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Abstract

Fertilization of an egg by multiple sperm, polyspermy, is lethal to most sexually reproducing
species. To combat the entry of additional sperm into already fertilized eggs, organisms have
developed various polyspermy blocks. One such barrier, the fast polyspermy block, uses a
fertilization-activated depolarization of the egg membrane to electrically inhibit supernumerary
sperm from entering the egg. The fast block is commonly used by eggs of oviparous animals with
external fertilization. In this review we discuss the history of the fast block discovery, as well as
general features shared by all organisms that use this polyspermy block. Given the diversity of
habitats of external fertilizers, the fine details of the fast block-signaling pathways differ
drastically between species, including the identity of the depolarizing ions. We highlight the
known molecular mediators of these signaling pathways in amphibians and echinoderms, with a
fine focus on ion channels that signal these fertilization-evoked depolarizations. We also discuss
the investigation for a fast polyspermy block in mammals and teleost fish, and we outline potential
fast block triggers. Since the first electrical recordings made on eggs in the 1950s, the fields of
developmental biology and electrophysiology have substantially matured, and yet we are only now
beginning to discern the intricate molecular mechanisms regulating the fast block to polyspermy.
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Introduction

Fertilization of an egg by multiple sperm, a condition known as polyspermy, is catastrophic
to embryonic development in most sexually reproducing species. Polyspermy induces the
formation of multipolar spindle assemblies that disrupt mitotic division, as well as the
inheritance of an unviable number of chromosomes (Bianchi and Wright 2016; Snook et al.
2011). While a few physiologically polyspermic species exist, including various reptiles and
birds (Iwao 2012; Mizushima 2017), preventing polyspermy is generally necessary to ensure
proper embryonic development. Accordingly, eggs have various mechanisms to prevent
entry of more than one sperm; the two most common are referred to as the fast and slow
blocks (Jaffe and Gould 1985; Wong and Wessel 2006).
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The fast polyspermy block is an electrical barrier to sperm entry and is created by a
fertilization-induced depolarization of the egg membrane within seconds of gamete
unification (Jaffe 1976). To date, the fast block has only been documented in eggs from
oviparous organisms with external fertilization, where the sperm-to-egg ratio is elevated at
the time of fertilization (Cross and Elinson 1980; Jaffe 1976; Jaffe et al. 1983b; Miyazaki
and Igusa 1981). This fertilization-induced depolarization persists until the enactment of the
slow block, which occurs tens of seconds to minutes after fertilization, to ensure that nascent
zygotes have uninterrupted protection from polyspermy (Jaffe and Gould 1985; Wong and
Wessel 2006). The slow polyspermy block occurs ubiquitously in sexual reproducers (Jaffe
and Gould 1985; Wong and Wessel 2006). In internal fertilizers, where it takes much longer
for sperm to reach the egg (Cummins and Yanagimachi 1982; Suarez 1987), the slow block
is the initial polyspermy barrier that sperm encounter at the egg (Jaffe and Gould 1985;
Wong and Wessel 2006). The slow block broadly encompasses two post-fertilization events
that physically prevent supernumerary sperm from entering an already fertilized egg: 1) an
extracellular matrix (ECM) block, whereby the exocytosis of cortical granules from the egg
transform the ECM into a barrier that sperm cannot bind to or penetrate, and 2) a membrane
fusion block that removes sperm receptors from the egg membrane to block gamete
unification (Bianchi and Wright 2016; Jaffe and Gould 1985; Wong and Wessel 2006). The
slow block has been reviewed in depth previously (Bianchi and Wright 2016; Jaffe and
Gould 1985; Runft et al. 2002; Stricker 1999; Wong and Wessel 2006); here we focus on the
fast polyspermy block.

Remarkably, both a fast and slow polyspermy block were proposed by Ernest Just 100 years
ago based on his own sand dollar fertilization experiments (Just 1919). Just specifically
observed the lifting of the egg envelope in response to cortical granule exocytosis 30
seconds after insemination (Just 1919). Because numerous sperm reached the egg in this
short time, he predicted that a more immediate barrier would be necessary to inhibit
polyspermy (Just 1919).

