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Abstract 

Gamete membrane fusion in mammals brings the paternal genome into the cytoplasm of the 

egg. It also enables signals to pass from the sperm into the egg to trigger the completion of 

meiosis and the start of embryo development. The essential signal to activate development 

in all mammals studied, consists of a series of transient increases in the cytosolic Ca2+ 

concentration driven by cycles of InsP3 production. This review focusses on the 

characteristics of these sperm-induced Ca2+ signals. I consider how some specific features 

of sperm-derived phospholipase C-zeta (PLC), along with the known properties of the type 

1 InsP3 receptor, provide a basis for understanding the mechanisms of the dynamic changes 

in Ca2+ observed in fertilizing eggs. I describe how the PLC targeting of cytoplasmic 

vesicles in the egg cytoplasm, that contain PI(4,5)P2, is necessary to explain the rapid  

waves associated with the rising phase of each Ca2+ transient. I also discuss the importance 

of the repetitive Ca2+ rises for egg activation and the way mitochondrial ATP production may 

modulate Ca2+ release in eggs. Finally, I consider the role that a sperm-induced ATP 

increase may play in the egg activation process.  

 

The sperm-induced Ca2+ signals that cause egg activation. 

The Ca2+ signals that are initiated by the sperm at fertilization in mammalian eggs consists of 

a series of oscillations in the cytosolic Ca2+ concentration (Miyazaki 2007). In all mammalian 

species studied, a series of repetitive increases in Ca2+
 have been shown to persist for 

several hours after gamete fusion (Miyazaki and Igusa 1981; Cuthbertson and Cobbold 

1985; Igusa and Miyazaki 1986; Kline and Kline 1992; Taylor et al. 1993). These Ca2+ 

oscillations are mediated by increased production of inositol (1,4,5)-trisphosphate (InsP3) 

and Ca2+ release from the endoplasmic reticulum via the InsP3 receptor (IP3R), which also 

acts as the release channel (Miyazaki 1988; Miyazaki et al. 1992; Swann 1992; Kline and 

Kline 1994; Fissore et al. 1999; Malcuit et al. 2005). In mouse eggs the Ca2+ oscillations start 

within about a  minute of gamete fusion and consist of 10-20 separate transient Ca2+ 

increases that each last for a few minutes (Cuthbertson and Cobbold 1985; Igusa and 

Miyazaki 1986; Miyazaki et al. 1986; Kline and Kline 1992; Mehlmann and Kline 1994; 

Lawrence et al. 1997). The spike-like increases in Ca2+ occur about 10-20 minutes apart. 

Figure 1 shows a typical series of Ca2+ oscillations that we measure using Oregon Green 

BAPTA dextran. This is a fluorescent Ca2+ sensitive dye that we find gives a very good signal 

to noise.  We typically observe 10 to 20 large Ca2+ spikes, that occur from a baseline Ca2+ 

level between spikes that is slightly lower than that in unfertilized eggs. These Ca2+ 

oscillations occur as the egg completes meiosis, forming a second polar body and two 
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pronuclei   (Marangos et al. 2003; Larman et al. 2004). The list of species where sperm-

induced Ca2+ oscillations in eggs have been demonstrated includes mice, rats, hamsters, 

humans, pigs, cows and goats (Cuthbertson and Cobbold 1985; Igusa and Miyazaki 1986; 

Sun et al. 1992; Taylor et al. 1993; Sun et al. 1994; Ben-Yosef et al. 1995; Jellerette et al. 

2006). A series of cytosolic Ca2+ oscillations are also seen in mouse and human eggs after 

intracytoplasmic sperm injection (ICSI) that is widely used as part of IVF treatment (Tesarik 

et al. 1994; Nakano et al. 1997; Yanagida et al. 2001).  

In mice and hamsters, the pattern of Ca2+ increases in fertilizing eggs have been measured 

with temporal resolution of seconds and spatial resolution of a few microns.  The initial Ca2+ 

increase spreads in a wave-like manner from the region of sperm egg fusion to the antipode 

in about 5-10 seconds (Miyazaki et al. 1986; Deguchi et al. 2000). Once it has spread across 

the egg the Ca2+ levels stay high for several minutes after which Ca2+ decreases over a few 

seconds in all regions of the egg at the same time. Over a period of 10-20 minutes following 

gamete fusion, the Ca2+ waves associated with each transient increase in speed and 

eventually (~30 min) they cross the egg much more rapidly, in about 1 second (Miyazaki et 

al. 1986; Deguchi et al. 2000). This change in wave speed is also manifest as an increase in 

the rate of rise of each Ca2+ transient (Swann and Lai 2013).  The series of oscillations then 

stops just before the time of pronuclear formation. Studies in other species, including human 

eggs, also suggest that fertilization induced Ca2+ oscillations can last for several hours 

(Taylor et al. 1993). In mouse, hamster, and pig eggs it has been shown that Ca2+ 

oscillations are dependent upon Ca2+ influx  (Igusa and Miyazaki 1983; Cheek et al. 1993; 

Zhang et al. 2018). The Ca2+ channels have been identified in mouse eggs and their roles in 

fertilization is discussed elsewhere (Wakai et al. 2019; Stein et al. 2020). I will concentrate 

here on other specific aspects of Ca2+ release via IP3Rs.  

 There are numerous publications showing measurements of Ca2+ oscillations in fertilizing 

mammalian eggs, but the amplitude of the Ca2+ transients is typically not calibrated. This is 

also the case in Figure 1 where the y-axis is plotted as the ratio of fluorescence divided by 

the fluorescence before the start of Ca2+ oscillations (F/F0).  The absolute concentration of 

the peak of each Ca2+ transient is worth considering because it is significant for 

understanding the mechanisms of oscillations that will be considered later.  The most 

common dye used to measure Ca2+ in eggs is fura2.  Some studies using Ca2+ sensitive 

fluorescent dyes like fura2 have suggested that the Ca2+ peaks are above 1M (Mehlmann 

and Kline 1994), whilst other studies have suggested they might be in the range of 300 to 

500nM (Miyazaki et al. 1992; Cheek et al. 1993). These differences reflect the difficulties in 

calibrating Ca2+ sensitive fluorescence dyes in the cytosol of egg. Attempts to calibrate 

fluorescent dyes in vitro is also compromised by the fact that many dyes have a different 
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affinity for Ca2+ in cytosol compared with calibration solutions, and this may require 

correction factors.  Fura2 dye is also problematic because it has a high affinity for Ca2+ and 

is poor at resolving the amplitude of Ca2+ transients above 1M.  Another issue is that many 

researchers use acetoxymethyl ester versions of dyes for loading them into eggs. This leads 

to dye compartmentalizing into organelles in eggs, so that much of the fluorescent signal is 

not emanating from the cytosol (Carroll et al. 1994). We microinject dextran-linked Ca2+ dyes 

into eggs which provides a prolonged signal that is entirely derived from the cytosolic 

compartment, but even with these dextran-linked dyes it is difficult to obtain a fluorescence 

maximum and minimum which are need for the in situ calibration. Hence, despite their 

widespread use, fluorescent dyes have not provided an unequivocal determination of either 

the resting or the peak Ca2+ concentrations in fertilizing eggs. It is worth noting that if we 

assume the resting Ca2+ concentration in eggs is 100nM, which is typical of mammalian 

cells, then the peak Ca2+ transients in mouse eggs in the experiment shown in Figure 1 are 

generally > 2M. This is consistent with some older studies on Ca2+ oscillations in 

mammalian eggs.  

