’ ionophore acts through the InsP^ receptor. To show that this is unlikely I 

injected eggs with heparin and challenged them with A23187. These data showed 

that there was no difference in the Ca'*"'*’ peak heights in the presence of heparin.
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0.41 +/- 0.07 (6 ) versus the control, 0.42 +/- 0.10 (4) elicited by A23187 (mean 

+/- SEM, with n in parenthesis). Table 4.2 indicates that injection of InsPS^ is 

capable of desensitizing the egg to the suprathreshold concentrations of either 

InsPg and cGMP.

Table 4.2. The effect of inositol 1,4,5 phosphorothioate (InsPgS) on the InsP^ and 

cGMP induced Ca"'"'': release.

Injection Peak height (pM)

1 0  pMj InsPgS^ 2.55 +/- 0.31 (7)

50 pM| InsPaS** 3.50 +/- 0.81 (4)

20 pMi cGMP after a 0.52 +/- 0.11 (7)

200 pMi cGMP after b 0.48 +/- 0.17 (3)

10 pMj InsP^ after b 0.43 +/- 0.17 (4)

20 pMj cGMP control 1.77 0.27 (3)

1 pMj InsPg control 2.71 +/- 0.51 (3)

All samples were dissolved in injection buffer (0.5 M KCl, 20 mM Pipes, 100 nM EGTA, pH 6.8. 
Each egg was injected initially with InsPjS followed by either InsPj or cGMP when the calcium 
came down. In b the eggs were first injected with InsP^S and finally cGMP. All injection volumes 
were 0.5 pi, except the 200 cGMP which was 5 pi. The data represents mean +/-SEM with 
n in parenthesis.

4.6 Some kinetic aspects of cGMP induced calcium transient

(A) Dose response relationship.

I injected each egg with the fluorescent calcium binding dye fura2 (10-20 

pMj) and measured three aspects of the Ca"'"''| transient:
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(i) the latent period (ii) the time to peak (iii) and the peak height.

A typical Ca‘*"'‘i transient elicited by 0.5 pi (0.1% egg volume) 20 mM cGMP is 

shown in figure 4.5. Figure 4.5 shows how each of the three measurements was 

made.
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Figure 4.5. A typical cGMP induced calcium transient.

An egg was injected with fura2 (10 nMj) before injection with 20 pMj. Shown are the latent 
period, the time to peak and the peak height of the calcium transient elicited by cGMP.

(B) cGMP does not act directly as a second messenger.

To vary the intracellular [cGMP] I either changed the [cGMP] in the 

pipette and injected a constant volume of 0.5 pi or changed the injection volume
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while keeping the pipette concentration constant. Both sets of data gave the same 

results. Using either method a latent period was always seen. At 20 pMj cGMP 

the latent period began to plateau off in both cases and was no shorter at 50 pM 

cGMPj. There is then an absolute latent period which persists even at high 

concentrations of cGMP. Figure 4.6 shows the latent period obtained by changing 

the pipette concentration and injecting a constant volume of 0.5 pi.
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Figure 4.6. The latent periods after cGMP injection.
These data show the latent period (mean +/- SEM). The eggs were injected with fura2 (10 mMj). 
Eggs was then injected with 0.5 pi of the appropriate cGMP concentration to give the range of 
internal cGMP concentrations shown. The latent period is the same at 20 and 50 nMj.

The latent periods (mean +/- SEM) using either 5 pi of 5 mM or 0.5 pi of 50 mM 

to give 50 pMj cGMP were 16.5 +/- 3.2 sec. (n = 4) and 18.3 +/- 1.9 sec. (n = 

4) respectively. These data suggest that the final cGMP concentration is more 

crucial than the local concentration and so imply an indirect mode of action.
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(C) The rate of rise and peak height increase up to a point

The rate of rise is defined here as the time firom the end of the latent 

period to the peak of the calcium transient as shown in figure 4.5. As the 

concentration of cGMP increases the rate of rise increases (fig.4.7 and table 4.3).
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Figure 4.7. The calcium responses elicited by different [cGMPJj.
Eggs were injected fura2 (^Mj) before injection with cGMP. The pipette concentration was 5 
mM and the injection volume varied from 0.5-5 pi to give 5, 10, and 50 jiMj [cGMPf The rate 
of rise increases as the cGMP concentration of cGMP in the egg is increased. The peak height 
also increases with the cGMP concentration. Thig biphasic type of increase is typical.

The peak height of the calcium transient reaches around 2 pM in those eggs 

which raise an envelope. Using higher concentrations the pegik height remained 

constant at around 2 pM (fig.4.7 and table 4.3).
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Table 43. Some kinetic aspects of the cGMP induced release.

[cGMPJ (pM) Latency (sec) Time to peak (sec) Peak height (pM)

1 0 10.4 +/- 3.3 0.35 +/- 0.07 (5)

5 28.8 +/- 0 . 8 45.4 +/- 3.2 0.90 +/- 0.19 ( 6 )

1 0 23.3 +/- 2.8 48.7 +/- 3.2 1.94 +/- 0.15 (6 )

2 0 18.8 +/- 1 . 2 43.7 +/- 5.4 1.80 +/- 0 . 1 0  (8 )

50 18.3 +/- 1.9 33.0 +/- 3.0 1.78 +/- 0.07 (4)

Each egg was injected with the fluorescent Ca^  ̂binding dye fura-2
(10 liMj) prior to cGMP injection (0.5 pi). cGMP was dissolved to give the
appropriate concentration in injection buffer.

Having established these kinetic foundations it is possible to test the effects 

of some inhibitors.

4.7 Heparin has no effect on the cGMP induced calcium release.

Heparin is a competitive inhibitor of InsPg induced calcium release in many 

mammalian cell types (Hill et al., 1987; Cullen et al., 1988; Guillemette et al.,

1988) and in sea urchins (Crossley et al., 1991). In sea urchins 250-300 pg/ml 

heparin results in a 2 0  fold shift in the response to InsP^ and prolongs the latent 

period at fertilization (Crossley et al., 1991).

If cGMP mobilizes intracellular calcium through InsP^ by either shifting the 

sensitivity of the InsPg receptor or by stimulating InsPg production then this 

intracellular concentration of heparin should increase the latent period. If the 

calcium wave propagates through InsP^ induced calcium release then the either
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the rate of release or peak height should be reduced [the latter would be 

predicted by quantal calcium release (Irvine, 1990)].

The latent periods between the control and heparin injected egg are not 

significantly different at 20.5 +/- 2.3 sec. and 18.8 +/- 1.2 sec. (mean +/- SEM, 

n = 8  and 10 respectively). One example is shown in figure 4.8.
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Figure 4.8. cGMP injection into a heparin loaded egg.
Each egg was microinjected with 2.5 pi (0.5% egg volume, n =  10) injection buffer containing 50 
mg/ml heparin/2 mM fura2 to give 250 pg/ml; heparin and 10 pM; fura2. The intensity of the 
fluorescent signal was monitored and only eggs with the appropriate signal were chosen for 
injected with cGMP. Heparin has no effect on the cGMP induced calcium transient.

These data are summarized in table 4.4. Also shown in table 4.4 are the time to 

peak and peak heights of the cGMP induced calcium transients in a heparin egg. 

Again there is no change between the control or heparin injected egg for either 

of these two parameters.
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The overall kinetic aspects of the response to cGMP are unaffected by 

prior injection with the InsPg competitive inhibitor heparin. cGMP differs from 

sperm in this respect since the latent period is prolonged by heparin at 

fertilization (Crossley et al., 1991).

In addition to InsP^ induced release sea urchin eggs have the

ryanodine receptor (McPherson et al., 1992) and release Caj'*’'*' in response to 

ryanodine (Galione et al., 1991; Sardet et al., 1992). The next logical approach 

was to look at the effect that inhibitors of CICR have on the cGMP induced 

Ca;'*"'" transient.

4.8 Ruthenium red partly inhibits the cGMP induced calcium 

release.

Another useful inhibitor is ruthenium red (RR) which displaces 

[^H]ryanodine from the CICR complex and is the most widely used CICR 

inhibitor (Ohnishi, 1979; Antoniu et al., 1985).

Recently a protein which cross reacts with monoclonal antibodies raised 

against the ryanodine channel from rabbit skeletal muscle has been identified in 

the cortex of sea urchin eggs (McPherson et al., 1992). The ryanodine channel is 

a calcium release channel which is gated by calcium (reviewed by Lai, 1989). 

Evidence has emerged from sea urchin homogenates that cyclic ADP-ribose 

(cADP-ribose) induces calcium release through the ryanodine channel (Galione 

et al., 1991) - shown by a sensitivity to ruthenium red (30 pM).

A similar concentration of RR is capable of inhibiting cADP-ribose induced 

calcium release and reduces the rate at which calcium is released by cGMP (Fig 

4.9). The results of using 50 pMj RR are summarized in table 4.4. These data 

show that RR significantly reduces the peak height of the cGMP induced Ca"*"̂  

transient (students unpaired two tailed t test, p  < 0.0002). This points at a role
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for CICR in the cGMP response.
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Figure 4.9. cGMP injection into a ruthenium red loaded egg.
Eggs were injected with fura2 (10 pM;) then injected with 5 pi ruthenium (50 nMj). The eggs 
were then left for 5 minutes before injection with 0.5 pi cADP-ribose to give 40 nM; then 0.5 pi 
20 mM cGMP (n = 3) and without prior injection of cADP-ribose (n=13). Eggs injected with 
RR respond to InsPj (see chapter 6). Ruthenium red inhibited the response to cADP-ribose and 
partially to cGMP. For details of the p values see table 4.4.

These results show that of the inhibitors tested so far RR is most effective. 

Another way of showing how cGMP might act is through potentiation. To do this 

I have tested the effect of thimerosal, which in sea urchins increases the sensitivity 

to InsP^ about two fold and enhances some form of CICR (see chapter 5).

4.9 Thimerosal has no effect on the cGMP induced calcium release.

Thimerosal (ethyl mercurithiosalicylate) is capable of releasing intracellular
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calcium from platelets (Hecker et al., 1989), leucocytes (Hatzelmann et a l, 1990) 

and hamster eggs (Swann, 1991). In hamsters it does this by oxidizing free 

sulfhydryl groups since dithiothreitol (DTT) prevents the calcium release (Swann, 

1991). Two reported effects of thimerosal are to sensitize the InsPg receptor to 

its ligand (Missiaen et al., 1991) and to enhance CICR in hamsters (Swann, 1991).

Figure 4.10 shows the effect thimerosal has on the cGMP induced Ca++

release.
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Figure 4.10. cGMP injection into a thimerosal treated egg.
Eggs were incubated with ASW supplemented with 1 mM thimerosal for 10 minutes. The 
thimerosal ASW was replaced by ASW and the eggs injected with 0.5 pi 20 mM cGMP (n =  10). 
A typical response to injection is shown. The calcium transient is largely unaffected by prior 
treatment with thimerosal.

By bathing sea urchin eggs in ASW supplemented with 1 mM thimerosal I was 

able to enhance InsPg induced Ca''"*' release slightly and a form of CICR in the
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intact egg with thimerosal (chapter 5). These data again suggests that cGMP does 

not act through InsP^. The result shown in figure 4.10 represents nine similar 

experiments. The overall finding from these experiments is that thimerosal has 

no effect on the cGMP induced Ca'*"''| transient.

The results from these nine experiments are summarized in table 4.4. 

There is no difference in the latency, time to peak or peak height firom that of the 

controls. These data confirm the heparin data that cGMP acts independently of 

InsPg but conflict with the RR data which suggests a role for CICR. However it 

is not clear yet exactly how thimerosal potentiates CICR in the sea urchin.

Table 4.4. The effect of some pharmacological agents on cGMP induced 

Ca"̂ "̂ : release.

Latency (sec) Time to peak (sec) Peak height (pM)

Control 18.8 +/- 1 . 2 43.7 +/- 5.4 1.80 +/- 0 . 1 0  (8 )

Heparin 20.5 +/- 2.3 45.2 +/- 8.2 1.73 +/- 0.08 (10)

Ruth, red 34.1 +/- 6 .6 * 62.3 +/- 8.7 0.76 +/- 0.11 (13)'

Thimerosal 22.7 +/- 1.8 45.8 +/- 4.8 1.72 +/- 0.17 (9)

The eggs were injected with either heparin or ruthenium red to give final intracellular 
concentrations of 250 ng/ml or 50 respectively. This represented injection volumes of 2.5 pi 
(0.5%) and 5 pi (1%) respectively of the stock solutions dissolved in injection buffer. Of those 
eggs injected with RR three were first injected with 100 nM, cADP-ribose to show that on the day 
RR was an adequate inhibitor. The * represents those data which are significantly different from 
control (at the 0.05 level), with p < 0.05 and 0.0002 (students unpaired two tailed t test for either 
latency or peak heights respectively. The time to peak was not different at the 0.05 level in the 
presence of ruthenium red, and had a p of 0.13 (using a two tailed t test) shows that there was 
more than a 1/10 chance that the difference was due to chance alone.
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4.10 Summary.