The seminal discoveries of Ernest Just inspired the next generation of developmental
biologists to study early embryonic development in marine organisms. In the 1950s, several
independent groups laid the groundwork for uncovering the fast polyspermy block by
making electrical recordings from various types of eggs during fertilization or artificial
activation, including starfish (Albert et al. 1956), toads (Maeno 1959), and sea urchins
(Hiramoto 1958). Although these fertilization-associated depolarizations seemed to be a
shared feature in eggs from oviparous species, it would be another 20 years before scientists
would uncover its physiological significance. Elucidating the role of these depolarizations
required that scientists be able to control the membrane potential of the egg rather than
simply make passive recordings. Creation of the voltage clamp (Cole 1949; Hodgkin et al.
1949; Marmont 1949) would ultimately enable the discovery of the fast block. In 1976,
Laurinda Jaffe voltage clamped sea urchin eggs and demonstrated that the polarization of
their membranes dictated whether sperm could enter (Jaffe 1976). Following this initial
characterization of the fast block in sea urchins, similar studies expanded the list of
organisms that use the fast polyspermy block to include, echinoderms (Miyazaki and Hirai
1979; Whitaker and Steinhardt 1983), ascidians (Goudeau et al. 1994), amphibians
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(Charbonneau et al. 1983; Cross and Elinson 1980; Iwao 1989), algae (Brawley 1991), and
marine worms (Kline et al. 1985).

Diversity amongst the species that employ the fast block and environmental conditions at the
site and time of fertilization has given rise to differing fast block signaling pathways. While
the molecular mechanisms vary between species, three characteristics are shared amongst
eggs that undergo the fast block (Nuccitelli and Grey 1984). First, fertilization induces a
depolarization of the egg plasma membrane, referred to as the fertilization potential, which
persists for at least one minute (Grey et al. 1982; Jaffe 1976). Second, sperm can bind, but
not enter, eggs that are clamped at their fertilization potential voltage (Jaffe 1976; Lynn et al.
1988; Miyazaki and Hirai 1979). Lastly, eggs clamped at a more negative potential can be
penetrated by multiple sperm (Jaffe 1976; Miyazaki and Hirai 1979).

This review focuses on the ion channels and signaling pathways that mediate the fast block.
We pay particular attention to the signaling events induced by fertilization to depolarize eggs
from amphibians and echinoderms; animals that have long been studied by developmental
biologists. Additionally, we discuss the unknown parts of the fast block-signaling pathway.
Finally, we highlight studies demonstrating that an electrical polyspermy block does not
occur in mammals or teleost fish.

The fast polyspermy block in diverse organisms

Amphibians

An electrical, fast polyspermy block has been investigated in diverse organisms. Below we
discuss experiments exploring whether amphibians, echinoderms, mammals, and teleost fish
use a fertilization-evoked depolarization as a polyspermy block. To investigate these fast
block pathways, ion channel biologists often use inhibitors to acutely disrupt a signaling
pathway. Inhibitor application not only allows for precise temporal control of channel
blockade, but it also allows scientists to observe changes in the absence of compensating
pathways that could obscure findings. Moreover, use of inhibitors allows for the study of
species where genetic manipulations are not feasible, such as making a knockout of the
allotetraploid Xenopus laevis or reducing activity of an essential channel. We focus on
studies that used multiple inhibitors to robustly substantiate observations and verify that the
results observed were not due to off target effects.

The class Amphibia is comprised of three orders: Anura (frogs and toads), Urodela (newts
and salamanders), and Gymnophiona (caecilians) (Pough 2007). While the fast block has
been investigated in many anurans and urodeles, limited research has been conducted on
gymnophionans likely due to their elusive existence. Intriguingly, some urodeles are
physiologically polyspermic with internal fertilization (Iwao 2012), and their eggs do not
depolarize at fertilization (Charbonneau et al. 1983; Iwao 1985). Yet, a necessity for
monospermic fertilization and a fast polyspermy block exists in at least one urodele species:
the clouded salamander Hynobius nebulosus (lwao 1989). Anurans, by contrast, are
physiologically monospermic, and the fast block has been studied in diverse anuran species,
including the American toad Bufo americanus (Cross and Elinson 1980), the northern
leopard frog Rana pipiens (Cross 1981; Cross and Elinson 1980), and the African clawed
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frog Xenopus laevis (Busa et al. 1985; Grey et al. 1982; Jaffe et al. 1983a; Webb and
Nuccitelli 1985). Here we focus on the fast block in X /aevis, the species for which we have
elucidated the most complete signaling pathway.