The first studies that measured and calibrated Ca2+ oscillations in fertilizing mouse and 

human eggs used aequorin to measure cytosolic Ca2+ (Cuthbertson and Cobbold 1985; 

Taylor et al. 1993).The luminescence from aequorin can be calibrated in drops of Ca2+ EGTA 

buffers and is less prone to problems in extrapolating from such buffers to conditions in the 

cytosol because aequorin is a protein. Furthermore, the calibration involves egg lysis at the 

end of an experiment which simply involves integrating all the light emitted.  Aequorin is not 

ideal for measuring resting Ca2+, but it is effective at higher Ca2+ concentrations and this 

study showed that the peak of each sperm-induced Ca2+ transient is close to 2M. This is 

consistent with another study in mouse eggs that used a low affinity Ca2+ dye (MagFura2) to 

measure the peaks of initial Ca2+ transients at fertilization (Halet et al. 2004). MagFura2 is 

not effective for measuring resting Ca2+, but it can faithfully record the peak of each Ca2+ 

transient. The data with MagFura2 suggests that sperm induced Ca2+ transients are of an 

amplitude of between 1 and 3 M, and this lasts for at least 1 minute (Halet et al. 2004).  

Increases in cytosolic free Ca2+ around 2M will allow for the maximum stimulation of 

calmodulin which transduces the signal downstream.  The calmodulin dependent protein 

kinase II (CAMKII) has been shown to be stimulated at fertilization by each rise in Ca2+  

(Markoulaki et al. 2003; Markoulaki et al. 2004), and fluorescent calmodulin indicators also 

show full stimulation of CAM kinases in response to each Ca2+ rise (Ardestani et al. 2019). 

The most important processes that are targets for Ca2+ and calmodulin dependent kinases 

are meiotic resumption and cortical granule exocytosis. The mechanism of exit from meiotic 

metaphase arrest is mediated by CAMKII (Knott et al. 2006). The exocytosis of cortical 
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granules plays a key role in modifying the zona pellucida and blocking polyspermy (Evans 

2020). This is triggered by myosin light chain kinase that is also stimulated by Ca2+ binding 

to calmodulin (Matson et al. 2006).   

We know that Ca2+ is the physiological stimulus for the calmodulin dependent kinases 

because it has been shown that a rise in cytosolic Ca2+ is essential for mouse egg activation 

at fertilization. Loading mouse eggs with the Ca2+ chelator BAPTA can be done in a way to 

prevent all Ca2+ increases at fertilization (Kline and Kline 1992). BAPTA loading does not 

prevent sperm-egg fusion, but it blocks the two key markers of egg activation namely meiotic 

resumption and cortical granule exocytosis. Hence, if there are no Ca2+ increases there is no 

egg activation or development. Lower concentrations of BAPTA-AM can be used to stop 

most oscillations, but a single small Ca2+ transient can still occur (Kline and Kline 1992). In 

this case pronuclear formation can still be prevented. However, the use of BAPTA-AM to 

block Ca2+ oscillations can also inhibit protein synthesis, and the inhibition of protein 

synthesis can in itself promote egg activation because it leads to loss of cyclin B (Moses and 

Kline 1995; Lawrence et al. 1998). Hence, interpreting the effects of adding BAPTA-AM to 

oscillating eggs can be problematic. BAPTA loading of eggs can show that a Ca2+ change is 

necessary for initial meiotic resumption and for exocytosis, but the more subtle question of 

whether mammalian eggs require multiple Ca2+ transients to undergo full activation and 

development is more difficult to address.   

 

The importance of multiple Ca2+ transients in egg activation.  

The question of how many Ca2+ transients, of whatever amplitude or duration, are needed to 

activate mammalian eggs was first considered over 20 years ago. It has returned as a point 

of discussion because of the clinical use of Ca2+ ionophores in oocyte activation after 

fertilization failure that occasionally occurs in ICSI.  To investigate the role of multiple Ca2+ 

transients in egg activation, one can stimulate eggs with different patterns of Ca2+ 

oscillations. A single large Ca2+ increase can be triggered in mouse eggs by incubation in 7% 

ethanol, and this method was commonly used to induce parthenogenetic activation in mouse 

eggs in the 1980s (Cuthbertson et al. 1981).  This causes a large Ca2+ rise that persists for 

as long as ethanol is present, which is typically ~7 minutes (Swann and Ozil 1994). 

Incubation in Ca2+ ionophores, such as A23187 or ionomycin, also causes one Ca2+ transient 

and can activate mouse or human eggs. These data imply that a single Ca2+ increase can 

activate eggs. However, both ethanol and ionophore generally cause a larger and longer 

lasting Ca2+ increase than the initial one seen at fertilization (Swann and Ozil 1994; Rinaudo 

et al. 1997).  In mouse eggs treated with Ca2+ ionophore the activation rates, as judged by 
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pronuclear formation, are often low (Moses et al. 1995). Furthermore, mouse eggs are 

generally only activated when the eggs are aged in vitro before stimulation, and freshly 

ovulated mouse eggs generally do not activate in response to Ca2+ ionophore treatment. In 

human eggs, the first study using Ca2+ ionophores reported rates of ~60% egg activation 

(Winston et al. 1991), but then two subsequent studies found that either no eggs, or only 

16% of eggs, activated using Ca2+ ionophores (Winston et al. 1991; Balakier and Casper 

1993; Rinaudo et al. 1997). There are numerous clinical studies suggesting that A23187 can 

be effective in activating eggs after ICSI, when previous cycles of treatment had been 

ineffective (Murugesu et al. 2017). In most cases where ionophores are found to be 

effective, the eggs from the previous ICSI cycle were used as the control group. More recent 

studies on human eggs, using a parallel control group, reported that a single application of 

A23187 was ineffective in activating unfertilized (aged) human eggs (Esbert et al. 2022).  A 

single large Ca2+ rise is probably insufficient to induce human egg activation in most 

conditions.   

In many cases in domesticated animal studies, egg activation protocols involve incubation in 

a Ca2+ ionophore, in combination with agents that cause a decrease in MPF activity such as 

protein kinase inhibitors, or protein synthesis inhibitors (Prather et al. 1999; Chung et al. 

2000; Ross et al. 2008). This double treatment is used because the single Ca2+ increase with 

ionophore does not activate eggs effectively. A single Ca2+ increase can cause a decrease in 

MPF activity which may initiate meiotic resumption, but then a later return of MPF activity 

leads to the recondensation of chromosomes in a state referred to as MIII (Moses et al. 

1995; Ducibella et al. 2002).  In both mouse and bovine eggs, it was found that multiple Ca2+ 

increases can cause a decrease in MPF activity that is sustained and allows the complete 

exit from meiosis II and the formation of pronuclei (Collas et al. 1993a; Collas et al. 1993b; 

Ozil and Swann 1995; Ducibella et al. 2002). In mouse eggs the standard activation protocol 

involves incubation in Sr2+ containing medium.  Medium containing millimolar Sr2+, but no 

added Ca2+, can cause long lasting Ca2+ oscillations in mouse and rat eggs (Kline and Kline 

1992; Tomashov-Matar et al. 2005). These oscillations often involve long duration Ca2+ 

increases but are otherwise similar in amplitude to those seen at fertilization. Unlike A23187, 

Sr2+ medium can activate freshly ovulated mouse eggs and is the most effective artificial 

stimulus for parthenogenetic activation up to the blastocyst stage (Bos-Mikich et al. 1995; 

Ferrer-Buitrago et al. 2020). Sr2+ medium is very effective as a stimulus after ICSI in mouse 

eggs when they are injected with sperm that are either heat treated or lacking PLC  (Sanusi 

et al. 2015; Ferrer-Buitrago et al. 2020). Sr2+ medium is also routinely used to activate 

mouse eggs after nuclear transfer protocols designed for reproductive cloning. However, Sr2+ 

medium is not generally used in egg activation protocols for other species such as in 
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humans, because it does not cause Ca2+ oscillations in human eggs (Lu et al. 2018; Storey 

et al. 2021). The reasons for this lack of effect of Sr2+ in some species is discussed later.  