The data presented in this chapter show that cGMP:

(i) Activates eggs specifically.

(ii) Caused FEE to occur with an ECgg of between 5 and 10 pMj.

(iii) Mimics fertilization since it releases calcium firom an internal store.

(iv) Requires an absolute latent period.

(v) Releases calcium from the same store as InsP^.

(vi) And is partially inhibited by RR which does not inhibit InsP^

induced Ca''"*'; release (see chapter 6 ).

(vii) May partly release Ca'*"*'; through a ryanodine receptor based 

mechanism. cGMP may also release Ca'*"*'; through a novel route which 

is insensitive to either heparin or ruthenium red.
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Chapter 5

The effect of thimerosal on sea urchin eggs

5.1 Introduction.

This chapter will present data centred around the effects the sulfhydryl 

oxidizing reagent thimerosal has in sea urchins. One theme that will be developed 

is that thimerosal may release through a novel mechanism in the sea urchin.

Agents like thimerosal can be used to look at the mechanisms underlying 

either the generation or propagation of the Ca'^’̂ j wave. Current models of 

fertilization (see figure 1.3) suggest that the sperm may trigger a local release of 

Ca''"''| through InsPg. The effects of heparin (a competitive inhibitor of InsP^ 

induced Ca' '̂"' release) shed doubt on the view that InsP^ was at the heart of both 

the triggering and propagation of the Ca' '̂^j wave (Crossley et al., 1991).

There is accumulating evidence showing that the ryanodine receptor is 

present in the sea urchin: (i) McPherson et al., (1992) identified a protein which 

cross reacts with monoclonal antibodies to the ryanodine receptor, and (ii) that 

ryanodine can activate sea urchin eggs (Galione et al., 1991; Sardet et al., 1992). 

Perhaps the ryanodine receptor plays a role at fertilization. Alternatively, perhaps 

there are other Ca‘‘"‘’j release mechanisms through which the Ca'‘"‘'j wave 

propagates.

Before discussing the merits of either InsPg induced Ca"'"'’ release and 

CICR at fertilization I want the reader to be aware that another CICR
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mechanisms exists (other than through the ryanodine channel). Historically CICR 

has been solely attributable to the ryanodine receptor complex. However, Zaida 

et al., (1989), showed that the reactive disulfides 2,2’-dithiodipyridine (2,2’-DTDP) 

and N-succinimidyl 3(2-pyridyldithio)propionate (SPDP) triggered a release of 

Ca"""*" from sarcoplasmic reticulum in a manner dependent on oxidation of firee 

SH groups. They went onto show that these reagents displaced tritiated ryanodine 

from its receptor (with an IC5 Q of 7.5 and 15.4 pM respectively). By coupling 

biotin to SPDP they were able to isolate a 106 kD Ca"*""" release channel from 

sarcoplasmic reticulum. Interestingly, this channel was distinct from the ryanodine 

receptor (as shown by lack of cross reactivity studies using polyclonals raised 

against the 106 kD protein), but when incorporated into planar bilayers displayed 

similar single channel conductances to Na" ,̂ K^, Ca"*"̂ , and Cl' ions as the 

ryanodine receptor. Furthermore, single channel Na"*" and Ca'*"*' conductances 

could be enhanced by micromolar Ca'*"*' or millimolar ATP, and blocked by either 

ruthenium red or millimolar Mg'*"'' (all common characteristics of the ryanodine 

receptor). From the data presented in chapter 5 it will become increasingly clear 

that thimerosal may also act through a novel Ca'*"'' release channel in sea urchin 

eggs.

Thimerosal (sodium ethylmercurithio - salicylate), an organo mercurial 

compound, is capable of causing a release of Ca'*"*'; from platelets (Hecker et al,.

1989) and leucocytes (Hatzelmann et al,. 1989) in a manner independent of InsPg 

and extracellular Ca'*"*'. In unfertilized hamster eggs thimerosal causes Ca'*"*'j 

oscillations and sensitizes CICR (Swann, 1991) while in permeabilized hepatocytes 

the sulfhydryls thimerosal and oxidized glutathione sensitize the response to the 

second messenger InsP^ (Missiaen et al., 1991). That thimerosal does not act 

through the InsPg receptor is suggested by the experiments of Carroll and Swann 

(1992) where Ca'*"*' oscillations induced by InsPS are inhibited by heparin (a 

competitive inhibitor of the InsPg receptor) while those induced by thimerosal are 

not. Furthermore, permeabilized somatic cells desensitized to InsP^ release Ca'*"*' 

in response to thimerosal (Islam et al., 1992). As yet there is no clear indication 

of how thimerosal acts in all cell types.
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The first clear indication that oxidizing agents can affect fertilization in the 

sea urchin egg was by Allen and Griffin (1958). They found that the latent period 

could be reduced by periodate. Allen (1954), had previously shown that local 

application of periodate activated the whole egg in wavelike manner, while local 

application of either bee venom | or hypotonic sea water caused only local 

activation. No other oxidizing agents tested had this effect (Runnstrom and 

Hagstrom, 1954). The preferential action of periodate over other oxidizing agents 

could not be explained by its oxidation-reduction potential since other oxidizing 

agents didn’t share the same effect. Periodate also made eggs more susceptible 

to fertilization. A more recent report along similar lines by Dale (1988), shows 

that N-ethylmaleimide and Ag"̂  ions activate sea urchin eggs in a dose dependent 

manner. The action of both can be prevented by the reducing agent glutathione, 

thus showing their likely mode of action is through oxidation of SH groups. These 

data show that sulfhydryl groups can influence Ca"'"*'̂  release mechanisms in the 

sea urchin egg, but it was not clear through what mechanism they did this. An 

understanding of the Ca'*"*’ channels regulated by sulfhydryls in the sea urchin egg 

may come from the use of thimerosal. What role these may have at fertilization 

will be discussed.

5.2 Thimerosal dose response in different media.

These data will show two things, firstly the effective concentration at which 

thimerosal releases Ca"̂ "̂ , and secondly the effect external Ca"'"'' ions have on that 

response. To do this I have bathed sea urchin eggs in artificial sea water (ASW) 

supplemented with different amounts of Ca'*"'" and thimerosal for 1 hour. The 

results of this indicate that the effective thimerosal concentration is around 1 mM. 

The data also suggests that thimerosal induced egg activation is independent of 

extracellular Ca^^. This is implied by activation in nominally Ca"*"*" - free ASW 

and by activation in high ASW (since the egg will be depolarized and the rate 

of Ca’̂ '*’ entry will be altered). These data are shown in figure 5.1 (a). I also 

followed the time to activation in 1 mM thimerosal ASW. Here 1 mM thimerosal
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ASW is capable of activating 83% of eggs in 60 min (n = 3) as judged by FEE, 

while around 30% of the eggs still activate in nominally Ca'‘"‘'-free ASW (n = 3). 

This reduction may reflect the difficulty encountered when trying to score FEE in 

a low Ca'*"'' environment since Ca''"*' ions are required for hardening of the 

fertilization envelope (Bryan, 1970; Citkowitz, 1971; Kane, 1973). This suggests 

that external Ca'*"'' ions may not have a large contribution.
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Figure 5.1 (a). Thimerosal dose response after bathing.

Eggs were bathed for 60 minutes in the different media shown with the thimerosal concentration 
ranging from 100 to 5 mM. Results shown depict the percentage (mean +/- SEM , n = 3 
for all points) of egg raising envelopes after 60 minutes.

To show conclusively that external Ca'*"'' ions are not involved I prepared ASW 

without Ca'’"*' and included 2 mM EGTA to chelate contaminating Ca"'"'' from the 

glassware. By injecting eggs with fura2 I was able to show that 1 mM thimerosal 

in this medium resulted in egg activation with a peak Ca‘‘"‘'j of 1.13 +/- 0.38 pM 

(n = 3) which was not significantly different from the control (table 5.1). These
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data support the view that thimerosal activates sea urchin eggs in a manner 

independent of extracellular Ca'*"'*'.

Table 5 .1. Ca"̂  \  release in response to bathing in 1 mM thimerosal media.

Media Time to peak (min) Peak height (pMJ.

1 mM thimerosal 30 +/- 6.5 1.39 +/- 0.08 (3)

ASW

1 mM thimerosal + 34 +/- 13 1.13 +/- 0.38 (3)

2 mM EGTA ASW

Eggs were injected with fnra2 (10 nMj) then bathed in either 1 mM thimerosal ASW or 1 mM 
thimerosal ASW supplemented with 2 mM EGTA- The data shown represent the mean +/- SEM, 
with n shown in parenthesis.

The next set of experiments will show the timecourse of activation in 1 mM 

thimerosal ASW. Here the data will again represent either FEE or Ca'""''|. These 

data will show that the percentage of eggs activating increased with time. I opted 

to use 1 mM thimerosal here and in all subsequent bathing experiments since this 

is the minimal concentration which has maximal effects. The percentage of eggs 

activating in this media is 7 +/- 3% after 20 minutes, 42 +/- 13 % after 40 

minutes, and 82 +/- 4% after 60 minutes as seen by the percentage of eggs raising 

fertilization envelopes. These data represent the mean +/- SEM (n = 3), and are 

shown in figure 5.1 (b). In later experiments I will present data obtained by 

exposing eggs to 1 mM thimerosal ASW for 10 minutes. It is important to note 

that after exposure to 1 mM thimerosal ASW for 10 minutes followed by return 

to ASW (n = 3) or to 50 mM Ca'*’’*’ ASW (n = 12) there is no activation as 

judged by FEE after 1 hour.

97



100

LU

40

tim e (m inutes)

Figure 5.1 (b). Time to activation in 1 mM thimerosal ASW.
Eggs were bathed in 1 mM thimerosal ASW for 1 hour and the % raising fertilization envelopes 
noted. The results presented represent the mean +/- SEM, n = 3.

In unfertilized hamster eggs thimerosal concentrations of around 100 pM 

elicit typical hyperpolarizing responses - which are indicative of Ca' '̂ ĵ release 

activating a conductance (Igusa and Miyazaki, 1986; Miyazaki, 1988). Since 

this concentration is tenfold smaller than the concentration I have used, I also 

injected thimerosal to show its effective intracellular concentration. These data 

are shown in figure 5.2 and summarized in table 5.2. A few things are worth 

noting. One, that at an intracellular concentration of 200 pM thimerosal releases 

Ca^^j. Another is that the release occurs without a lag, probably reflecting an 

intracellular site of action. Activation of eggs after bathing with thimerosal may 

be consistent with the idea that thimerosal gradually enters the eggs thus 

activating them.
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Figure 5.2. Thimerosal dose response upon injection.

Eggs were injected with 10 M̂j fura2 then thimerosal to give 100, 200, 500 and 1000 pMj. The 
Câ î released by thimerosal increased in a dose dependant manner, n = 4,3,4 and 3 respectively 
for the increasing thimerosal concentrations. The bars represent either the peak height SEM or 
the time to peak SEM for each experiment.

Table 5.2. Ca"̂  \  release in response to thimerosal injection.

[thimerosal]; Time to peak (sec) Peak height (pM)

100 pM 6 +/- 1.4 0.16 +/- 0.06 (4)

200 pM 93 +/- 46 1.15 +/- 0.34 (3)

500 pM 62 +/- 14.5 1.97 +/- 0.31 (4)

1000 pM 27 +/- 4.7 3.70 +/- 0.40 (3)

Eggs were first injected with fura2 (10 - 20 before injection with the intracellular 
concentrations of thimerosal shown. Each injection represented a 0.1% injection. The data 
shown represent the mean +/- SEM with n in parenthesis.
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Before looking at the effect thimerosal has at fertilization the following 

experiments with DTT will show that thimerosal is likely to act by oxidizing free 

SH groups.

5.3 DTT inhibits thimerosal induced egg activation.

These experiments, using the membrane permeable reducing agent 

dithiothreitol (DTT), will show that the oxidizing agent thimerosal is likely to exert 

its effect in sea urchins through its ability to oxidize free SH groups. The 

rationale is that DTT will present free SH groups to thimerosal which will become 

oxidized, in turn forming a complex with thimerosal. In this way thimerosal will 

be reduced.

Incubation of eggs in a mixed solution of 5 mM DTT and 1 mM thimerosal 

ASW caused no egg activation as judged on a population of eggs by scoring FEE 

(n = 3). As a check fura2 was injected into some eggs. These results showed 

that no Ca''"'’ increase occurred throughout the duration of the experiment (n = 

4). These data are shown in figure 5.3 together with the typical response elicited 

by 1 mM thimerosal ASW alone. These data clearly show that DTT is capable 

of inhibiting the response to thimerosal. The likely target for thimerosal induced 

oxidation is on internal protein(s) involved in homeostasis since it remains 

effective in 2 mM EGTA Ca"*"*" free ASW. In light of thimerosal’s two proposed 

modes of action (on both InsP^ and CICR) I looked for sensitization to either 

InsPg or Ca' '̂^ in eggs which had been bathed in 1 mM thimerosal ASW for 10 

minutes.
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Figure 53. DTT inhibits the response to thimerosal.