The fast block signaling pathway in X. /aevis can be described in three phases. First, a small
and brief step current is observed (Glahn and Nuccitelli 2003). Next, the egg abruptly
depolarizes from rest at —20 mV to +5 mV, and this depolarization persists for several
minutes (Cross and Elinson 1980; Grey et al. 1982; Wozniak et al. 2018b; Wozniak et al.
2018c). Finally, the membrane repolarizes back to rest over a period of several minutes
(Peres and Mancinelli 1985). To uncover the ionic currents that mediate the fast block in X.
laevis, fertilization-evoked depolarizations were monitored in artificial pond water with
varying ionic compositions, as well as in the presence of various channel inhibitors (Glahn
and Nuccitelli 2003; Grey et al. 1982; Webb and Nuccitelli 1985).

The step current observed in the initial phase of the fast block is speculated to arise from the
earliest moments of sperm-egg contact (Glahn and Nuccitelli 2003). This step current is not
observed as a distinct change in membrane polarization of the egg measured during whole
cell recordings; rather, it is only apparent as a minimal current on a millisecond timescale
during voltage clamp recordings (Glahn and Nuccitelli 2003). Thus, this current could
reflect a change in membrane capacitation that results from sperm-egg membrane fusion.
Alternatively, it could be the result of an ionic conductance.

In X. laevis, as well as other amphibians with a fast block, a fertilization-activated efflux of
CI~ from the egg depolarizes the membrane (Fig. 1) (Charbonneau et al. 1983; lwao 1989).
CI™ currents are often responsible for hyperpolarizing excitable cells. However, amphibians
generally fertilize in freshwater, which is more dilute than the intracellular milieu. Thus,
when fertilization signals the opening of CI~ permeant channels, these anions leave the egg
to thereby make the membrane potential more positive.

Robust experimental findings collected by recordings X. /aevis eggs during fertilization in
differing concentrations of extracellular CI~ support a prominent role of a CI~ efflux in the
fast block (Grey et al. 1982; Webb and Nuccitelli 1985). Fertilizations in solutions with
limited extracellular CI~ led to larger than normal depolarizations due to a larger driving
force; whereas fertilizations in higher extracellular CI~ resulted in smaller depolarizations
(Grey et al. 1982; Webb and Nuccitelli 1985). Additional experiments replaced extracellular
CI™ with other halides to further substantiate that a CI~ current mediates the fast polyspermy
block. Typically, CI~ conducting ion channels can pass other halide anions (Wright and
Diamond 1977), whereby these channels in X. /aevis gametes preferentially pass I~ > Br~ >
CI™ (Qu and Hartzell 2000). Because halides such as I~ and Br~ are not abundant in the egg,
enriching the extracellular solution with these anions creates a chemical gradient that
supports their influx into the cell. Compared to depolarizations recorded in typical solutions
where the dominant extracellular anion was CI~, fertilization evoked no change in the
membrane potential of eggs inseminated in Br~ containing solutions and induced
hyperpolarizations in eggs inseminated in 1~ containing solutions (Grey et al. 1982).
Fertilization in the presence of 1~ or Br™ also increased polyspermy (Grey et al. 1982).
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Together these data reveal that fertilization opens a CI~ channel in X. /aevis eggs to
depolarize the membrane for the fast block.