Regardless, the data obtained with Ca2+ ionophores and Sr2+ suggest that multiple Ca2+ 

transients are the most effective way to trigger egg activation. The most informative studies 

on Ca2+ and egg activation come from ways of mimicking Ca2+ transients in a more 

controllable manner.   

The most effective way of artificially causing Ca2+ transients in eggs in a controlled manner is 

to use electroporation in medium containing Ca2+. This causes Ca2+ influx and a large 

cytosolic Ca2+ increase (Ozil and Swann 1995).  Electroporation is applied to mammalian 

eggs in medium of low ionic strength with low concentrations of Ca2+. The formation of pores 

due to the electrical field leads to an influx of Ca2+ from the extracellular medium. If 

appropriate culture medium is very rapidly perfused onto eggs after electroporation (within 

200msec), the pores close and the eggs recover (Ozil and Swann 1995).  By using repeated 

perfusions and pulses, multiple Ca2+ transients can be generated with a variety of amplitudes 

and durations that depend on controllable variables such as the applied voltage.  Using this 

approach Ozil and colleagues found that mouse eggs can be activated by a single large 

Ca2+ rise, but when a single increase is used, the amplitude and duration of such a rise 

needs to be higher for longer periods than that seen at fertilization (Swann and Ozil 1994; 

Ducibella et al. 2002; Ozil et al. 2005; Tóth et al. 2006). When physiologically sized Ca2+ 

transients are applied to mouse eggs, then 4 to 8 Ca2+ transients are only sufficient to initiate 

exocytosis and trigger metaphase to anaphase transition.  To obtain full completion of 

meiosis and pronuclear formation, 24 Ca2+ transients were required (Ducibella et al. 2002). 

In addition, the number or frequency of Ca2+ transients can determine the timing of 

pronuclear formation, with higher frequency, or more total Ca2+ transients, resulting in more 

rapid pronuclear formation.  These data show that in some cases a single large and rather 

prolonged Ca2+ increase can activate mouse eggs, but that a single physiologically sized 

Ca2+ increase is ineffective. Multiple physiological Ca2+ transients generally stimulate the 

greatest percentage of eggs to activate. Unfortunately, the repetitive electroporation 

technique has not been applied to human eggs, probably because the equipment required 

for the rapid perfusion is very complex and not commercially available.  

PLC induced Ca2+ oscillations in eggs. 

In mammals the sperm stimulates Ca2+ release several seconds or minutes after sperm-egg 

membrane fusion, and it has been shown that fusion is necessary for the initiation of Ca2+ 

oscillations (Lawrence et al. 1997). The fusion allows the introduction of a soluble factor into 

the egg that can initiate Ca2+ release. PLC is the only sperm derived soluble protein that 
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has been reproducibly shown to trigger Ca2+ oscillations in mammalian eggs.  Microinjecting 

PLC RNA, or recombinant protein, has been found to cause Ca2+ oscillations in mouse, pig, 

cow, horse, and human eggs (Saunders et al. 2002; Rogers et al. 2004; Malcuit et al. 2005; 

Yoneda et al. 2006; Bedford-Guaus et al. 2008). PLC induced Ca2+ oscillations require a 

catalytically active site, and they cause downregulation of InsP3 receptors (IP3Rs) (Saunders 

et al. 2002; Malcuit et al. 2005). The downregulation of IP3Rs only occurs in response to 

InsP3 increases, so we know that PLC is mediating its affects via hydrolysis of phosphatidyl 

-inositol (4,5)-trisphosphate (PI(4,5)P2), and increased InsP3 production, then leading to the 

opening of the InsP3 receptor (IP3R).  The amount of PLC in single sperm is sufficient to 

cause a series of Ca2+ oscillations similar to those seen at fertilization (Saunders et al. 

2002). PLC is remarkably effective in causing Ca2+ release in eggs and can trigger 

oscillations when present in eggs at ~10nM. Given that mammalian eggs have considerable 

autofluorescence, this concentration is well below the detection limit for fluorescent proteins, 

and the only effective way to monitor the expression of PLC after injection of RNA is to use 

a luciferase tag. We have used this technique for many years to quantify the threshold for 

PLC induced Ca2+ release (Nomikos et al. 2005; Nomikos et al. 2011). PLC consists of 

four EF hand domains, X and Y catalytic domains and a C2 domain, and each domain is 

essential for its ability to cause Ca2+ oscillations in eggs (Kouchi et al. 2005; Nomikos et al. 

2005).  These findings and other aspects of the structure and function of PLC activity in 

eggs is covered in several other reviews (Miyazaki and Ito 2006; Thanassoulas et al. 2022).  

My interest here is to concentrate on specific aspects of PLC that have been linked to the 

characteristics of Ca2+ signals in eggs.  

One of the key aspects of PLC enzyme activity studied in vitro is that it is very sensitive to 

Ca2+ (Kouchi et al. 2004; Nomikos et al. 2005) All mammalian PLC enzymes are sensitive to 

Ca2+ but PLC is unusual in that it is stimulated by resting Ca2+ concentrations in the eggs. 

As with peak Ca2+ signals the resting Ca2+ concentration in mammalian eggs is not entirely 

clear, but it is likely to be around 100nM. The resting level of Ca2+ will result in PLC being 

as much as 50% active. Furthermore, when Ca2+ starts to increase during InsP3 induced 

Ca2+ release, the production of InsP3 will be enhanced by the rise in Ca2+ leading to a 

positive feedback loop of InsP3 production. It’s sensitivity to the physiological Ca2+ 

concentration is particularly significant when it is combined with another feature of PLC that 

is perhaps the most unusual compared to other mammalian PLC subtypes.  

One of the most unusual features of PLC is that it does not localize to the plasma 

membrane(Larman et al. 2004; Yoda et al. 2004; Yu et al. 2012). Even, overexpressed GFP 

tagged versions of PLC show no localization in the plasma membrane (Yoda et al. 2004; Yu 
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et al. 2012).  Interestingly the fluorescently tagged versions PLC do localize to pronuclei 

after they form, and this localization appears to play a key role in the termination of Ca2+ 

oscillations during fertilization in the mouse (Yoda et al. 2004). However, as noted above, 

once one can detect the expression of PLC with a fluorescently tagged protein, then the 

expression level is an order of magnitude above the physiological concentrations. Luciferase 

tagged probes do not help with localization because they emit too little light, and they do not 

provide confocal images needed for subcellular resolution. The localization is best visualized 

with techniques that contain some signal amplification step, such as indirect 

immunofluorescence. Using a myc-tagged version of PLC, that was expressed at 

physiological levels, the main localization of PLC has been shown to be on small vesicles 

that are distributed throughout the egg cytoplasm (Yu et al. 2012). The identity of these 

vesicles is unclear, but they are not the endoplasmic reticulum or mitochondria. Significantly, 

a similar staining pattern on small cytoplasmic vesicles, was also seen with antibodies 

against PI(4,5)P2, and with a fluorescently tagged PI(4,5)P2 binding peptide called PBP10 

(Yu et al. 2012; Sanders et al. 2018). The data suggests that the majority of the PI(4,5)P2 in 

mature eggs is found in cytoplasmic vesicles and that PLC binds to, and presumably 

hydrolyses the PI(4,5)P2, in these vesicles.  The importance of these vesicles in fertilization 

is suggested by experiments using a simple drug intervention. We found that the drug 

propranolol can block sperm and PLC induced Ca2+ oscillations in mouse eggs (Sanders et 

al. 2018). This effect requires high concentrations and is probably related to the ability of 

propranolol to inhibit Golgi recycling to the endoplasmic reticulum. Whilst there may be 

concerns about the high concentrations used in these experiments it is important to note that 

propranolol does not block Sr2+-induced, or InsP3-induced Ca2+ oscillations (Sanders et al. 