These data show the response in two separate eggs injected with fura2 (10 jiMj). The broken line 
shows the normal C&++ response to bathing eggs in 1 mM thimerosal ASW. TTie solid line shows 
the normal Ca^ ĵ response after bathing eggs in 1 mM thimerosal / 5 mM dithiothreitol ASW for 
the duration. There data are representative of 4 individual experiments.

5.4 Thimerosal enhances InsP  ̂ induced calcium release.

To show that thimerosal may enhance the effect of InsPg I first injected 

InsPj to find a concentration which is around the ECgg-one whose peak height was 

about half maximum. In the following experiments this was 2 nMj InsP^, but did 

vary slightly from female to female - thus aU experiments were performed on eggs 

from the same female when comparing the effects of InsP^. Table 5.3 shows that 

the amount of released upon injection of InsPg is increased slightly after 

incubation with 1 mM thimerosal ASW for 10 minutes.
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Table 53. Thimerosal enhances the response to InsPg injection.

2 nMj InsPg injection Peak height (nM)

Control 720 +/- 110 (6 )

+ Thimerosal (bathing) 1088 +/- 116 (6 )

Control 230 +/- 30 (3)

+ Thimerosal (injection) 1150 +/-126 (3)

These data represent the mean +/- SEM with n in parenthesis. The data in italics is taken from 
a sample of eggs which were injected with thimerosal to give 100 pM,, all other data represents 
the results obtained by bathing in 1 mM thimerosal ASW for 10 min. The peak heights are just 
significantly different at the 0.05 level with p =  0.049 and 0.002 for either bathing or injecting 
thimerosal respectively (students unpaired two tailed t test). Each egg was injected with 10 pMj 
fura2 and left for 10 minutes in ASW or 1 mM thimerosal ASW before injection with InsPj (0.1 
% egg volume using 2 pM InsPj in the pipette).

This difference is significant using 95% confidence intervals (students unpaired 

two tailed t test,/? = 0.049). A similar result was obtained by injecting thimerosal 

to give 100 pMi (which causes no release of Ca'*’̂ , see fig 5.2) before InsP^ 

injection. This time the amount of Ca' '̂"' released by InsPj was more than 

doubled, and was significantly different, with a/? < 0.002. These results are shown 

in italics in table 5.3.

Since thimerosal shortens the latent period (shown later in figure 5.7) and 

enhances the response to InsPg, these data sit well with the idea that InsPg is 

indeed involved during the latent period. However, since heparin has little effect 

on the time to peak at fertilization while thimerosal shortens it, I investigated the 

other proposed mechanism of action of thimerosal - on enhancing CICR (Swann,

1990), with the view that CICR may be involved during wave propagation.
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Figure 5.4. Thimerosal enhances the response to InsP^.
Eggs were injected with fura2 (10 îMj) and bathed in either ASW or thimerosal ASW for 10 
minutes. Each egg was then injected with InsP to give 2 nMj. The solid line shows the response 
to one such injection after treatment with thimerosal ASW. The broken line shows the control 
injection.

5.5 Thimerosal enhances calcium-induced calcium release.

To show CICR in the sea urchin I have utilized the egg’s endogenous Ca"̂ "̂  

channels to pulse small amounts of Ca"*"̂  into eggs. The protocol for these 

experiments involves voltage clamping eggs in high Ca^^-ASW (to enhance the 

inward Ca' '̂*' current) and repeatedly depolarizing them (using 50 mV steps) from 

around -80 mV to -30 mV. Each egg was therefore first impaled with a 

microelectrode in 50 mM Ca'*"'' ASW. Eggs were selected that developed a stable 

resting membrane potential of around -70 mV using < 500 pA holding current, 

and which had the abihty to fire action potentials. I repeatedly depolarized each 

egg forty times in 50 mM Ca"*"̂  ASW - which did not activate eggs (19/19). I then 

bathed these eggs in 1 mM thimerosal ASW for 10 minutes, before returning them
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to 50 mM ASW. Repeated depolarization now caused egg activation as 

seen by FEE (9/12 eggs, those not activating by this criteria also failed to elevate 

envelopes after insemination). These data are summarized in table 5.4. These 

eggs had a mean inward current of 1.7 +/- 0 . 2  nA, n = 1 2 . Since all the eggs in 

the bath were subjected to everything but the repeated depolarizations I 

monitored these for activation. None of the surrounding eggs in the bath 

activated.

Table 5.4. Thimerosal enhances calcium-induced calcium release.

Injection Protocol FEE or inward current

Vehicle 40 X 50 mV 9/12

Heparin (250 pg/ml) 40 X 50 mV 5/7

Each egg was impaled with a microelectrode (filled with either 3 M KCL or 0.5 M K2SO4) in 
current clamp mode using < 500 nA holding I. Once a stable resting membrane potential of -70 
mV is reached the egg was switched to voltage clamp mode. Once voltage clamped the inward 
Ca^  ̂current was activated by 50 mV depolarizing steps firom -80 mV for 100 ms at a frequency 
of 0.2 Hz. Each egg was depolarized 40 times in 50 mM Ca*  ̂ASW using this protocol causing 
no activated (19/19). After perfusion with 1 mM thimerosal ASW for 10 minutes then return to 
50 mM Ca^  ̂ ASW the egg was again subjected to repeated depolarization, which now caused 
activation. By first injecting eggs with heparin and repeating the same protocol eggs still activated 
when deoolarized after thimerosal application. Onlv the egg impaled in the bath activated in all 
cases. Eggs bathed in thimerosal for 10 minutes and depolarized also activated. No account was 
taken to ensure that control eggs depolarized did not activate after a delay.

And since each depolarization causes opening of the eggs Ca'*"*' channels (David 

et al., 1988, and figure 5.7) I was interested to show how this influx caused egg 

activation. In a few occasions I also monitored the levels in eggs during the 

procedure. Figure 5.5 shows one egg which was activated through depolarization.
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Figure 5.5. Thimerosal enhances calcium-induced calcium release.
Eggs were injected with fura2 (10 pMj) and bathed in thimerosal ASW for 10 minutes. After 
return to 50 mM Ca^  ̂ASW they were repeatedly depolarized to gate Ca** influx. The example 
shown here is of an egg which activated through depolarization.

Here after a 10 minute incubation in 1 mM thimerosal ASW the Ca‘*"*'i increases
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first through a forced depolarization and then afterwards the egg spontaneously 

depolarizes and fires a second action potential. The final Ca''"*'; increase is 

preceded by a depolarization. The next experiment will show that this influx of 

Ca' '̂*' ions is unhkely to trigger egg activation through an InsPg receptor mediated 

CICR either directly or through some form of overload response.

Two obvious possibilities were CICR or InsPg induced Ca''"'' release. To 

distinguish between both I injected eggs with heparin [a competitive inhibitor of 

InsPg induced Ca"'"'' release in sea urchins (Crossley et al., 1991)]. I again 

depolarized the eggs repeatedly, this time however the eggs were injected with 

enough heparin (250 pg/ml) to shift the dose response curve to InsPg twenty fold 

(Crossley et al., 1991). Eggs still activated as judged by FEE and the development 

of an inward current (figure 5.6 and table 5.4) - which is reflective of egg 

activation (see chapter 3).

Heparin has the ability to sometimes block FEE but not the Ca''"''; increase 

in sea urchins (Crossley, 1990, thesis). Because of this I monitored the membrane 

currents and FEE as indicators of egg activation. Using these criteria even in the 

presence of heparin ̂ eggs still activate after repeated depolarization if they are 

given a pulse of 1 mM thimerosal for 10 minutes (5/7). The peak inward current 

during a step depolarization was 1.1 +/- 0.3 nA. To show conclusively that either 

elevation of the fertilization envelope and/or development of an inward current 

are indeed reflective of an Ca''"'"; increase I directly measured Ca''"''; in some eggs 

(figure 5.6). Here eggs were co-injected with heparin (250 pg/ml) and fura2 (10 

pM) and treated in the same manner. These data confirm the earlier observation 

and show that Ca''"'"; does indeed increase following thimerosal treatment after 

depolarization (figure 5.6). A likely possibility is that thimerosal can enhance 

some form of CICR in the sea urchin (which may also account for its subtle 

enhancement of InsP^ induced Ca"'"''; release). These data show that thimerosal 

in some way is capable of sensitizing the egg to a train of depolarizations. 

Depolarizations of these kind do indeed result in an influx of Ca''"'' ions.
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Figure 5.6. Depolarizations activate a heparin loaded egg.
This egg was first impaled and co-injected with fura2 and heparin to give 10 jiM, and 250 pg/ml; 
respectively. A train of 40 depolarizations in 50 mM Ca++ - ASW did not activate the egg. The 
same egg was then bathed in 1 mM thimerosal ASW for 10 minutes before being returned to 50 
mM Ca^* ASW, where a train of depolarization now resulted in egg activation. No other eggs 
in the field activated. This experiment is representative of two experiments with fura2. In 7 other 
experiments activation was scored by monitoring FEE and/or an increase in the inward current, 
where 5/7 eggs activated by these criteria.
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This is shown very clearly by the use of confocal microscopy (figure 5.7).

Figure 5.7. Depolarizations trigger a Ca influx.

Eggs were first injected with calcium green (10 -20  pMJ. TIhese eggs were then impaled and 
voltage clamped in ASW where they were subjected to a 50)0 ms step depolarization from a 
holding potential of -80 mV to -30 mV. This clearly results im an increased fluorescence at the 
periphery of the egg. The inset shows the inward current eliciited by this type of depolarization. 
The peak inward current from this egg measured 1.2 nA.

These experimental findings together might imply 

that, by default, thimerosal must be affecting a release mechanism distinct 

from the InsPg receptor since repeated depolarizations can activate heparin 

loaded egg. The following experiments attempt to aiddress this question.
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5.6 Thimerosal may not act through either the InsP  ̂or ryanodine 

receptors.

To show how thimerosal might be acting I returned to the first observation 

- spontaneous release of Ca'*"*'| induced by bathing in 1 mM thimerosal ASW. If 

thimerosal has a clear effect on either the InsP^ or ryanodine receptors then 

either heparin or ruthenium red might be expected to alter this spontaneous 

release. In table 5.5 the summarized form of the experiments with these inhibitors 

clearly shows that neither RR nor heparin or even both together had any 

significant inhibitory effects on the peak height of the Ca'^’̂ j transient.

Table 5.5. The effects of heparin and RR on thimerosal induced activation.

Inhibitor Time to peak (min) Peak height (pM)

Heparin (250 pg/mlj 44 +/- 4.9 1.09 +/- 0.21 (4)

RR (50 pMi) 38 +/- 8.5 1.19 +/- 0.13 (4)

Heparin + RR 16 +/- 2.5 2.68 +/- 0.24 (4)

Eggs were first injected with fura2 (10 - 20 pMj). Each egg was either injected separately with 
RR or heparin giving the intracellular concentrations shown. Those eggs injected with both 
inhibitors were injected first with RR then after a few minutes with heparin. All eggs were then 
bathed in 1 mM thimerosal ASW for 60 minutes or until they activated. The results are shown 
as mean +/- SEM, with n in parenthesis. Control refrence values can be found in table 5.1. The 
_  increased peak height in the presence of ruthenium red and heparin is statistically significant.

Those eggs doubly injected and bathed in 1 mM thimerosal did not recover from 

the thimerosal induced Ca'*"'' release. They did however activate and so suggest 

that the spontaneous release of Ca'""''| induced by thimerosal is perhaps not 

mediated by either the InsP^ or ryanodine receptor. Perhaps there is a novel
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sufhydryl gated channel in the sea urchin egg. These data make interpretation 

of the following findings more difficult where the effects that thimerosal has at 

fertilization are shown.

5.7 Thimerosal shortens the latent period and time to peak at 

fertilization.

These data are interesting because two parameters of the fertilization 

response were altered, the latent period and time to peak as shown by the 

examples in figure 5.8 and in table 5.6. In table 5.6 the fertilization Ca''"''; 

transient is compared between thimerosal pretreated and control eggs (in italics).

Table 5.6. The effect of thimerosal on the fertilization calcium transient.

Ca"'"'"; at step (nM) Ca"'"''; at peak (pM)

67.8 +/- 9.1 (15) 1.76 +/- 0.17 (13)

44.4 +/- 6.8 (16) 1.60 +/- 0.10 (19)

Latent period (sec) Time to peak (sec)

19.23 +/- 1.65 (15)" 20.2 +/- 0.81 (15)"

26.50 +/-1.90 (22) 29.4 + / - 1.30 (31)

These data show the mean +/- SEM with n in parenthesis. Control fertilization is shown in italics 
and are taken from table 3.1. * denotes those results which were significantly changed from their 
control counterparts (students unpaired two tailed t test, p < 0.05 and 0.001). Each egg was 
injected with 10 nMj fura2 and bathed in 1 mM thimerosal ASW for 10 minutes prior to 
insemination at 16°C.