In addition to a CI™~ efflux, an increase in intracellular Ca2* is required for fertilization to
depolarize X. laeviseggs (Grey et al. 1982; Kline 1988). This necessity for increased
cytosolic Ca2* was demonstrated with experiments recording the membrane potential during
fertilization of .X. /aevis eggs loaded with the Ca2* chelator BAPTA (Kline 1988); BAPTA
binds Ca2* with high affinity and thereby quenches an elevation of this cation (Tsien 1980).
In these BAPTA-loaded eggs, fertilization failed to evoke a depolarization and caused an
increased incidence of polyspermy (Kline 1988). Additional experiments demonstrated that
application of a Ca2* ionophore, a lipid-soluble compound that transports CaZ* across the
plasma membrane, to eggs increased intracellular Ca2* and evoked a depolarization in the
absence of sperm (Grey et al. 1982). Together these results demonstrate that an increase in
intracellular Ca2* is necessary and sufficient to evoke the fast block in X. /aevis eggs. These
findings gave rise to the hypothesis that a Ca2*-activated CI~ channel (CaCC) mediates the
depolarization in X. /aevis eggs (Hartzell et al. 2009).

The molecular identity of the CaCC responsible for the fast block in X, /aevis was recently
identified as transmembrane protein 16a (TMEM16A) (Wozniak et al. 2018b). Using
proteomics and RNA sequencing datasets, two candidate CaCC were found in fertilization-
competent X, /aevis eggs, TMEM16A and bestrophin 2a (BEST2A) (Session et al. 2016;
Wozniak et al. 2018b; Wuhr et al. 2014). Insemination of eggs in the presence of multiple
TMEM16A-specific inhibitors, each diminished or abolished fertilization-evoked
depolarizations and increased polyspermy (Wozniak et al. 2018b). These data reveal that
fertilization opens TMEM16A in X. /aevis eggs to depolarize the egg membrane (Fig. 1B).
Moreover, these data represent the first molecular identity of an ion channel mediating the
fast block.

Theoretically, fertilization could increase intracellular Ca%* to activate TMEM16A by either
evoking Ca?* entry from the external milieu or CaZ* release from an intracellular store. To
determine the importance of extracellular Ca2* mediating the fast polyspermy block, X.
laevis eggs were fertilized in the presence of broad-spectrum CaZ* channel inhibitors that
block the Ca2*-permeant channels present in these eggs (Wozniak et al. 2018c). However,
fertilization evoked normal depolarizations in the presence of Ca2* channel inhibitors,
thereby demonstrating that CaZ* entry is not required for the fast block. Conversely,
fertilization failed to evoke any depolarization in eggs inseminated in the presence of
inhibitors of either the inositol 1,4,5-trisphosphate receptor (IP3R) or phospholipase C
(PLC); these fertilization conditions also increased polyspermy (Wozniak et al. 2018c).
Together, these data indicate that PLC-induces elevated IP3 levels in X. /aeviseggs to induce
Ca?" release from the ER, which opens TMEM16A to depolarize the membrane for the fast
block (Fig. 1B).

The next step in uncovering how fertilization signals the fast block in X. /aevis will be to
uncover the pathway upstream of PLC activation. We do not yet know the identity of the
PLC that signals the fast block or how it is activated by fertilization. Intriguingly, the slow
polyspermy block in X, /aevis also requires activation of a PLC (Sato et al. 2000). It is
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possible that the same signaling mechanisms are employed to activate the fast and slow
blocks in X. /aevis. In mammals, the slow block is activated by a sperm-derived PLC(
(Hachem et al. 2017; Nozawa et al. 2018; Saunders et al. 2002). Although PLCC is also
expressed in pufferfish eggs and testes from the teleost fish medaka (Coward et al. 2011; Ito
et al. 2008), a gene encoding PLCC has not been annotated in genomes for X. /aevis or any
other frog (Hammond et al. 2017; Hellsten et al. 2010; Session et al. 2016; Sun et al. 2015).
To date, however, no one has directly tested which PLC isoform mediates the fast
polyspermy block in X. /aevis.