2018). The effects of propranolol are also fully reversible. We found that propranolol 

completely abolished the staining of vesicles with PBP10, which implies that the PI(4,5)P2 in 

vesicles is significant in generating PLC-induced Ca2+ oscillations. In addition, it suggests 

that the vesicles might be Golgi derived because propranolol acts upon recycling Golgi 

vesicles. It is worth noting that the Golgi is broken up into small vesicles in MII eggs, in a 

manner that resembles the Golgi ‘haze’ of somatic cells during mitosis. It is not clear how 

PLC might bind to the Golgi vesicles, nor how the PI(4,5)P2 is generated in the Golgi which 

is otherwise rich in PI(4)P.  

Whilst most studies assay the effects of PLC induced production of InsP3 and Ca2+ release, 

PLC it will also generate diacyclglycerol (DAG) which will be expected to stimulate protein 

kinase C (PKC). There is evidence that PKC is stimulated at fertilization in rat eggs (Eliyahu 

and Shalgi 2002). It has been proposed to play a role in exocytosis, but as discussed above, 

myosin light chain kinase may well be the main target for Ca2+ stimulated exocytosis (Matson 
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et al. 2006).  As noted above, PLC is localized on cytoplasmic vesicles and the DAG 

generated by PLC should also be confined to the membrane phase of these vesicles. The 

consequences of this are unclear. What is known is that if one measures the production of 

DAG in mouse eggs using a GFP probe tagged to a C2 domain, then there is no indication 

of DAG production in the plasma membrane, either at fertilization or after PLC injection (Yu 

et al. 2008a). This result is not due to a lack of sensitivity of the GFP-C2 domain indicator, 

because this probe shows clear plasma membrane localization in response to Ca2+ 

ionophores or PLC1 injection (Yu et al. 2008a). Instead, the data imply that DAG is not 

generated in the plasma membrane of eggs during fertilization. Studies that have monitored 

PKC translocation, or measured PKC activity at fertilization in the plasma membrane, 

suggest that the conventional PKCs are stimulated by a rise in Ca2+ rather than by DAG 

(Halet 2004).  

 

The mechanism of PLC induced Ca2+ oscillations 

The identification of PLC as the sperm factor that initiates Ca2+ oscillations enable an 

understanding and explanation of some of the characteristic features of the Ca2+ signals at 

fertilization.  The two distinctive features of PLC that matter most are that PLC is 

stimulated by Ca2+ and that PLC is localized in vesicles throughout the cytoplasm. These 

two features come together in explaining the fast Ca2+ waves seen in fertilizing mouse and 

hamster eggs.  

One of the characteristics of sperm-induced Ca2+ oscillations in mouse and hamster eggs is 

that, whilst the first few increases occur as slow waves of ~10m/sec from the point of 

sperm-egg fusion, the later Ca2+ waves originate from different parts of the egg cortex and 

are much more rapid at over 50m/s (Miyazaki et al. 1986; Deguchi et al. 2000).  The time of 

~ 6 secs for the initial slow Ca2+ wave to cross the mouse egg is consistent with the time for 

a molecule the size of InsP3 to diffuse across an egg of ~70m (Swann 2023).  However, the 

later fast waves that cross the egg in less than 1 sec are not easily explained when one 

considers the specific mechanism of Ca2+ oscillations.  

There are two classes of models for explaining cytosolic based Ca2+ oscillations in cells that 

involve IP3Rs (Politi et al. 2006; Sneyd et al. 2006). The first class is based upon the 

behaviour of IP3Rs and was evidenced by experiments measuring single channel activity, 

either with isolated IP3Rs or with IP3Rs within the endoplasmic reticulum membrane from 

cells such as Xenopus oocytes. It was shown that Ca2+ has a biphasic effect on the IP3R; it 

opens the channel at low Ca2+ and then closes the channel at higher Ca2+ concentrations 
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(Bezprozvanny et al. 1991; Finch et al. 1991). The stimulation, and then inhibition of IP3R is 

mediated by two different binding sites on the IP3R channel (see Figure.2) (Foskett et al. 

2007).  The biphasic effect of Ca2+ provides a basis for a class of models of Ca2+ oscillations 

that involve stimulation and then inhibition of IP3R induced Ca2+ release (Atri et al. 1993). 

These are referred to as IP3R based models since the IP3R provides the key element of the 

positive and negative feedback needed for oscillations. These models suggest that at 

fertilization the sperm causes a prolonged and constant increase in InsP3 concentration. This 

model is supported by the finding that sustained microinjection of InsP3 into hamster or 

mouse eggs causes Ca2+ oscillations (Swann et al. 1989; Swann 1992; Galione et al. 1994). 

Also, microinjecting the potent IP3R agonist, adenophostin, causes Ca2+ oscillations in 

mouse and bovine eggs (Sato et al. 1998; Malcuit et al. 2005). Despite these observations, 

the effects of InsP3 in these studies is not compelling because the oscillations do not 

effectively mimic the Ca2+ response at fertilization. For example, the InsP3-induced 

oscillations in hamster eggs, are of higher frequency and lower amplitude than those seen at 

fertilization. Regardless, this model of Ca2+ oscillations is still used many schematics of InsP3 

signalling at fertilization.  

The second class of models involves a different positive feedback loop in which the Ca2+ 

released via IP3Rs stimulates PLC to make more InsP3, and hence increase Ca2+ release 

(Politi et al. 2006; Sneyd et al. 2006). These can be referred to as PLC based models since 

they rely on Ca2+ stimulated PLC activity.  There is very good evidence for Ca2+ stimulated 

PLC as discussed above. Furthermore, measurements of InsP3 in mouse eggs using 

fluorescent indicators show that there are oscillations in InsP3 that accompany the Ca2+ 

oscillations, as expected by with PLC positive feedback loop models (Shirakawa et al. 2006; 

Matsu-Ura et al. 2019). The detection of InsP3 oscillations does not, however, prove that 

such oscillations themselves are essential for Ca2+ oscillations. There is, however, a way one 

can determine which model of oscillations is operating in eggs.  

The two different mechanisms of Ca2+ oscillations can be distinguished by examining the 

effects of sudden pulses of InsP3, that can be delivered into the egg cytoplasm by uncaging 

InsP3 (Sneyd et al. 2006)  It has been shown that in all mathematical models based upon 

IP3Rs, a sudden pulse of InsP3 temporarily increases the frequency of oscillations (Sneyd et 

al. 2006). In contrast, with all models based upon Ca2+ stimulated InsP3 production, a 

sudden pulse of InsP3 causes an immediate Ca2+ transient but this does not increase the 

frequency of oscillations. Instead, there is a resetting of the phase of Ca2+ oscillations. We 

have shown that when a pulse of InsP3 is triggered in mouse eggs, that are oscillating in 

response to PLC, there is always a resetting of the phase of Ca2+ oscillations (Sanders et 

al. 2018). This is only consistent with the Ca2+ stimulated PLC models. This result is 
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unequivocal and implies that during each Ca2+ rise there is an increase in InsP3 that plays an 

active role in a positive feedback loop. Therefore, InsP3 acts as a dynamic variable and 

InsP3 oscillations are absolutely necessary for PLC induced Ca2+ oscillations.   