However, not all thimerosal bathed eggs when fertilized had a defined latent
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period. One such trace is shown in figure 5.8.
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Figure 5.8. The latent period in a thimerosal bathed egg.
In the top part of the figure a control fertilization (shown by the solid line) is compared with the 
type of fertilization response that occurs after eggs are pretreated with 1 mM thimerosal for 10 
minutes (shown by the broken line). To show the effect thimerosal has on the latent period more 
clearly each trace has been expanded and as shown. The top one of these represents the control 
fertilization. The bottom two the thimerosal pretreated eggs. In the thimerosal eggs there is on 
occasion no latent period (around 35% of the time). One example of this is shown in the lowest 
part of the figure. These data are summarized in table 5.6.
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Previously it has been suggested that InsP^ was at the heart of both the generation 

and propagation of the wave at fertilization (Swann and Whitaker, 1989). 

The first indication that these two events may be separable in the sea urchin came 

through the use of heparin by Crossley et al., (1991). They showed that heparin, 

although increasing the duration of the latent period, had little effect on the peak 

height of the Ca"'"*'̂  transient at fertilization. Thimerosal on the other hand 

shortens both the latent period and the time to peak significantly {p < 0.05 and 

0.001 respectively). The greatest effect seems to be on the time to peak which is 

different even at the 0 . 0 0 1  level while the latent period is just significantly 

different using 95% confidence limits. Figure 5.8 shows the Ca"*"*", profile at 

fertilization in a control and thimerosal ASW bathed egg. For clarity the scale has 

been expanded to reveal the small increase in Ca‘'"*‘j which signifies the beginning 

of the latent period. In a number of cases (35%) no detectible small increase in 

Ca‘‘"''j was present although the main fertilization wave was still present. The two 

types of response are shown in figure 5.8. In those cases where there was a 

distinctive latent periods the duration was shorter than normal (19 versus 26.5 

seconds). The rate of rise (which reflects propagation of the wave) is reduced 

from 29 to 20 seconds.

One possibility is that thimerosal inhibits the ability of the Ca^^-ATPase, 

but as can be seen from the data in figure 5.8 the Ca"*"*" comes down if anything 

faster than the control egg. This is a general feature of thimerosal pretreated 

eggs and would tend to rule out an effect on a Ca^^-ATPase. Another possibility 

is that thimerosal produces these effects through its effects on the InsPg receptor. 

This apparent sensitization of the InsP^ receptor could come about through a 

sensitization to CICR. If thimerosal sensitizes a novel Ca"*"̂  release channel to 

some form of CICR this would explain the observed phenomenon.

Before leaving the subject of the redox state of the cell and its possible 

involvement in intracellular Ca"*"*" activities as revealed partly by thimerosal I was 

interested if the other sulfhydryl oxidized glutathione would give similar results.
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5.8 The effects of oxidized glutathione in sea urchins

This sulfhydryl reagent has been shown to much like thimerosal and 

enhance the release of spontaneous release of Ca'*"̂  which seems to be mediated 

through the InsPg receptor because of its sensitivity to heparin (Missiaen et al., 

1991). In sea urchins 200 pM; oxidized glutathione (GSSG) and not the reduced 

form (GSH) resulted in the release of Ca'*"*’ when injected [(figure 5.9 (a)]. The 

release of Ca'*"''| in response to 500 pMj GSSG was inhibited by 250 pg/ml^ 

heparin [fig. 5.9 (b)].
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Figure 5.9. The effects of oxidized glutathione injection in sea urchins.
(a) Eggs were first injected with fura2 (10-20 pMj) then with 0.1% 200 mM GSH or GSSG, n =  
3. (b) Eggs were coinjected with fura2 and heparin giving 10 pM, and 250 pg/ml, respectively 
or fora2 alone. These eggs were then injected with 0.1% 500 mM GSSG. The effects in the 
presence and absence of heparin are shown. These data are representative of 3 experiments.
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These data are also summarized in table 5.7.

Table 5.7 The effects of oxidized glutathione injection in sea urchin eggs.

Injection Peak height (pM J

0.2% 200 mM GSSG" 1.52 +/- 0.38 (4)

1 % 200 mM GSH" 0.54 +/- 0.10 (5)

0.1 % 500 mM GSSG*’ 1.67 +/- 0.30 (3)

0.1% 500 mM GSSG +

250 pg/ml heparin*’ 0.57 +/- 0.13 (4)

All these data represent mean +/- SEM, with n shown in parenthesis. Eggs were first injected 
with fura2 (10 - 20 pMj) before injection with 0.1% 200 mM GSSG or GSSG. A  similar number 
of eggs were first either coinjected with heparin/fura2 giving 250 pg/ml, heparin or 10 pM, fura2. 
These eggs were then injected with 0.1% 500 mM GSSG. Only those eggs loaded with heparin 
had an attenuated response. Because a t test is only valid when the standard deviations of the two 
samples being compared are equal I used a Mann-Whitney two sample one-tailed test for 
significance. Here the p value was calculated to be 0.0079“ and 0.029** and therefore the difference 
was significant.

These data show that not all sulfhydryls reagents work in the same way in 

the sea urchin since thimerosal was not sensitive to inhibition by heparin. They 

also show that the InsPg receptor may be regulated by sulfhydryls reagents such 

as GSSG.
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5.9 Summary.

These data show that thimerosal:

(i) Causes the activation of sea urchin eggs by releasing Ca'*"''̂ .

(ii) Activates sea urchin eggs in a manner consistent with its sulfhydryl 

oxidizing ability, probably by oxidizing proteins found inside the egg.

(iii) Increases the sensitivity to InsP^ about two fold.

(iv) Enhances some form of CICR in the unfertilized egg which may 

have bearing on both the duration of the latent period and the time to 

peak.

(v) Induces spontaneous activation that is not sensitive to inhibitors is 

of either the InsPg or ryanodine receptor (namely heparin and ruthenium 

red). Perhaps there is a novel sulfhydryl gated Ca'*"'' channel in the sea 

urchin egg.

And that the other sulfhydryl, oxidized glutathione releases Ca"’"*' from sea 

urchins through a heparin sensitive mechanism.
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Chapter 6

Confocal microscopy showing calcium at fertilization

6.1 Introduction.

I introduced the background to confocal microscopy in chapter two. Here 

I will show just how useful a tool it can be.

In this chapter I want mainly to address the process of calcium-induced 

calcium release (CICR), but I will also show data dealing with the topic of nuclear 

calcium transients. These are believed to occur in response to a rise in 

cytoplasmic Ca"̂ "̂  which somehow triggers a larger rise in nuclear Ca^^ in 

sympathetic neurons after depolarization (Hemandez-Cruz et al., 1990; Przywara 

et al., 1991) and in sea urchins at fertilization (Strieker et al., 1992). This chapter 

will present data showing the increase in nuclear Ca"*"̂ , and will determine if it is 

indeed larger than the cytosolic increase.

The main thrust of the chapter however will be to show what role CICR 

may have at fertilization. Recent evidence has begun to emerge showing firstly 

that injection of ryanodine (a specific agonist for the CICR receptor) activates sea 

urchin eggs (Galione et al., 1991; Sardet et al., 1992) and latterly that 

immunologically the ryanodine receptor is present in mature sea urchin egg, with 

a cortical enrichment that disappears after the Ca'*"*’ is raised to induce cortical 

granule exocytosis (McPherson et al., 1992). That the ER at the cortex is 

specialized in the sea urchin egg was shown by Terasaki et al., (1991), who stained 

the ER using the fluorescent probe dicarbocyanine injected into eggs in soyabean 

oil. CLSM of these eggs revealed lamellar sheets of ER in continuous motion
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only in the egg interior, while close to the plasma membrane a more diffuse 

network with an almost hexagonal array (less than 1  pm in diameter) was 

stationary. At fertilization the cortical ER was reported to undergo a 

reorganization in time with the Ca''"'' transient and recovered soon after. Both 

McPherson et al,. (1992) and Terasaki et al., (1991) results show that there may 

be a sub - plasma membrane specialization in sea urchins, which resembles the 

specialization found in skeletal muscle at the triads.

Skeletal muscle is thought to contract by a process of CICR, perhaps 

triggered by a voltage sensing mechanism mediated by the dihydropyridine

channel, which trigger the further release from the SR of bound Ca''"'' (Endo, 1977; 

Martanoshi, 1984). Because muscle cells are too big to act as a unit they have 

developed a specialized membrane invagination system called t tubules which 

carries action potentials deep into the muscle interior. Triads are those areas 

seen in section from electron microscopy where t tubules come in close contact 

with the sarcoplasmic reticulum. At these areas electron dense material seemingly 

spanning the intra-membranous gap between the plasma membrane derived t 

tubule and the sarcoplasmic reticulum, termed foot structures, is rich in the 

ryanodine receptor. Depolarizations carried by t tubules are believed to mediate 

muscle contraction by the concerted release of Ca''''''^ through CICR. 

Dihydropyridine sensitive Ca''"'' channels on the t tubule membrane, which are 

voltage gated, open through depolarization, resulting in the influx of Ca''"'' ions, 

which is thought to be a sufficient stimulus to induce CICR from the SR through 

the ryanodine receptor (Endo, 1977). Ryanodine receptors are thought to be 

involved for two main reasons, one that they function as Ca''"'' release channels 

in planar lipid bilayers (Imagawa et al., 1987; Hymel et al., 1988), and two that 

they have been morphologically identified with the foot structures of the triads 

(Inui et al., 1987; Saito et al., 1988).

This chapter will introduce results of experiments with the two relatively 

specific inhibitors, ruthenium red (RR) and heparin:
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RR is a large polycationic drug which inhibits both CICR and depolarization 

induced Ca"'"'’ release from isolated SR with an IC5 0  of 0.08 - 0.1 pM (Ohnishi et 

al., 1985) while in sea urchin homogenates 30 pM RR is required to inhibit the 

response to caffeine, ryanodine and cyclic ADP-ribose (Galione et al., 1991). I 

have used a similar concentration of RR as used by Galione and colleagues. 

Because of solubility constraints I prepared each sample of RR daily in injection 

buffer using the extinction coefficient given by Luft (1971) of 21,400 at 532 nm.

Heparin is a large sulphated mucopolysaccharide which is believed to interact with 

and thus competitively inhibit the InsPg receptor by virtue of its sulphation 

(Worley et al., 1987; HiU et al., 1987). Heparin (250 pg/ml) is a sufficient inhibitor 

of InsPg in sea urchins (Crossley et al., 1990), which given a mean heparin polymer 

weight of 4000 - 6000 daltons is 40 - 60 pM.

Heparin increased the latent period significantly at fertilization (Crossley, 

1990, thesis) but its effect on the propagation of the wave was less clear. This 

may have been hampered by polyspermy as noted by Crossley (1990, thesis) since 

this would give spurious results. Polyspermy is readily visible using CLSM since 

two wave-fronts can be seen approaching one-another given that they start far 

enough apart. I have therefore used CLSM to look at the propagation of the 

Ca'*"'' wave at fertilization after injection of eggs with either RR, heparin or both. 

I will present data on both the spherical wave and the main fertilization wave 

since both can be assayed for simultaneously.

Before proceeding with these experiments however I was keen to see if RR 

was effective in vivo, and if so at what concentration. To do this I assayed how 

effective it is at inhibiting the release of Ca"*"̂  in response to cADP-ribose. In sea 

urchin homogenates cADP-ribose, ryanodine and caffeine all induce a Ca"*""" 

release which is specifically blocked by RR (30 pM) and not heparin (300 pg/ml), 

and that InsP^ induced Ca’*"*' release is only blocked by heparin at the same 

concentration (Galione et al., 1991). cADP-ribose was first isolated by Clapper 

et al., (1987) from sea urchin homogenates as a novel Ca'’"*' releasing agent.
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cADP-ribose has subsequently been shown to have an EC 5 0  of 18 nM in sea 

urchin homogenates, seven times more potent than InsPg (Lee and Aarhus, 1991; 

Lee, 1991). I have therefore tested the effectiveness of RR in inhibiting the in 

vivo release of Ca'*"'' by cADP-ribose.

6.2 Ruthenium red and cyclic-ADP ribose.

Since ruthenium red (30 pM), and not heparin (250 pg/ml), has previously 

been shown to inhibit the cADP-ribose induced Ca^^ release firom sea urchin 

homogenates (Galione et al., 1991) the conclusion drawn from these data was that 

cADP-ribose was operating through the ryanodine channel. I have used slightly 

more RR, 50 pM  ̂ and shown that the effect is the same in vivo, that only the 

release of Ca'‘"‘’i in response to cADP-ribose and not InsPg is inhibited by RR. 

These data are summarized in table 6.1 and shown in figures 6.1(a) and 6.1(b).

Table 6.1. The effects of either RR or heparin on cADP-ribose and InsPg induced 

Ca"*"*" release.