The Ca2+ waves that are generated by Ca2+ and InsP3 production are not only rapid, but they 

travel through the centre of the egg (Deguchi et al. 2000). It is very difficult to explain this 

type of Ca2+ wave if the InsP3 is being produced at the plasma membrane, because the 

diffusion of InsP3 from the membrane to the centre of the egg will take several seconds 

(Swann 2023). The only way that a Ca2+ wavefront can propagate through the egg, at the 

speeds that are observed, is if InsP3 is generated within the cytoplasm (Sanders et al. 2018). 

This idea has been suggested from previous models of Ca2+ waves in fertilizing ascidian 

oocytes (Dupont and Dumollard 2004). In mouse eggs the vesicles that we found to contain 

PI(4,5)P2 appear to be about 2-3m apart, which is sufficiently small to allow for the diffusion 

of InsP3 to play its role in propagating the Ca2+ waves (Sanders et al. 2018). Hence, the 

mechanism of the Ca2+ oscillations requires a cytoplasmic source of InsP3, and the vesicular 

distribution of PI(4,5)P2 is not an odd epiphonema, but an absolutely necessary feature of a 

mature fertilizable egg.       

There are two specific new issues to resolve with the PLC based InsP3 positive feedback 

model of Ca2+ oscillations in eggs. First, there is the one of how the Ca2+ reaches >1M. 

InsP3 opens all IP3Rs, and the Ca2+ plays a role in both opening and closing IP3Rs (see 

Figure 2). It is notable that studies of IP3Rs imply that Ca2+ cannot rise particularly high 

because the IP3R will be mostly closed above 2M Ca2+, in the same way that they are 

mostly closed at 100nM Ca2+ (Bezprozvanny et al. 1991). This is problematic for eggs 

because we know the Ca2+ increase in fertilizing eggs is around 2M and this state lasts for 

about 1 minute. Mathematical models of Ca2+ oscillations in somatic cells, circumnavigate 

this problem by introducing a time delay so that the IP3R does not close in response to Ca2+ 

until after Ca2+ release is initiated (Atri et al. 1993; Politi et al. 2006; Sneyd et al. 2006). This 

delayed IP3R closing mechanism allows the models to generate Ca2+ oscillations. However, 

the evidence for this mechanism for IP3Rs undergoing delayed closure suggests a time 

scale of about 1 second (Finch et al. 1991), which does not allow Ca2+ to stay elevated for a 

minute or more as seen in mammalian eggs.   

An alternative view of the problem of high Ca2+ for all IP3R models is to recognize that the 

concentration at which Ca2+ inhibits IP3Rs can be very dependent upon the concentration of 

InsP3. The predominant form of IP3R in mammalian eggs is the type 1 receptor (IP3R1) and 

a version of this type is found in Xenopus oocytes (Mak et al. 1998). In studies of Xenopus 

oocytes, Mak and Fosket showed, that if the InsP3 concentration is increased above 100nM, 
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then the IP3R1 is no longer inhibited by Ca2+ in the physiological range, and the Ca2+ 

inhibitory site (Fig.2) is unable to close the IP3R1 (Mak et al. 1998).  Hence, if there is a 

substantial increase in both Ca2+ and InsP3 at the same time, then the IP3R1s do not close 

until Ca2+ reaches levels well above 10M.  A large and simultaneous increase in InsP3 and 

Ca2+ is exactly what occurs with PLC induced Ca2+ transients. Hence, the positive feedback 

of Ca2+ and InsP3 production means that InsP3 overrides the inhibitory effect of Ca2+ on the 

IP3Rs. This can explain why sperm and PLC cause larger Ca2+ transients than seen after 

InsP3 injection. However, the release system now becomes locked into a state of high Ca2+, 

high InsP3, and open IP3R1s. This brings in the second problem of how each Ca2+ rise is 

terminated.  To resolve this type of problem, some models of Ca2+ oscillations invoke the 

emptying of Ca2+ stores to terminate a cytosolic increase (Dupont and Goldbeter 1993). 

However, it is known that Ca2+ stores do not run out of Ca2+ during each Ca2+ peak (Wakai et 

al. 2013). Instead, I suggest it is possible that the IP3R1s desensitize to InsP3 itself, and 

hence Ca2+ release decreases. This is plausible because IP3R mediated Ca2+ release shows 

clear and specific desensitization to InsP3 in sea urchin egg homogenates (Jones et al. 

1998). This idea has not been fully investigated in mathematical models of Ca2+ oscillations.  

Other soluble sperm factors and Ca2+ release in eggs.  

The key experiments to establish a role of PLC in fertilization have involved generating 

male mice that produce sperm with no functional PLC. Several groups have now made 

PLC knockout mouse lines in which sperm are produced that do not express PLC, or else 

contain highly truncated and non-functional version of the enzyme (Hachem et al. 2017; 

Nozawa et al. 2018; Kashir et al. 2024). Sperm that lack functional PLC fail to cause Ca2+ 

oscillations or egg activation after ICSI (Hachem et al. 2017; Nozawa et al. 2018). However, 

after normal in vitro fertilization, with the sperm fusing with the egg, there are 3 to 4 Ca2+ 

spikes that appear to be delayed by ~40 mins from the time of sperm egg fusion (Nozawa et 

al. 2018). These delayed Ca2+ spikes can activate eggs and can account for a small number 

of live young being born after mating female mice with PLC deficient males (Hachem et al. 

2017; Nozawa et al. 2018). The delayed nature of the Ca2+ spikes means that many PLC 

knockout sperm fertilized eggs do not develop an effective block to extra sperm entry and 

most eggs become polyspermic (Nozawa et al. 2018). These data clearly prove that PLC 

accounts for Ca2+ oscillations and egg activation after ICSI, but the results during normal 

fertilization are more complex to interpret. The data suggest that PLC initiates Ca2+ release 

and causes the majority of Ca2+ oscillations, but that some other factor, or signalling system 

from the sperm also causes Ca2+ release in eggs. It is unclear why this other mechanism, or 

sperm factor, is not active in ICSI. Nor why it should work with a distinct delay. It is also 
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unclear how much this applies to human fertilization. There are now cases of men, attending 

IVF clinics, who have been identified as having homologous mutations in PLC that lead to a 

loss of function (Escoffier et al. 2016; Abdulsamad et al. 2023).  These men and their female 

partners came to attention of researchers because of repeated total fertilization failure during 

ICSI treatment, and presumably failed conception following 2 or more years of intercourse. 

So, in humans a lack of functional PLC appears to lead to a complete loss of fertility. It is 

not clear if there is a genuine difference between mice and men in these findings, and if so, 

why this would arise.    

The fact that PLC deficient sperm lead to delayed Ca2+ oscillations and cause some mouse 

eggs to activate, implies that another sperm factor could be involved in Ca2+ release. This 

factor has been variously referred to as the primitive, cryptic, or secondary sperm factor 

(Jones 2018; Nozawa et al. 2018; Swann 2020). It seems likely that this secondary factor 

would also be active at fertilization. This is based upon the observations that 

spermatogenesis and sperm motility seem to be completely unaffected by the lack of a 

functional PLC (Hachem et al. 2017). This implies that PLC cannot affect spermatogenesis 

and that the first time that a lack of PLC becomes evident is after the sperm fuses with the 

egg. In such case it is difficult to see how any secondary factor could be ‘upregulated’ to 

compensate for a lack of PLC. Hence the secondary factor is expected to enter the egg in 

normal fertilization. In a sense it is only a ‘secondary’ sperm factor by virtue of the fact that 

its effects are delayed about an hour after PLC initiates Ca2+ oscillations.  Any secondary 

factor is constrained in how it might act to cause Ca2+ oscillations, because we have a clear 

idea of what factors can cause Ca2+ oscillations in mouse eggs. For example, increasing 

Ca2+ influx by itself does not cause Ca2+ oscillations in mouse eggs so that is not a viable 

mechanism to use (Swann and Ozil 1994).  All the evidence suggests that fertilization 

induced Ca2+ oscillations are mediated by the IP3R, which means that a secondary factor 

needs to stimulate the IP3R.  