250 pg/ml heparin 50 p M R R

Injection Ca‘‘"̂ i Peak height (pM) Ca''"^i Peak height (pM)

InsPg (40 nMj) 0.15 +/- 0.03 (3) 1.29 +/- 0.32 (5)

cADP-ribose (40 nMJ 1.03 +/- 0.18 (3) 0.25 +/- 0.04 (4)

Each egg was either injected with RR or heparin at the concentrations shown before injection 
with cADP- ribose or hi&Pg. RR significantly reduced the peak height of the cADP-ribose induced 
Cb++j release (g < 0.029, one tailed Mann - Whitney unpaired two sample test) without 
significantly altering the response to InsPg. Heparin does the opposite, and only alters the 
response to InsP,. Neither heparin nor ruthenium red statistically reduced the peak heights of InsP̂  

of cADPr induced Ca^ ĵ release resectively (Mann-Whitney U test,/? > 0.35 and 0.25 respectively).
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Figure 6.1 RR specifically inhibits cADP-ribose induced Ca''"*’ release.
Eggs were injected with fura2 (10 pM;) then RR (50 ^Mj) or heparin (250 pg/ml;). Cross 
inhibition experiments in the same egg were then performed in all but one experiment where an 
InsP) injection was not followed by a cADP-ribose injection, (a) RR loaded eggs were then 
injected with cADP-ribose (40 nM, n=4) at the first arrow, then InsP) (40 nM, n=5). (b) Heparin 
loaded eggs were then injected with InsP) (40 nM, n=3) then cADP-ribose (40 nM, n=3).
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These data show that RR inhibits only the Ca^^ released in response to cADP- 

ribose injection and that heparin only inhibits InsPg. The next set of data will 

show the effects RR and heparin have at fertilization.

6.3 The effects of RR at fertilization.

Figure 6.2 (a) shows a control fertilization Ca^^, wave as seen by CLSM

Figure 6.2 (a). A confocal view of fertilization.

This egg was injected with calcium green (10 - 20 pM;). It was later inseminated using a low 
sperm density. The twelve images shown represent the increase in fluorescent emission from 
single eggs. They have been ratioed by the first image. The time between frames is 3.3 seconds. 
This experiment is one of nine similar experiments. There remains the possibility that altough 
the wave propagates through all the cytoplasm that it propagates faster cortically.

121



The wave propagates at around 4 pmsec'^ and so takes about 25 seconds to cross 

the egg given an average egg diameter of around 100 pm. Here I will present the 

same kind of data in an attempt to show what affect, if any, heparin and RR have 

as inhibitors of the fertilization Ca'*"'' transient. Having established that both RR 

(50 pMi) and heparin (250 pg/ml) are effective at inhibiting both cADP-ribose and 

Ins? 3  induced Ca'*"'' release respectively, I have used both inhibitors at these 

concentrations to look at their affects at fertilization. I will present data obtained 

with either fura2 or calcium green. These data will show what effect either RR 

or heparin have on the fertilization wave using both whole cell and confocal Ca''"''^ 

measurements. Firstly from whole cell fura2 fluorescent emission the kinetics of 

the Ca'*"'' wave are not altered much by RR. These data are shown in figure 6.2 

(b) and in table 6 .2 .
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Figure 6.2 (b). The effect of RR on the fertilization Ca'*"'' wave using whole cell 

Ca' '̂*' measurements.
Eggs were injected with fura2 (10 jiMj) before injection with RR (50 nMj). The eggs were then 
inseminated using a low sperm density. This experiment shows the result of five such experiments, 
together with a control fertilization (n = 4). The error bars represent the SEM’s. TTiere is no 
obvious change in any of the kinetic parameters. These data are also shown in table 6.2.
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Table 6.2 also shows the effect of RR and heparin and RR together which will be 

dealt with later in this chapter in greater detail. These data suggest that at this 

concentration RR has little effect at fertilization as viewed by a whole cell 

fluorescent collection system.

Table 6.2. The effects of RR and heparin on the fertilization Ca j wave

Conditions Time to peak (sec) Peak height (pM)

Control 29.4 +/- 1.3 (4) 1.50 +/- 0.05 (4)

RR 28.0 +/- 2.3 (5) 1.30 +/- 0.18 (5)

Heparin 31.2 -b/- 3.9 (6 ) 1.44 -b/- 0.14 (6 )

RR & heparin 32.7 -b/- 3.7 (5) 0.80 +/- 0.10 (5)

These data were obtained by using fura2 (10 nMj) and a whole cell Ca^* imaging system. They 
are shown together with the SEM, n is shown in parenthesis.

These data resemble what is shown from confocal microscopy - that a wave still 

propagated across the egg [see figure 6.2 (c)]. The clear inference here is that 

RR has little or no inhibitory effect at fertilization at concentrations which inhibit 

cADP-ribose induced Ca"""*"̂  release in vivo.

It has previously been shown that heparin is without a significant 

inhibitory effect also (Crossley et al., 1990). This finding is confirmed and shown 

in the next section.
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Figure 6.2 (c). A confocal view of RR’s effects at fertilization.

Each egg was first injected with calcium green (10-20 pMJ then RR (50 The eggs were
inseminated using a low sperm density. The images shown were collected and treated in an 
identical way to those in figure 6.3. These data represent six individual experiments.

6.4 The effects of heparin at fertilization.

Heparin has been substituted for RR, but in every other respect the 

experiments here are identical with those shown in section 6.4. Eggs for whole 

cell Ca^^ measurements were co-injected with heparin and fura2 giving 250 pg/mlj 

and 10 pM fura2, respectively. The averaged data is shown in figure 6.3 (a).
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Figure 63  (a). The effect of heparin on the fertilization Ca"̂ "̂  wave using whole 

cell Ca"'"'' measurements.
Eggs were co-injected with heparin and fura2 (250 Mg/mlj and 10 pMj respectively). They were 
then inseminated using a low sperm density. The data shown reveal that heparin does not 
significantly alter the duration of the time to peak. Even though a low sperm density was used 
later examination of these eggs revealed only one monospermic, two dispermic and remainder with 
3 or more sperm (using 1 pg/ml Hoechst 33342 to stain the DNA). These data represent those 
data shown in table 6.2 here averaged together with the error bars showing the SEM’s.

In figure 6.3 (a) the data shows the response at fertilization after injection with 

250 pg/mlj heparin together with a control fertilization. All these data are shown 

together in table 6.2. These data suggest that heparin, like RR has no effect on 

the Ca' '̂^i wave at fertilization as seen by whole cell Ca"*"̂  imaging. Confocal 

microscopy also shows largely the same result, that the Ca'’"*'} wave still propagates 

across the egg as one would expect, as shown in figure 6.3 (b). Heparin, then, 

seems much like RR since it has little effect at fertilization at a concentration 

sufficient to alter the sensitivity to InsP^ twenty times (Crossley et al., 1990). This 

implies that either the concentration of InsPg is relatively high during wave 

propagation or that other propagation mechanisms exist.
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Figure 6 3  (b). A  confocal view of the effects o f heparin at fertilization.

Each egg was first injected with calcium green (50 followed by heparin (250 pg/mf). They
were then inseminated using a low sperm density. The images were again collected and analyzed 
as in figure 6.2 (a). These data are representative of five individual experiments.

O ne other possibility is that there is som e form of interplay between both 

receptors and that the wave propagates through a combination of both. O ne  

might expect if this is the case that wave propagation would be less in the 

presence o f both inhibitors.
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6.5 The combined effects of RR and heparin at fertilization.

Both whole cell Ca''"'’ imaging and confocal microscopy were again used 

independently to reveal the kinetics of the fertilization Ca'*"*' wave this time using 

both RR and heparin. Eggs were first injected with the fluorescent dye followed 

by RR then heparin. After a period of around three minutes the eggs were 

inseminated with a low sperm density. The furaZ data shows that when both 

inhibitors are used together the peak height of the Ca'*"'’ transient is significantly 

smaller than normal (0.80 pMj versus 1.50 pMj, students two tailed unpaired t test, 

p < 0 .0 0 1 ), and that the rate of rise is markedly reduced.
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Figure 6.4 (a) The combined effect of RR and heparin on the whole cell 

fertilization Ca"""̂  wave.
Each egg was first injected with fura2 (10 mMj) followed by injection with RR (50 pMj) and 
heparin (250 kig/ml). The eggs were inseminated using a low sperm density. Shown for 
comparison is a normal fertilization. The data shown here represents the five individual 
experiments summarized in table 6.2.
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These data do indeed suggest that both RR and heparin reduce the amount of 

Ca^^ released at fertilization more than either alone, implying some form of 

synergy. To show not only the temporal aspects of the Ca '̂̂ j increase but also the 

spatial characteristics I used CLSM. The experiment was again identical in every 

respect but that calcium green was injected in place of furaZ. The results of these 

experiments mirrored the furaZ data showing that the Ca+^ no longer propagated 

across the egg properly. There was still a Ca'^ ĵ increase which showed that the 

egg remained receptive to sperm. Figure 6.4 (b) show the effect of these 

inhibitors as revealed by confocal microscopy.

Figure 6.4 (b) The combined effects of RR and heparin as revealed by CLSM.

Each egg was first injected with calcium green (10 - 20 followed by RR (50 and 
heparin (250 ^g/mf). The eggs were inseminated using a low sperm density. The data shown was 
again collected and processed as before. The wave propagation has been markedly altered by both 
inhibitors. These data are representative of five individual experiments.
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These data complement the fura2 data and show that the combined effects of RR 

and heparin are greater than the effects of either alone.

A summarized form of all the data presented so far which deals with the 

wave (both whole cell and confocal images) is shown in figures 6.5 and 6 .6 . In 

figure 6.5 the whole cell fura2 data is shown on an expanded scale to emphasize 

the effect on the time to peak.
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Figure 6.5. Summary of the whole cell Ca^^ data.
These are the same data already presented but are here shown together on an ecpanded scale. 
The arrow marks where the waves were normalized to one another.

The summarized form of the confocal data largely mimic what the fura2 data 

reveals-that there is some form of synergy between the inhibitors (fig. 6 .6 ). These 

data therefore imply a role for both InsPg and the ryanodine receptor at 

fertilization during wave propagation.
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Figure 6 .6 . Summarized form of the confocal data.

Shown are the control, RR, heparin and both together. This figure shows clearly the effect of 
both inhibitors at fertilization is substantial.

Before leaving the subject of the Ca , wave I want to finish by showing another 

useful application of the confocal microscope - to reveal the nuclear signals.

6 . 6  The nuclear calcium  signal.

The nuclear signal at fertilization can be shown very simply by scanning an 

egg in one plane (which contains the nucleus) and fertilizing it. Having injected 

calcium green the nuclear signal both at rest and throughout the experiment does
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seem larger than the cytoplasmic signal. However after ratioing (using the first 

unfertilized image as the denominator) the signal a different picture emerges, 

where there in no greater signal around or in the nucleus than in the surrounding 

cytoplasm. Indeed if anything the nuclear Ca^^ signal either lags behind the 

cytoplasmic one or simply reflects it. That the raw data are very deceptive and 

indeed show increased nuclear Ca^^ is shown quite clearly by the example in 

figure 6.7. Here both the raw data and the ratioed data are shown. One 

explanation for the increased nuclear signal is a dye localization artifact.

Figure 6.7. The nuclear calcium mimics the cytoplasmic calcium.

This egg was injected with 10 calcium green and inseminated shortly after. The images 
represent both the raw and ratioed data, and show clearly that there is no increased nuclear signal 
in the ratio. This is representative of 16 experiments.
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6.7 Summary.

Two main sets of data described in this chapter are:

(i) that during a typical fertilization the propagation of the main Ca' '̂^ 

wave involves both InsPg and ryanodine receptors, and

(iii) that the nuclear Ca'*"*' level is similar to the cytoplasmic Ca’’"'' level 

during the Ca"*"̂ ! wave.

Finally, the inability of both heparin and RR to completely block 

fertilization suggest that there may be another Ca'*"''; release mechanism 

in the sea urchin egg.
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Chapter 7

Discussion

7.1 Introduction

The main theme of this thesis has been how the fertilization Ca"'"''| wave 

is both initiated by the sperm and how that wave propagates across the egg. We 

have however encountered some other aspects of Ca'̂ '*'j increases such as a 

spherical Ca' '̂"', wave, the second phase of inward current and the nuclear Ca"̂ "̂  

increase. This discussion will be structured in such a way that I will begin by 

addressing these peripheral topics and end by discussing the generation and 

propagation mechanisms in full. First however, I want to compare and contrast 

the findings from a whole cell fluorescent collection system and confocal 

microscopy.

7.2 Comparing the confocal and whole cell data.

There is a clear discrepancy in the timing of the various events as viewed 

by the confocal and whole cell collection system. From confocal microscopy the 

latent period is on average 13 seconds while from the whole cell Ca'*"̂  

measurements the latent period is measured at around 25 seconds. Where might 

the reasons for this difference lie? One possibility lies in the different dyes 

employed while another is in the mode of collecting the data. It is fairly clear that 

the different dyes do not account for the observed discrepancies since whole cell 

imaging using calcium green gives a profile much like fura2  [with a latent period 

of 22.3 +/- 2.2 seconds (mean +/- SEM, n=3)]. The differences may therefore
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lie in the method of collection: confocal versus whole cell fluorescent collection. 