When considering other non-PLC sperm derived factors, it is notable that there have 

already been other proteins that have been suggested to cause Ca2+ oscillations in 

mammalian eggs. These proteins include tr-kit, PAWP and citrate synthase (Sette et al. 

1997; Wu et al. 2007; Aarabi et al. 2014; Kang et al. 2020). One of the general issues with 

these candidate sperm factors is the reproducibility of the original findings. The original 

paper suggesting the tr-kit could activate mouse eggs was published in 1997 and yet no one 

has replicated the data, nor has anyone ever shown that tr-kit causes Ca2+ oscillations. The 

paper suggesting PAWP protein could cause Ca2+ oscillations in mouse and human eggs 

was published in 2012. We tried to replicate the results in this study but could not find any 
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evidence that PAWP causes Ca2+ release in eggs (Nomikos et al. 2014; Nomikos et al. 

2015).  More recently it was suggested that citrate synthase might be a Ca2+ releasing sperm 

factor in mouse eggs (Kang et al. 2020). Citrate synthase is commercially available, and it is 

simple to test if it activates eggs but there have been no positive reports from other labs so 

far. We have injected citrate synthase into mouse eggs and failed to detect any Ca2+ 

oscillations. In contrast with the lack of replications in such studies, it took just two years for 

two independent laboratories to reproduce our key finding that PLC causes Ca2+ 

oscillations and egg activation in the mouse. This was followed by numerous other 

replications in other species.  

The sensitivity of Ca2+ release to different stimuli.   

Whilst all mammalian eggs tested show Ca2+ release at fertilization, and in response to the 

microinjection of InsP3 or PLC, there are differences in the sensitivity of eggs to various 

stimuli. These differences were evident in studies from the 1980s on hamster eggs. A 

remarkable feature of hamster eggs is that, when the zona pellucida is removed, they can be 

fertilized by sperm from other mammalian species and even become polyspermic, with 

multiple sperm entering the egg. When mouse sperm fertilize hamster eggs, they trigger 

Ca2+ oscillations and egg activation. However, it requires between 5 and 10 mouse sperm to 

fuse before the hamster egg generates any Ca2+ transients and becomes activated (Igusa et 

al. 1983). Obviously one mouse sperm will cause a series of Ca2+ oscillations in a mouse 

egg, so we can deduce that the hamster egg is somehow much less sensitive than the 

mouse egg to the mouse factor - now known to be PLC.  This difference in sensitivity of 

eggs from different species is also seen with experiments injecting InsP3.  InsP3 can be 

injected continuously into eggs by inserting a sharp micropipette containing a high 

concentration of InsP3 (Galione et al. 1994; Swann 1994). In mouse eggs this causes 

sustained Ca2+ oscillations with pipette concentrations as low as 10M InsP3 (Swann 1994). 

In hamster eggs the same technique causes  Ca2+ oscillations but one needs to use 1mM 

InsP3 in the micropipette, and the oscillations are damped and generally do not persist 

beyond 10 mins (Galione et al. 1994). This suggests that mouse eggs are more sensitive to 

InsP3 than hamster eggs, and that this can explain their greater sensitivity to a fertilizing 

sperm.  

A significant difference in sensitivity is also seen between mouse eggs and human eggs. 

Human PLC is very potent at causing Ca2+ oscillations in mouse eggs. It requires as little as 

30 times less human PLC to trigger Ca2+ oscillations in mouse eggs than mouse PLC (Yu 

et al. 2008b). Since human PLC appears to cause a similar series of Ca2+ oscillations in 

human eggs to what is seen in fertilizing mouse eggs then we can deduce that the greater 
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potency of human PLC must be because the human egg requires a more potent stimulus. 

Some of this requirement may be because the human egg is larger than the mouse egg, but 

the volume difference is only about 5-fold, so it appears that the human egg is somehow less 

sensitive to PLC induced signalling. As with the hamster egg, this difference is potentially 

explained by IP3R sensitivity. We used UV pulses to un-cage and release InsP3 to stimulate 

IP3R mediated Ca2+ transients in mouse eggs and human eggs (Storey et al. 2021). The 

amount of UV light needed to stimulate Ca2+ release in human eggs is about 10 times 

greater than that required to cause Ca2+ release in a mouse egg, implying that human eggs 

are many times less sensitive to InsP3 than mouse eggs (Storey et al. 2021).  

The differences in the sensitivity of Ca2+ release between different species of mammalian 

eggs is also evident from the way they respond to Sr2+ medium. As noted above both mouse 

and rat eggs can be stimulated to undergo prolonged Ca2+ oscillations in Sr2+ medium (Kline 

and Kline 1992; Tomashov-Matar et al. 2005; Lu et al. 2018; Storey et al. 2021). This is 

consistent with the findings that Sr2+ stimulates Ca2+ release via the IP3R (Marshall and 

Taylor 1994; Sanders et al. 2018). However, human eggs do not undergo Ca2+ oscillations in 

Sr2+ medium (Lu et al. 2018; Storey et al. 2021). Sr2+ probably enters eggs via TRPV3 

channels, but both human eggs and mouse eggs have TRPV3 channels so the inability of 

human eggs to respond cannot be explained by a lack of Sr2+ influx (Lu et al. 2018). Its 

notable that there are no reports of pig, cow, or hamster eggs undergoing Ca2+ oscillations in 

Sr2+ medium, despite many studies of Ca2+ release in these types of eggs. The implication is 

that mouse and rat eggs have a much more sensitive Ca2+ release system than eggs from 

other species such as humans and hamsters.  It’s not obvious why there is such a marked 

difference in sensitivity because mammalian eggs appear to predominantly have the same 

type 1 IP3R (Fissore et al. 1999; Mann et al. 2010). We recently found evidence that the 

difference is due to the modulation of IP3R1.  

Single channel recordings of IP3R1s have identified three ligands that are likely to be 

physiological: Ca2+, InsP3 and ATP (Foskett et al. 2007).  The interacting roles of Ca2+ and 

InsP3 are widely acknowledged, but the potential role of ATP is generally overlooked. When 

referring to ‘ATP’, it should be understood that I am referring to the total ATP in a cell or in 

the cytosol. However, in all cells ATP exists in two forms: MgATP2- and ATP4-. Most of the 

cells ATP is bound to Mg2+, but some of the ATP is Mg2+ free in the form of ATP4- (Grubbs 

2002). The studies of IP3R1s in Xenopus oocytes show that the Mg2+ free form ATP4- can 

open the IP3R1 channel, and in fact that ATP4- acts as an allosteric stimulator of the IP3R1 

at the Ca2+ stimulatory site (see Figure 2) (Mak et al. 1999). The half maximal concentration 

of ATP4- to open IP3R1s is around 270M which is physiologically relevant (Mak et al. 1999). 