One way of showing this is to create a model which mimics Ca''"*’} changes at 

fertilization. The following discussion will show that the latent periods are likely 

to be different due to resolution differences between the confocal microscope and 

the whole cell collection system. To show this a simple volume model has been 

created. This mimics both a spherically propagating wave (the wave triggered by 

Ca''"'’ influx which may propagate during the latent period) and a wave 

propagating from a point source (the fertilization wave). A spherically 

propagating wave will simply occupy the volume of an increasing spherical shell. 

A wave propagating from a point source will occupy a more complex volume - 

equal to two spherical caps. The wavefront has been assumed to travel at 

constant velocity of around 4 pm/sec. The increasing volume of a these caps can 

be calculated. The method used to calculate the volume of these two spherical 

caps is shown in figure 7.1.

o rig in  (^ e rm i

dxcap 1 PM
cap 2

a-dx

egg centre

Figure 7.1. A model based on spherical caps.

Two spherical caps are shown here bisected with a line. Cap 1 has a radius, rl, of 50 (equal to 
the egg radius) and h (dx) given by a^/2rl. Cap 2 has radius equal to a and h equal to a-dx. Given 
that the volume of a spherical cap is Tih (̂3r-h)/3 and assuming a constant rate of propagation the 
volume occupied as time passes will increase, eventually equalling the egg volume. TTiis is shown 
in figure 7.3.
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A combination of both the spherical wave and the wave originating from a point 

source [scaled to give a representation of the Ca’’"''} each will contain (eg. 50 nM 

versus 1 pM)] is shown in figure 7.2. This model is compared with the confocal 

data. Here the intensity data from four individual experiments is compared and 

the average is plotted versus the model.
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Figure 7.2. A simple model of the Ca’’"'*’! waves at fertilization.

The y axis represents % egg volume occupied or ratio, and the x axis represents time in seconds. 
This model fits the data most faithfully at a constant velocity of 4 ^m/sec. To mimic a small 
spherically symmetrical wave the increasing volume occupied by a shell increasing at constant 
velocity of 4 ^mi/sec and therefore reaching the interior of the egg in 12.5 seconds is shown. To 
mimic the main Cb++ wave the volume occupied by two spherical caps is shown. This is similar 
to the results from the model of Kacser (1955).

This plot mimics the confocal data. How does this type of analysis help in 

showing where the discrepancies in the timing of the latent periods lie? In figure 

7.3 this question is addressed. Here the volume occupied only by the main 

fertilization wave as it propagates across the egg at constant velocity is shown in
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schematic eggs.
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Figure 73. The volume occupied by the fertilization Ca wave.

Here only the volume occupied by the spherical caps wave is shown. The wave is shown 
propagating at 4 pm/sec taking 25 sec to cross the 100 urn diameter egg. Extrapolation from this 
plot shows the time (and therefore distance assuming 4 um/sec) it would take the wave to occupy 
either 5, 50 or 95% of the egg volume. Each case is represented in a schematic egg.

Assuming the fertilization Ca' '̂^j wave has a free Ca"*"̂  concentration of around 

1  pM it would only become detectible in a whole cell fura2 based fluorescent 

collection system when its volume is 5% of the egg’s volume (or 25 pi giving 2.5
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X 10'^  ̂ moles of Ca++). This is based on the finding that from the fura2 data 

(where it is clear that the sensitivity of the system is set at around 50 nMj, which 

given a cell volume of 500 pi is equivalent to 2.5 x 10'^  ̂ moles of Ca++). 

Extrapolation from figure 7.3 shows that it would take 6-7 seconds for such a 

locally propagating wave to fill 5% of the egg volume. Thus, the whole cell fura2 

fluorescent system will overestimate the latent period because of the limits of 

detection. From this type of analysis it is clear that the differences in the latent 

periods can be explained. The model presented in figure 7.2 also suggests that 

it is possible that a small spherically symmetrical Ca'""''| wave could account for the 

increase in basal Ca'*"''; throughout the duration of the latent period.

7.3 A spherical wave?

Fertilization in sea urchins is marked by a depolarization (Jaffe, 1976; 

Chambers and De Armendi, 1979). Given that unfertilized eggs fire an action 

potential in response to current injection and that the major ion carrying this 

current is Ca''"'' (Chambers and De Armendi, 1979; David et al., 1988) the sperm 

induced depolarization should open those same voltage gated Ca''"'' channels. 

One consequence of this will be an influx of Ca''"'' ions into the egg at fertilization. 

Confocal microscopy reveals this influx showing an increased band of fluorescence 

just under the plasma membrane both at fertilization and after a step 

depolarization [figure 3.2 (a & c)]. From whole cell Ca''"'' imaging this is also 

visible as a step increase in Ca''"*'; of around 50 nM; about 25 seconds before the 

main fertilization Ca''"''; wave begins (figure 3.1). Also from whole cell Ca''"'' 

imaging it is clear that there is a sustained increase in basal Ca''"'"; throughout the 

latent period. This is reflected by the confocal data which shows that following 

the initial increase in Ca''"''; at the plasma membrane there is a later increase 

throughout the egg. Analysis of the data presented in figure 3.2(a) shows that the 

C a c o n t i n u e s  to remain at an elevated level at the egg periphery some 14 

seconds after depolarization, and increases at distances from the plasma 

membrane [shown in figure 3.2(b)].
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One question I have tried to answer is what phenomenon contributes 

towards this small later increase. Two possibilities explanations exist - that it is 

due to diffusion from the plasma membrane into the egg interior or that the 

Ca' '̂^i propagates into the egg interior as a wave.

A model showing the spatio-temporal aspects of Ca‘‘"‘'j diffusion following 

voltage gated entry of Ca' '̂^ ions into a 40 pm diameter spherical cell [after a step 

depolarization of 100 ms (Sala and Hemandez-Cruz, 1990)] faithfully mimics the 

experimental observation from the 40 pm diameter bullfrog sympathetic neuron 

(Hernandez-Cruz et al., 1990). Both the model and the experimental findings 

show that the concentration near the plasma membrane are initially high. 

Within 300 milliseconds the Ca‘‘"''i has travelled 20 pm through a diffusion based 

process. This is followed by a period of slow buffering where the Ca"’"*'} ion 

concentration falls. This is likely to be due to the action of Ca^^-ATPases of the 

endoplasmic reticulum. Basal levels are returned 6 - 8  seconds after the 100 ms 

depolarization. The important point to note is that both the model and the 

experimental findings show that there is initially a concentration gradient of Ca' '̂^i 

highest at the plasma membrane. The Ca'^^j profile through the cell with time 

shows that after 1 second the level of Ca'*"'' near the plasma membrane has 

decreased due to a redistribution of that Ca‘'"''i through diffusion resulting in an 

increase in basal Ca'‘"''j which decreases in the next 6 - 8  seconds. There is never 

a situation where the Ca'""''| remains elevated in a sustained fashion as it does in 

the sea urchin, where from figures 3.2(b) and 3.2(e) it is clearly does.

Sea urchins have voltage gated Ca'*"'' channels (David et al., 1988). David 

et al., (1988) went onto characterize this transient inward current. They showed 

that depolarization of eggs results in a transient inward current (maximal at -35 

to -25 mV giving 0.54 4-/- 0.35 nA, mean +/- SD) which is carried by calcium, 

barium and strontium ions. The amplitude was reduced by 10-20 mM cobalt and 

200-500 pM gadolinium ions in the presence of calcium. The effects of the 

lanthanides are characteristics of a voltage gated Ca'’"*' channel (Bourne and 

Trifaro, 1982). This inward current was either completely or almost completely
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inactivated after 100 ms. In chapter 3 I showed data confirming that at 

fertilization there is indeed a Ca'̂ "'" entry which is inhibited by 150 pM diltiazem 

and could be evoked by a 50 mV depolarizing step to -30 mV. At fertilization it 

is likely that such a transient opening of this voltage gated Ca'*"*' channel occurs. 

This may make comparison with the model of Sala and Hemandez-Cruz (1990) 

and their experimental findings where a 1 0 0  ms step depolarization is applied 

(Hernandez et al., 1990) a valid one . In sea urchins the spatial profile is much 

different from what is predicted by their model and experimental findings. If this 

is indeed a small wave how might it propagate? Accumulating data shows that 

the sea urchin plasma membrane and underlying ER are specialized (Terasaki et 

al., 1991; McPherson et al., 1992). This specialization is remarkably similar to the 

situation in skeletal muscle. In both cases the plasma membrane and underlying 

reticulum come within nanometres of each other (Terasaki et al., 1991; 

Martonoshi 1984) and both have ryanodine channels clustered around this area 

(McPherson et al., 1992; Fleischer et al., 1985; Inui et al., 1987). From the data 

presented in chapter 3 it was clear that neither heparin nor ruthenium red 

reduced the small sustained increase in C a A n  argument can therefore be 

made for a process independent of either InsP^ or ryanodine receptor. Perhaps 

there is yet another Ca^^ release mechanism in the sea urchin. This theme will 

be developed later in this discussion where the results of cGMP, thimerosal and 

the main fertilization wave are addressed. I now want to move away from this 

question since there is at present no satisfactory explanation for the observed 

phenomenon and ask instead what function might such a wave have?

One function could be to sensitize the egg’s Ca'*"'' release mechanisms and 

so perhaps decrease either the latent period or the propagation velocity of the 

main Ca''"*' wave. From the data presented in chapter 3 this doesn’t seem to be 

the case since eggs held at -30 mV and fertilized had a normal latent period. 

However, it is quite clear that the latent period measured by whole cell 

fluorescent techniques does not reflect the true latent period. The problem being 

one of resolution. For this reason the earliest Ca'*"*' events will go undetected. 

Bearing this in mind the results presented in chapter 3 using the whole cell
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fluorescent collection system do relate to each other, and so one should be able 

to infer that the latent period is unaltered by inactivating the voltage gated Ca' '̂*' 

influx. What other function might such a sustained early increase in Ca'^’̂ j have? 

Another possibility is that it could be tied into the fast block to polyspermy. No 

results addressing this have been presented but one piece of evidence in favour 

of this is that eggs may have a Ca^^^ activated monovalent cation conductance 

which depolarizes the egg (as inferred from chapter 3). So, as the Ca"'"''; 

concentration under the plasma membrane increases and stays high there may be 

a stimulated conductance. This is however also unlikely, given that the internal 

Ca"̂ "̂  increase has to be greater than around 200 nM for any detectible activation 

of the second phase of inward current (see chapter 3). Indeed, this 200 nMj Ca"̂ "̂  

increase over basal is likely to reflect a much higher local concentration, which 

make it even more unlikely that the small spherical Ca'*"'' wave would reach 

sufficient magnitude to activate this conductance change. A local increase in 

200 nM as seen by the whole cell fluorescent system in conjunction with fura2 

will represent a much higher local increase in Ca'*"''|. To show this more clearly 

compare figure 6.2(a)-page 121 with figure 3.1-page 56. The confocal images 

(figure 6.2(a)) clearly show that the local C a i s  high.

7.4 A Ca \  activated conductance follows the main fertilization 

Ca \  wave.

In chapter 3 I also presented data regarding the second phase of inward 

conductance that appears around 30 seconds after 4^. It was possible to measure 

both the membrane currents and Ca'*"''| through a combination of 

electrophysiology and intracellular Ca'*"*' measurements in the same egg. 

Previously it had been inferred that there was indeed a Ca'""''| activated 

monovalent cation conductance and that this conductance was equivalent to the 

second phase of conductance at fertilization. This activation potential is here 

defined as the Ca'*"*'; activated second phase of inward current which can be 

activated by Ca'*"*' ionophores (Steinhardt and Epel, 1974; David et al., 1988). For 

clarity I will use the terms first used by Steinhardt et al., (1971) in current clamped
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eggs and subsequently defined by Chambers and colleagues in voltage clamped 

eggs - called phases 1, 2, and 3. These are defined extensively at the beginning 

of chapter 3.

To recap, the first of these phases corresponds to the inward current 

flowing through the sperm membrane which through fusion becomes part of the 

egg membrane at 7̂  ̂ (McCulloh and Chambers, 1992). The second phase of 

inward current begins at a point of inflection where the inward current increases 

again (Lynn et al., 1988). The third phase corresponds to the time from the peak 

inward current (which occurs during phase 2) to a value 10 % of that peak (Lynn 

et al., 1988). Following this there is a further phase of conductance where the 

permeability to increases and the egg depolarizes (Shen and Steinhardt, 1980).

The data presented in chapter 3 concerns the second phase of 

conductance. The major ions mediating the conductance change here are Na'*' 

(Chambers and De Armendi, 1979) and (Obata and Kuroda, 1987). This 

second phase of inward current probably crosses the egg as a circular band 

(McCulloh and Chambers, 1991). These data are confirmed by the results 

presented here where the Ca"*"̂  clearly increases before the second phase of 

inward current begins. Indeed, the mean Ca‘‘"''j level increases by more than 200 

nM before phase 2 begins. Moreover, inhibiting (almost completely) the increase 

in Ca' '̂^i abolishes the second phase of inward current (figure 3.4). It is clear then 

that an increase in Ca’’"’"} is necessary for the development of the second phase 

of inward current. These data sit well with the idea that a Ca"*"""̂  activated 

monovalent cation conductance comprises the second phase of inward current. 

There may also be some contribution from cortical granule exocytosis which in 

S.purpuratus begins 30 seconds after 7̂  ̂(Jaffe et al., 1978). This is unlikely given 

that sea urchin eggs fertilized in high osmotic strength medium (which prevents 

cortical granule exocytosis) have a normal fertilization potential - which is an 

indication that the second phase of inward current has not been abolished 

(Zimmerberg and Whitaker, 1985). These Ca’*"''} activated monovalent cation 

channels should then open as the wave of travels through the egg interior,
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as hinted at by McCulloh and Chambers (1991). If these channels are not open 

very long the conductance will spread as a band from the point of sperm entry 

(McCulloh and Chambers, 1991). The peak inward current might be equivalent 

to the point where the band of increased conductance reaches the equator. This 

second phase of inward current will in normal circumstances maintain the egg at 

positive membrane potentials (David et al., 1988). If for some reason fertilization 

envelope either fails or is late it would be expected to reduce the frequency of 

sperm egg fusion and hence polyspermy.

7.5 The nuclear signal.

In the last few years the topic of nuclear Ca' '̂*' and gene expression has 

emerged based largely from data which suggests that intranuclear Ca^^ increases 

are greater than and of longer duration than cytoplasmic Ca"̂ "*" increase after 

depolarization of excitable cells (Hemandez-Cruz et al., 1990; Przywara et al.,

1991). CICR has been proposed as the mechanism behind this. Similar data has 

been presented for the sea urchin, where at fertilization the nuclear Ca''"*' level 

rises higher than the cytoplasmic levels (Strieker et al., 1992). Data presented in 

this thesis has shown that the nuclear Ca''"'' level does indeed increase at 

fertilization, thus confirming the results of Strieker et al., (1992). Here however 

the similarity in the finding ends. Analysis of the data (using a ratio) presented 

towards the end of chapter 6  shows that the intranuclear Ca"'"'' mimics the 

cytoplasmic signal and that there is no increased nuclear signal. Where might the 

reasons for this difference lie? One possibility is that the previous study presented 

raw data analysis. From the raw data it is quite clear that the nuclear Ca''"'' signal 

increases more than the cytoplasmic signal. However, this is an optical illusion 

since the ratio (which shows the small spherical influx clearly thus showing that 

sensitivity is retained) shows that the increase in nuclear Ca'*"'' only mimics the 

cytoplasmic Ca''"'' increase. Only in eggs where there is very little movement 

between scans is such a ratio possible since a small movement will create a large 

artifact. Having analyzed several experiments this is often the case and is
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depicted by the gradual appearance of a crescent shaped moon on either side of 

the nucleus. However, occasionally there was no movement between images as 

evidenced by the image depicted in figure 6.7. These data therefore show that the 

nuclear Ca"̂ "̂  mimics the cytoplasmic Ca^^. Recent experiments with Carroll and 

Swann (personal communication) on mouse oocytes where the oscillated

during maturation also reported increases in nuclear Ca"*"*" over cytoplasmic Ca'*"*'. 

This was however only true when the ester form of fluol was used. Use of the 

free acid injected into oocytes showed that the nuclear Ca'*"*' mimicked the 

cytoplasmic Ca'*"*'. This calls into question the validity of the earlier data which 

used the acetoxymethyl ester coupled indol. Perhaps, as seems to be the case for 

mouse oocytes, there would be no increase if the free acid were used. In 

conclusion, it is clear that the nucleus is freely permeable to Ca'*"*' ions. It is also 

clear that caution must be taken when measuring the nuclear Ca'*"*' levels.

Having discussed some of the peripheral issues touched upon in this thesis 

I want now to turn to both the generation and the propagation of the main Ca'*"*'; 

wave. To begin I will cover the experiments presented in chapter 4 which deal 

with one possible mechanism of generation.

7.6 Generating the signal during the latent period.

One of the major unanswered questions about fertilization has been how 

does sperm initiate the first increase in Ca'*"*'; at the site of sperm-egg fusion. In 

the sea urchin there are many possible activating substances to choose from. In 

chapter 1 some of the reasons against both the direct injection of InsPg by sperm 

as a mechanism of activation or the stimulated production of InsPg by the sperm 

through the hydrolysis of egg PIPj by either sperm or egg phosphoinositidase C 

were presented. These data also make it difficult to accept one model of 

activation - the G-protein model proposed by Laurinda Jaffe et al., (1988), since 

a central feature of this model is the sperm induced activation of egg 

phosphoinositidase C. Because of these data I have favoured the sperm factor
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model (Swann and Whitaker, 1990). Before discussing the merits of each 

candidate activator on its own I want to make it clear that none alone faithfully 

mimics sperm. Perhaps fertilization does not rely on one sole activating 

messenger but on a cocktail.

(A) InsPj as the messenger.

If the sperm does activate the egg through delivery of an activating 

substance from its cytoplasm to the egg through the fusion pore what might that 

substance be? Evidence already presented argues against InsPg since heparin 

does not inhibit fertilization (Crossley et al., 1991). However, the latent period is 

prolonged by a factor of 2.5 by heparin (Crossley et al., 1991). And since the 

latent period may represent the accumulation of an activating substance the 

finding that heparin prolongs this period could reflect the time taken to 

accumulate enough InsP^ to overcome the heparin block. Measurements have 

shown that both the levels of PIPj and DAG increase either just before or as the 

Ca"*"̂  ̂ wave spreads across the egg (Ciapa and Whitaker, 1992). Given the 

measured levels of PIP 2  this translates into no more than 6  pM InsP^, if all the 

PIP2  is instantaneously converted into InsPg (Turner et al., 1984). From the data 

of Clapper and Lee (1985) 1 pM InsP^ is required to give a maximal release from 

the sea urchin homogenates. From injection experiments the pipette 

concentration of 25 pM gives maximal effect while a pipette concentration of 1 

pM gives no effect (Whitaker and Irvine, 1984). These data would suggest that 

the effective local concentration of InsPg in vivo lies somewhere between 1 and 

25 pM. Given that there is enough PIP2  to give 6  pM InsP^ there may be good 

reason to believe that fertilization is mediated by InsPg. However, bearing in 

mind that heparin shifts the dose response curve to InsP^ such that 20 times more 

InsPg is required to give the same effects, and that fertilization proceeds almost 

unaltered in the presence of heparin (Crossley et al., 1991), one must wonder if 

insPg is the sole mediator of either the generation or propagation of the Ca"̂ "̂ | 

wave at fertilization. If it is not then a search for other possible mediators of both 

the generation and propagation of the Ca'*"''| wave becomes important.
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(B) cGMP as the messenger

In chapter 4 I analyzed the effects of cGMP with the view that cGMP may 

be involved in generating the Ca‘‘"‘'i release by the sperm. The rationale behind 

the use of cGMP is that in sperm the cGMP level increases during the acrosome 

reaction (Kopf and Garbers, 1979). In 1988 cGMP was shown to be capable of 

increasing Ca''"'' in both sea urchins (Swann et al., 1987) and in Medaka eggs 

(Iwamatsu et al., 1988). However, how it does this has remained obscure.

The experiments of chapter 4 were therefore designed to both show how 

cGMP elicited a Ca''"'' release and to determine if it resembled fertilization. 

Having analyzed the effects of cGMP I was convinced that cGMP was capable of 

increasing the Ca''"''j specifically, since the effect could be abolished by treatment 

with a phosphodiesterase. From here I was able to show that it bore some 

similarities to sperm induced egg activation, since it released Ca''"'' from an 

internal shown by the normal Ca''"''i transient in Ca''"''-free ASW supplemented 

with 2 mM EGTA. cGMP released Ca''"'' from the same store as InsPj given that 

the response could be inhibited by injection of the non-hydrolyzable InsP^ 

analogue - InsPSg. InsPSg is resistant to inactivation by either phosphorylation or 

dephosphorylation, and is only 7 times less potent than native InsP^ in Swiss 3T3 

cells (Taylor et al., 1988) while in sea urchins it is 10 times less potent (Crossley, 

1990, thesis). This thio analogue released Ca''"''^ with great efficiency. A 

supramaximal dose of 50 pMj rendered the egg insensitive to native supramaximal 

doses of both InsPg (10 pM^) and cGMP (200 pMj). The desensitization was likely 

to be due to an empty store and not through some form of receptor 

desensitization since eggs desensitized to InsPg released little or no Ca"'"''j in 

response to the Ca''"'' ionophore A23187 (Whalley et al., 1992). I confirmed that 

this Ca''"'' ionophore does not act through the InsP^ receptor by showing that 

heparin had no effect on the Ca''"'' release in response to A23187. This would 

agree with the inability of heparin to alter the response to cGMP. These data are 

then consistent with the view that cGMP releases Ca‘‘"''j from the same store as 

InsPg but not via InsPg itself. Indeed, since the egg became insensitive to Ca''"^
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ionophores indicates that there is effectively only one Ca'^^ store (excluding the 

mitochondria) in the sea urchin eggs which is dumped by high concentrations of 

InsPSg. These data suggest that sperm and cGM? may act differently. They do 

not however show how cGMP releases Ca'""''i.

The data presented in chapter 4 are consistent with an indirect mode of 

action since there was always a substantial latent period after injection of cGMP 

and firing of the Ca'""''| transient. This latent period was not sensitive to the 

pipette concentration but instead was more related to the final intracellular 

concentration which is also consistent with an indirect mode of action. Some of 

the candidate routes had already been investigated. These included either 

through a cGMP dependent protein kinase or through the metabolic breakdown 

product of phosphodiesterase activity - 5’GMP. Swann (1987, thesis) showed that 

neither 8  bromo cGMP [which activated cGMP dependent protein kinase (Lincoln 

and Corbin, 1983)] nor 5’GMP released Ca"'"'' when injected to a final 

concentration of 100 pM,. cGMP seemed to activate eggs in a peculiar and 

specific fashion. Instead of attempting to isolate the final mediator of the 

response, I have begun by trying to gain information about how it releases Ca"'"''| 

through the use of various inhibitors.

Two obvious choices were heparin and ruthenium red which I showed in 

chapter 6  were specific in the sense that in the same egg they either inhibited the 

release of Ca"'"'"̂  in response to either InsP^ or cADP-ribose. Showing that these 

inhibitors are specific is important given the other reported actions they have. For 

example, heparin has been reported to interfere with G-protein receptor 

complexes (Salomon et al., 1978; Willuweit and Aktoris, 1988), inhibits tyrosine 

phosphatases (Tonks and Charbonneau, 1989) and inhibits PKC mediated 

responses in mammalian muscle cells (Castellot et al., 1989) while ruthenium red 

inhibits mitochondrial Ca"'"'' uniporters (Vasington et al., 1972) while external and 

not internal application inhibits voltage gated Ca"'"'" channels (Duchen, 1992). So 

these are obviously not perfect inhibitors.
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Nevertheless, since both RR and heparin are specific in inhibition of InsPg 

and cADP-ribose, I have used them to analyze the effects of cGMP and later 

fertilization. The results indicate that there is no effect with heparin. This is 

important given that heparin, in sea urchins, has potent inhibitory effects on InsP^ 

induced Ca"'"'' release (Crossley et al., 1991). This would suggest that cGMP does 

not act either by sensitizing the InsP^ receptor or by increasing the intracellular 

levels of InsPg. The only other known receptor type in sea urchins is the 

ryanodine receptor (McPherson et al., 1992). Results presented in chapter 4 show 

that cGMP is more likely to act through this receptor in some way since 

ruthenium red proved to be specifically inhibitory. These data suggest that cGMP 

induced egg activation and fertilization are different since ruthenium red had 

profound effects only on the cGMP induced Ca'*"'’ transient - the peak height is 

almost abolished (1.80 versus 0.76 pM ,̂ p < 0.0002, students unpaired two tailed t 

test) and the latent period is significantly increased from 19 to 34 seconds. These 

data thus show that cGMP could perhaps release Ca"'"'', through the same route 

as cADP-ribose. How it does this is not clear. One possibility involves cADP- 

ribose which may act through the ryanodine receptor in sea urchin homogenates 

(Galione et al., 1990) and in vivo.