Most mammalian cells, including eggs, maintain a concentration of 1 to 4 mM total ATP. With 
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this level of total ATP there will be about 100-200M of unbound ATP4-.  Hence ATP4- is 

normally within the range where it could modulate IP3R1 activity and increases in ATP4- 

could potentiate, or else help trigger, Ca2+ release. Its notable that ATP4- is the immediate 

product of mitochondrial ATP production because it is exported from mitochondria via the 

adenine nucleotide exchanger (Foskett et al. 2007). This is important because mammalian 

eggs are unusual in that they generate nearly all their ATP from mitochondria (Dumollard et 

al. 2008).  The type 1 InsP3 receptor is one of three main subtypes in mammalian cells and 

is the one most sensitive to ATP4-, and most likely to respond in the physiological range (Tu 

et al. 2005). This makes eggs particularly likely to be sensitive to an effect of ATP on Ca2+ 

release.  

We recently showed that the concentration of ATP in mouse eggs affects their ability to 

generate Ca2+ oscillations in response to Sr2+. Mouse eggs invariably generate Ca2+ 

oscillations when incubated in Sr2+ medium, but if all the carbohydrate metabolites are 

removed from the incubation medium, mouse eggs fail to respond to Sr2+ (Storey et al. 

2021). The lack of metabolites causes the egg to have a low ATP level.  When pyruvate is 

added back to such mouse eggs the ATP concentration rises back to normal levels as 

mitochondrial activity increases. At the same time as ATP increases, Ca2+ oscillations are 

generated. These data suggest that the concentration of ATP in mouse eggs critically affects 

their ability to respond to Sr2+, and that with low ATP levels, Ca2+ oscillations are not 

generated.  This is potentially significant because we also found that the concentration of 

ATP (as total ATP) in human eggs is consistently lower than that in mouse eggs, and in fact 

the level of ATP in a human egg is similar to that of a pyruvate deprived mouse egg (Storey 

et al. 2021). This implies that the relatively low ATP concentration in human eggs can explain 

why they do not activate in response to Sr2+. This may also be the case for eggs from 

domestic animals. It certainly appears to be the case in hamster eggs.  As discussed above, 

hamster eggs appear to be significantly less sensitive to InsP3-induced Ca2+ release than 

mouse eggs. One study that involved measuring ATP in both mouse and hamster eggs (to 

look at the effects of ageing) found that the mouse egg ATP level was about six times higher 

than that in hamster eggs (Simsek-Duran et al. 2013) . This is consistent with the hypothesis 

that ATP levels set the sensitivity of Ca2+ release in eggs. It should be noted that these 

measurements of ATP, with cross-species comparisons, involve egg lysis and use kits that 

measure the total ATP. However, if we assume that intracellular free Mg2+ concentrations are 

similar in eggs from different species, then the concentration of ATP4- will be proportional to 

the total ATP. Hence, ATP4- is expected to be significantly higher in mouse eggs compared to 

human or hamster eggs.  Unfortunately, there are no probes to measure ATP4- since firefly 
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luciferase, and all the available fluorescent ATP probes, respond to MgATP2-, which in most 

cases, is almost the same as the total ATP.    

Changes in ATP concentration at fertilization  

The oscillatory changes in cytosolic Ca2+ at fertilization cause an increase in mitochondrial 

activity. In mouse eggs it was found that each Ca2+ transient leads to a distinct increase 

NADH and FADH levels (Dumollard et al. 2004). The increases in NADH and FADH outlast 

each Ca2+ transient.  Measurements using Ca2+ probes inside the mitochondrial matrix show 

that matrix Ca2+ increases occur with each cytosolic Ca2+ increase (Dumollard et al. 2008). 

This suggests that each NADH or FADH change is a result of Ca2+ influx into mitochondria 

which can then stimulate mitochondrial dehydrogenases.  Hence Ca2+ oscillations stimulate 

mitochondria during the process of fertilization. Stimulating mitochondrial activity may be a 

way of avoiding a decrease in ATP levels, because the pumping of Ca2+ into the 

endoplasmic reticulum is likely to consume a significant fraction of the egg’s ATP.  We know 

that mitochondrial ATP production is critical in maintaining Ca2+ oscillations because if 

mouse eggs are fertilized in the absence of pyruvate, to reduce ATP production, then Ca2+ 

oscillations are interrupted by a persistent high level of Ca2+ (Liu et al. 2001; Dumollard et al. 

2008). Hence, the Ca2+ oscillations appear to act to simultaneously increase the egg’s 

supply and demand of ATP.   

The idea of Ca2+ mediated increased ATP supply and demand at fertilization, is however, 

more complex. The changes in ATP in mouse eggs can be measured by microinjecting firefly 

luciferase and imaging the luminescence of luciferase alongside the fluorescence from Ca2+ 

sensitive dyes.  During the sperm-induced Ca2+ oscillations there is a substantial increase in 

the concentration of ATP in eggs (Campbell and Swann 2006; Ikie-Eshalomi et al. 2023). 

Figure 3 shows the increase in ATP alongside Ca2+ oscillations in a fertilizing mouse egg. 

The ATP increase occurs in two phases, the first starts during the initial Ca2+ transient, and 

then a secondary ATP increase occurs about 1 hour later into the Ca2+ oscillations. The two-

step change in ATP can also be seen when luciferase is targeted to the egg’s mitochondria 

(Dumollard et al. 2008). These data imply that a substantial ‘overproduction’ of ATP occurs in 

mitochondria during fertilization.  

Some of this increase in ATP concentration in fertilizing eggs can be explained by Ca2+ 

entering mitochondria and stimulating matrix dehydrogenases, as discussed above. This is 

shown by the fact that PLC can also cause an increase in ATP (Ikie-Eshalomi et al. 2023). 

However, the ATP increase with PLC is only about half of that seen at fertilization (Ikie-

Eshalomi et al. 2023). Furthermore, with PLC there is no secondary increase in ATP. 

Interestingly, the secondary increase in ATP still occurs at around 1 hour after sperm egg 
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fusion even when eggs are loaded with BAPTA to prevent all but the initial Ca2+ transient 

(Ikie-Eshalomi et al. 2023). This shows that the secondary increase in ATP is sperm 

mediated, and not driven by PLC, or by Ca2+.  The simplest way to interpret these data is to 

propose that the sperm provides a stimulus, separate to PLC, that increases mitochondrial 

activity after sperm-egg fusion. It is not clear what this factor might be, but it is possible that 

a sperm protein, or set of proteins, targets egg mitochondria. This idea is similar to one 

previously suggested by Sakkas and colleagues for glucose metabolism at fertilization 

(Urner and Sakkas 1999).  It was found that glucose metabolism increases through both 

glycolysis and the pentose phosphate pathway during fertilization in mouse eggs (Urner and 

Sakkas 1999). The increase in glucose metabolism is not mimicked by parthenogenetic 

activation and so it appears to be sperm specific. Together with our observations, the data 

imply that sperm stimulates increases in both glycolysis and oxidative phosphorylation in 

eggs in a way that does not involve PLC.  

It is not clear what role, if any, the increase in ATP plays at fertilization in mouse eggs. It is 

possible that an increase in ATP concentration just reflects an imbalance between supply 

and demand. However, I consider this unlikely because adding excess pyruvate to eggs, 

does not increase the ATP concentration which suggests that ATP levels are specifically 

regulated (Dumollard et al. 2009). Overproduction of ATP is also unlikely because the 

increase in ATP at fertilization lasts for more than 2 hours, and yet the turnover time for ATP 

in eggs is likely to be about 1 minute (Leese 1991).  Hence, the homeostatic system 

controlling ATP levels has ample time to readjust.  Overproduction is also literally a waste of 

energy for the cell. Furthermore, as judged by the changes in luciferase signal, the increase 

in ATP at fertilization in mouse eggs appears to be larger than the increase in ATP detected 

in pancreatic beta cells responding to glucose (Kennedy et al. 1999; Campbell and Swann 

2006; Ikie-Eshalomi et al. 2023). The ATP increase in beta cells plays a vital role in insulin 

secretion and depends upon the specific rewiring of metabolism (Rutter et al. 2020). It 

seems unusual to suppose that an even larger change of ATP in eggs during fertilization 

were just an accident, a type of epiphenomenon. I suggest it is more likely that the sperm 

induced ATP increase has a consequence, and a role to play in the process of egg 

activation.  