(C) cADP-ribose as the messenger

Another possible activator is itself cADP-ribose. Lee and colleagues 

showed that a metabolite of NAD"^, produced from incubation of sea urchin 

homogenates with NAD'*’, was capable of releasing Ca'*"'' from the sea urchin 

extracts with high efficiency (Clapper et al., 1987). Later analysis, using NMR, 

revealed that a cyclized form of ADP-ribose, named cADP-ribose, housed the 

Ca"*"̂  releasing activity. This was confirmed by use of the sea urchin homogenate 

as a bioassay showing that only the cyclized ADP-ribose would release Ca''"'’ 

(Dargie et al., 1990). In 1991 Galione et al., indicated that cADP-ribose induced 

Ca’̂ "'' release from sea urchin homogenates was specifically inhibited by 30 pM 

ruthenium red while InsPg remained potent. This pointed the finger at a 

ryanodine channel operated system.
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If the missing sperm factor is cADP-ribose then one would expect that if 

RR is indeed capable of inhibiting the release of Ca'""''| then fertilization should 

also be inhibited by the same concentration of RR. In chapter 6  whilst looking 

at the mechanism of wave propagation I used RR and tested the efficacy of RR 

by its ability to inhibit cADP-ribose. At an intracellular concentration of 50 pM 

RR (similar to the 30 pM RR previously used by Galione, et al., 1991) I was 

capable of showing that fertilization proceeded almost unaltered by RR. These 

data would tend to rule out a major role for cADP-ribose in triggering the Ca'*"''; 

release during the latent period. From these data I have inferred that cADP- 

ribose is not the missing sperm factor in sea urchins. All of the candidate 

activators thus far mentioned cannot be entitled the sperm factor. The only 

contender remaining which could perhaps be entitled the sole activating 

messenger is a large molecular weight factor from both sea urchin and mammalian 

sperm (Dale et al., 1985; Swann, 1990).

(D) A large molecular weight factor as the messenger

In hamsters and mouse oocytes fertilization is characterized by a large

transient followed by a series of oscillations which can persist for

several hours (Cuthbertson and Cobbold, 1985; Miyazaki, 1991; Kline and Kline,

1992). Injection of a large molecular weight factor from either boar or hamster 

sperm into these oocytes mimics fertilization in both species with a high degree 

of fidelity (Swann, 1990; Swann, 1992). Here, as is true in sea urchins, a G- 

protein mediated triggering event has received favourable consideration as the 

mechanism of activation (Miyazaki, 1988). Also like the situation in sea urchins, 

it is not yet clear whether the sperm acts through a G-protein of fusion route. 

Given the situation in sea urchins, where no one activator mimicked fertilization 

with the desired fidelity, we are left wondering if the missing factor is this large 

molecular weight factor isolated from mammalian sperm. The large molecular 

weight factor when injected into sea urchin eggs did result in activation and a 

release of Ca'*"’’ (personal observation). I did not, however, pursue the 

mechanism any further.
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To recap, although none of the above activating messengers can be called 

the sole activating messenger there exists the possibility that a cocktail could be 

involved. Following the latent period the main wave of Ca'*"'' sweeps across the 

egg in turn activating it. The mechanism of propagation is discussed next.

7.7 The sea urchin’s Ca \  wave.

To dissect the possible routes of propagation I first used the sulfhydryl 

reagent thimerosal.

(A) Thimerosal experiments.

Thimerosal has previously been shown to both enhance CICR (Swann, 

1991) and InsP^ induced Ca' '̂*' release (Missiaen et a/., 1991; Rooney et al., 1991). 

The latter effect is unlikely to involve increased polyphosphoinositide turnover 

since thimerosal elicits a Ca’*"*' release in platelets without increased 

polyphosphoinositides turnover (Hecker et al., 1989). Its mode of action may 
be cell type specific; for example, it seems to exert its effects both via the InsP^

receptor (Rooney e al., 1991; Missiaen et al., 1991; Islam et al., 1992) and 

independently of InsP^ since it retains activity in the presence of heparin (Carrol 

and Swann, 1992). For these reasons it was important to identify the possible how 

thimerosal would act in sea urchins, thus making later interpretation of the data 

possible.

A 10 minute pulse of thimerosal does a number of things:

(i) It shortens both the duration of the latent period and the time to peak at 

fertilization; the most marked effect being on the time to peak.

(ii) It sensitizes eggs to depolarization induced activation.

(iii) It increases shghtly the effect of InsPg.

How might thimerosal have these effects? An answer to this question will 

inevitably come from knowing exactly how thimerosal acts in the sea urchin. 

Unfortunately the data presented in chapter 5 is not sufficient to answer this
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question. Thimerosal could activate eggs spontaneously in a manner insensitive 

to either inhibitors of the InsPj and ryanodine receptors. For the long term 

effects of thimerosal were not inhibited by either ruthenium red or heparin. All 

these data therefore stand without a satisfactory explanation. If thimerosal in the 

sea urchin does not act through the InsP^ or ryanodine receptor how might it act? 

One possibility is that the mitochondria are affected by thimerosal. However, in 

sea urchin homogenates where the mitochondria are poisoned thimerosal releases 

stored Ca"̂ "̂ . One interesting possibility is that thimerosal acts through a novel 

Ca’’"*' receptor distinct from the InsPg or ryanodine receptors. Data in support of 

such a receptor in the sea urchin comes from the inability of both ruthenium red 

and heparin to inhibit completely the spherical wave, the main fertilization wave 

and the release of Ca'*"*'i in response to cGMP. One possible candidate receptor 

has been isolated which reacts with sulfhydryls by Zaida et al., (1989) from the 

sarcoplasmic reticulum. One might conclude that the sulfhydryl gated channel in 

sea urchins is distinct from either the InsP^ or ryanodine receptor. However the 

Ca"*"̂  released by the other sulfhydryl GSSG was sensitive to heparin, suggesting 

an InsPj sensitive route. The possible effects the redox state of the sea urchin has 

on the various Ca‘‘’‘*'i release mechanisms has been discussed previously by 

Rebhun et al., (1976) where cAMP-dependent protein kinase activity was linked 

to the glutathione levels suggesting a possible signalling route. It is clear that in 

the sea urchin GSSG and thimerosal act differently. There may then be more 

than one sulfhydryl sensitive Ca'*"'' release mechanism. The thimerosal sensitive 

receptor could represent a novel Ca'*"'' release mechanism.

(B) Ruthenium red and heparin experiments.

As already noted these drugs have other effects other than as inhibitors of 

the ryanodine and InsPg receptors. For this reason I chose to show that heparin 

and RR specifically inhibited, in the same egg, respectively InsP^ or cADP-ribose 

induced Ca'*" |̂ release. Heparin inhibits the InsP^ induced Ca''"'' release due to 

its degree of sulphation in sea urchins (Crossley, 1990, thesis) thus showing some
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degree in specificity in the effect of heparin. Interpretation of the following data 

is therefore based on effects on these two classes of receptor.

From the whole cell Ca"’"*' data it is clear that neither RR nor heparin 

significantly altered either the propagation or peak height of the Ca‘‘"''i transient 

at fertilization. However, under the same conditions both inhibitors together had 

a profound inhibitory effect on the peak height of the fertilization Ca''"''^ release. 

This would suggest that there is some form of synergy between RR and heparin. 

The clear implication is that the Ca"*"*"! wave propagates through both the InsPg 

and ryanodine receptors. These data are largely confirmed by confocal analysis. 

One slight difference from use of the confocal is that both RR and heparin 

seemed to alter both the magnitude of the fluorescent change and propagation 

velocity of the wave. One explanation of the differences between the confocal 

data and the whole cell imaging data could be differing degrees of polyspermy. 

Experiments performed using the confocal microscope make it possible to 

discriminate between polyspermie and monospermic fertilizations (if the foci of 

the Ca‘‘"‘‘j waves are far enough apart). For this reason the confocal data can be 

considered as almost certainly monospermic while this cannot be said for the 

whole cell data. I did try to monitor those eggs injected with furaZ and heparin 

or RR for polyspermy using hoechst 33342. Of the data presented it can be said 

with certainty that some of the heparin eggs were clearly polyspermie although it 

is difficult to score polyspermy in eggs injected with furaZ since hoescht 3334Z and 

furaZ excite at the same wavelength (350 nm). This type of analysis becomes 

increasingly difficult in RR injected eggs since RR makes the egg more opaque 

than normal. Here I did not proceed further with assessing the sperm content of 

the RR injected eggs therefore the degree of polyspermy is uncertain. If an egg 

is polyspermie the Ca'*"*'̂  transient as viewed by the whole ceU fluorescent 

collection system would reach peak faster and may have a larger peak height than 

in a monospermic egg. Indeed, several sperm were seen to attach to the RR 

injected eggs before they activated and raised fertilization envelopes. There is 

reason to believe that these eggs may have been polyspermie. Thus polyspermy 

could underlie the differences between the confocal and whole cell fluorescent
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measurements, since ployspermy is clearly visible in an egg viewed by the confocal 

microscope (if the activating sperm fuse far enough apart from one-another). 

One other possibility however exists for the difference between the confocal and 

whole cell fluorescent data - that RR and heparin have effects directly on calcium 

green which they do they not seem to have on fura2  (given that normal 

fertilization Ca'""''| transients can be fired). However, qualitatively the results are 

similar - that both RR and heparin together are required to alter propagation of 

the wave. These data favour a wave which propagates through both InsPg and 

ryanodine receptors. However, it is clear that there remains a releasable store of 

Ca' '̂^j. This again hints at the possibility that in the sea urchin there is a novel 

release mechanism.

7.8 waves in other systems.

Ca' '̂^i waves were first seen in the large fish eggs of Medaka at fertilization 

(Gilkey et al., 1978). Such Ca’*"’’} waves have subsequently been identified in all 

deuterstomes at fertilization (Jaffe, 1991) and in a number of somatic cells in 

response to hormonal stimulation - hepatocytes (Rooney et a l, 1991) or 

depolarization - cardiac myocytes (Takamatsu and Weir, 1990). In the hepatocyte 

the Ca''"''j take the form of periodic oscillations which have now been reported in 

a number of cultured cells (Berridge and Galione, 1988). Some of the postulated 

functions of these waves are discussed:

At fertilization one function may be axis formation. For, in ascidians and 

mammals the activation and first meiotic Ca''"*’̂ waves start at the point of sperm 

entry (Miyazaki et al., 1986; Speksnijder et al., 1990 a; Kline and Kline, 1992) 

while in ascidians the later meiotic oscillations originate in the opposite vegetal 

pole (Speksnijder et al., 1990 a). In the ascidian Phallusia mammUlata these 

vegetal oscillations set up a periodic Ca'""*'| gradient, since of the 2 0  or so 

oscillations only the first few begin at the animal pole. In 1990 Speksnijder and 

colleagues showed that these Ca'*"'’i waves were décrémentai and so bathe the
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vegetal pole in more than the animal pole. The developmental significance

of these periodic gradients is unclear but recently Kline and Kline (1992)

have reported the same phenomenon in the mouse egg at fertilization. One clue 

as to the role of these meiotic oscillations comes from Phallusia. Here the meiotic 

Ca'*'‘̂ i transients do for example initiate the first phase of cytoplasmic 

reorganization (there is a second phase after meiosis) and contractions which are 

responsible for the segregation of a subcortical domain (myoplasm) toward a 

contraction pole (close to the vegetal pole) which will become the site of 

gastrulation and the future dorsal side of the embryo (Sardet et a l, 1989; 

Speksnijder, 1992). Axis formation is of fundamental importance in many cells 

and in Phallusia evidence indicates that it is dependent on the point of sperm 

entry (Speksnijder, et al., 1990 b) and so correlates with the periodic Ca''"''  ̂

gradients. In the hamster there are similar post fertilization Ca'*"*'| transients but 

unlike the ascidian and mouse there seems to be no foci for the later waves 

(Miyazaki, et al., 1986); they are global which would tend to argue against a 

universal role of such waves in axis determination.

There are various examples of the roles of such waves in somatic cells. In 

exocrine pancreatic cells for example a "push-pull" model has been envisioned. 

Here secretagogues such as acetyl choline first stimulate the efflux of Cl' ions from 

the luminal membrane (by bringing < E ^) followed by the later influx of Cl' 

ions at the basolateral membrane [through a slower developing cation 

conductance which coincides with the spreading of the Ca"*"̂  ̂wave brings the 

> E q  (Kaisi and Augustine, 1990)]. An added level of complexity arises through 

the observation that in cultured hippocampal astrocytes Ca'"" |̂ waves move 

through adjacent cells in the monolayer (Comell-Bell et al., 1990-see Stryer 

review). Such communication is likely to have functional significance. In 

endothelial cells (Sage et al., 1989; Jacob, 1990) such long range waves and 

oscillations may serve to synchronize large groups of cells perhaps having effects 

on blood-fiow. Indeed, in hippocampal slices such Ca'*"''| waves (Dani et al., 1992) 

have been postulated as the mediator of spreading depression (see Jaffe, 1991 for 

a discussion). There seems little doubt that Ca"*"*"; waves will be found to play a
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part in many other physiological processes.

7.9 Concluding remarks.

A recurring theme of each results chapter has been the possibility that in 

the unfertilized sea urchin egg there is a novel Ca"*"*" release mechanism. This is 

suggested by the following data:

(i) In chapter 3 the sustained Ca'*"*'| increase (spherical wave) was not 

sensitive to inhibition by inhibitors of the ryanodine or InsPg receptors 

(ruthenium red and heparin respectively).

(ii) In chapter 4 a cGMP induced Ca''"*'̂  release was only partly 

inhibited by ruthenium red and was unaffected by heparin.

(iii) In chapter 5 the spontaneous Ca'*"*' release in response to 

thimerosal was again insensitive to either ruthenium red or heparin.

(iv) And finally, that in chapter 6  the Ca'*"*'| increase at fertilization was 

only partly inhibited by both ruthenium red and heparin.
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