One possible function of the increase is that the extra ATP promotes energy using steps in 

fertilization.  The energy requiring usage of ATP in cells is dominated by protein turnover, 

and Na+ and Ca2+ pumping (Rolfe and Brown 1997).  Protein synthesis rates increase after 

fertilization in mouse eggs by about 40% and it is possible that increases in ATP drives some 

of this change (Schultz et al. 1979).  Another major use of ATP, as mentioned above, will be 

associated with pumping Ca2+ back into stores, or out of the egg. A doubling of ATP levels in 
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a cell will make little difference to the free energy available for pumping Ca2+. This is 

because the free energy available depends upon the logarithm of the ATP concentration, 

and the reaction ATP ↔ ADP + Pi is already ~10 orders of magnitude away from equilibrium 

(Wilson 2015). However, an increase in the concentration of ATP will speed up the kinetics of 

Ca2+ pumping and this could increase the rate of Ca2+ uptake into stores (Verjovski-Almeida 

and Inesi 1979). Increases in the activity of Ca2+ ATPases will lower cytosolic Ca2+ and 

hence the increase in ATP could explain why the ‘inter-spike’ Ca2+ concentration at 

fertilization is lower than the resting Ca2+ concentration before fertilization (see Figure 1).  

Another possible effect of the ATP increase could be to promote Ca2+ release in eggs. This is 

related to the stimulation of the IP3R by ATP4- discussed above.  It is notable that the 

secondary increase in ATP starts about an hour after the initial Ca2+ spike at fertilization. This 

secondary ATP increase occurs about 10 minutes before a small increase in the frequency 

of Ca2+ oscillations, that is seen in many eggs. It is notable that the transient increase in 

frequency of Ca2+ oscillations occur during the rising phase of ATP (technically MgATP2-). 

This is the time when mitochondrial ATP4- production is likely to be at a maximum because 

the increase in total ATP is driven by mitochondria.  The mitochondrially derived ATP4- may 

act as a co-agonist with InsP3 in promoting Ca2+ release and increasing the number of Ca2+ 

oscillations at fertilization. Experiments to investigate these potential effects of ATP4- are, 

however, non-trivial because any interference in mitochondrial ATP production, for example 

by removing pyruvate or adding mitochondrial poisons, causes a rapid rise in Ca2+ due to the 

inhibition of Ca2+ pumps (Dumollard et al. 2004; Dumollard et al. 2008) . It is difficult to 

separate out the role of ATP4-, as an allosteric activator of the IP3R1, from the role of 

MgATP2- as an energy source for Ca2+ pumping.  

 

Unresolved problems. 

There are various issues to resolve about sperm induced Ca2+ signals in mammalian eggs. 

We still do not know how PLC binds to vesicles in eggs and whether this involves a specific 

egg protein. It’s also unclear how the vesicles containing PI(4,5)P2 generate and recycle 

their inositol containing lipids.  There is also the problem of the nature of the putative 

secondary sperm factor that can trigger Ca2+ oscillations in the absence of PLC. This issue 

is clearly important to understand mouse egg activation, but it is important to establish the 

nature of the factor in order to know whether it has implications for egg activation in humans, 

or even non mammalian eggs. I would add to this specific problem another one of 

establishing the nature of potential factors that increase metabolism in eggs at fertilization, 

and specifically how the sperm causes the secondary increase in ATP.   
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Another issue that would benefit from further investigation is the mechanism by which Ca2+ 

signals during egg activation could influence events much later in development. The 

connection has been difficult to address because the main phase of embryonic genome 

expression occurs days after the Ca2+ oscillations at fertilization have stopped. However, 

recent studies suggest that mammalian embryonic gene expression may be initiated during 

the first cell cycle and a possible link to the pattern of Ca2+ spikes may need to be revisited 

(Perry et al. 2023) .  

Finally, it is worth noting that there is a significant clinical problem with regards to Ca2+ 

signals in eggs. ICSI is used in most IVF treatment cycles around the world (Haddad et al. 

2021). Total fertilization failure, where all ovulated eggs fail to fertilize, occurs in about 1-4% 

of these ICSI cases and a significant cause is failed egg activation (Ferrer-Buitrago et al. 

2018; Bonte et al. 2019; Ferrer-Buitrago et al. 2019). However, low fertilization rates occur in 

about one third of all ICSI cycles, so the room for improving the success rates of ICSI 

treatment could probably have a much larger potential impact (Scaravelli et al. 2021).  In 

many cases of failed fertilization, it is now becoming common to offer artificial egg activation 

as a therapy.  The main treatment approved for clinical use to induce artificial egg activation 

is Ca2+ ionophore.  The Ca2+ ionophore A23187 was first shown to be capable of causing 

egg activation in the 1970s and it can only generate a single large Ca2+ increase. There is 

evidence that multiple Ca2+ transients would be a more effective stimulus for egg activation 

but it’s not clear how this can be achieved in clinical practice. The obvious solution would be 

to microinject PLC  but it is a very unstable enzyme, and it has been difficult to develop a 

commercially available form of the recombinant protein. It would be invaluable to find a way 

to improve PLC’s stability or else provide an alternative way of activating human eggs that 

invokes multiple Ca2+ transients.    
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Figure Legends 

Fig.1. Ca2+ oscillations at fertilization in mouse eggs. 

This trace shows a recording of cytosolic Ca2+ from a single mouse egg that was injected 

with the Ca2+ sensitive dye Oregon Green BAPTA dextran. The fluorescence level from the 

whole egg was measured every 10 seconds during in vitro fertilization. Full experimental 

details are given elsewhere (Ikie-Eshalomi et al. 2023). The fluorescence intensity is plotted 

as the fluorescence (F) divided by the initial fluorescence value (F0), hence F/F0. Ca2+ 

oscillations persisted for several hours.  
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Fig.2.  A model of how InsP3 and Ca2+ modulate the IP3R in eggs during fertilization. 

The IP3R1 is a Ca2+ channel and represented by the two blocks in the middle. IP3R1s have 

a Ca2+ binding site that opens the channel (+ve) at low Ca2+ (<M) and one that closes the 

channel (-ve) at higher Ca2+ concentrations.  Ca2+ released into the cytosol stimulates PLC 

to make InsP3. The InsP3 then opens the IP3R1 by inhibiting the inhibitory (-ve) Ca2+ binding 

site.  ATP4- promotes opening of the IP3R1 by enhancing the Ca2+ sensitivity of the 

stimulatory Ca2+ (+ve) binding site (Foskett et al. 2007).  
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Fig.3. Changes in ATP and Ca2+ at fertilization in mouse eggs.  

Mouse eggs were injected with firefly luciferase, to monitor ATP (solid trace), and with 

Oregon Green BAPTA dextran, to measure Ca2+ (dotted trace) as described previously (Ikie-

Eshalomi et al. 2023).  During fertilization in this mouse egg there were a series of Ca2+ 

oscillations and at the same time a two phased increase in ATP. The second phase of 

increase is only seen with sperm-induced Ca2+ oscillations and starts at the point indicated 

by the arrow. The fluorescence signals or luminescence signals (S) are plotted as intensity 

values divided by starting values (S0).  
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