The ion channels and signaling mechanisms that repolarize the X. /aevis egg following the
fast block are not yet known. Immature X, /aevis oocytes have a K* leak current (Bauer et al.
1996) that could slowly repolarize egg if the channel is maintained in the plasma membrane
during maturation. Equipped with the X /aevis egg proteome (Wuhr et al. 2014), identifying
and targeting putative channels is possible. Overall, there is still much to learn about how
fertilization initiates the fast block in X. /aevis, and yet, we have the most complete
understanding of the fast block-signaling pathway in this species.

Echinoderms

The fast polyspermy block has been studied in various echinoderms, including sea urchins
(Jaffe 1976; Whitaker and Steinhardt 1983), starfish (Miyazaki and Hirai 1979; Moccia et al.
2004), and sand dollars (Steinhardt et al. 1971). Many similarities between the fast block in
starfish and sea urchins have been established, such as the importance of voltage-gated Ca2*
channels in the initial depolarization and the coinciding elevation of intracellular Ca2*
visible in fluorescence imaging experiments, referred to as the cortical flash (Chun et al.
2014; Moccia et al. 2004; Ramos and Wessel 2013; Shen and Buck 1993; Wozniak et al.
2018a), and the maximum polarization of their fertilization potentials (Miyazaki and Hirai
1979; Whitaker and Steinhardt 1983). Here we will focus on the fast block in sea urchins.

Due to their natural abundance, ease in gamete collection, and readily achieved fertilization
in the laboratory setting, sea urchins are arguably the most widely studied group of
organisms for fast block experiments. Accordingly, their fast blocks have been studied in at
least 14 different species (Nuccitelli and Grey 1984); yet, ubiquitous use of the fast block by
all species of sea urchin eggs has been contested (Dale 2014; Dale and DeFelice 2011).
Differences in the presence or absence of a fertilization-evoked depolarization could arise
from poor egg quality post-impalement with electrodes, different fertilization temperatures,
fertilizing sperm-to-egg ratios, and artificial seawater composition (Chambers and de
Armendi 1979; Schmidt et al. 1982).

Over the years, fast blocks recordings from various sea urchin species have differed in their
overall shapes (Chambers and de Armendi 1979; Jaffe 1976; Steinhardt et al. 1971; Uehara
and Katou 1972); however, these recordings share some basic the features. First, sperm-egg
contact activates a small depolarizing shift in the membrane potential which rests at =70 mV.
Next, the egg rapidly depolarizes to a much higher potential of approximately +25 mV.
Finally, minutes following sperm-egg contact, the egg slowly repolarizes to its resting
potential. To uncover the identity of the ions that carry the currents responsible for the sea
urchin fast block, electrophysiology recordings have been made during fertilization in
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varying ionic conditions, as well as in the presence of broad-spectrum ion channel inhibitors
(Chambers and de Armendi 1979; Steinhardt et al. 1972).

The fast block is initiated by a step current that enables the membrane potential of the egg to
reach the threshold required for voltage-gated channel activation (Lynn et al. 1988; Uehara
and Katou 1972). Two lines of experimentation reveal that the step current is triggered by
sperm attachment to the egg. First, experiments in L. variegatus report that even without
entry, sperm binding to eggs evokes a step current (Chambers 1989). Second, attachment of
two separate sperm to L. variegatus eggs led to sequential and additive step currents during a
voltage clamp experiment (Lynn et al. 1988). Likely due to its brevity, the ions and the
channel responsible for the step depolarization have yet to be determined (Lynn et al. 1988;
Uehara and Katou 1972).

Robust experimental findings demonstrate that the steep depolarization of the membrane
potential for the fast block is mediated by a voltage-gated Ca2* channel (Chambers and de
Armendi 1979; McCulloh et al. 2000; Swann et al. 1992). Decreasing extracellular Ca2*
concentrations leads to smaller overall shifts in the membrane potential in L. variegatus eggs
thereby revealing that Ca?* conducts this depolarizing current (Chambers and de Armendi
1979; Okamoto et al. 1977). A role for a voltage-gated channel in this depolarization is
supported by the finding that small injections of current can activate this depolarization in
unfertilized L. variegatusand L. pictus eggs (Chambers and de Armendi 1979; Swann et al.
1992). Notably, the depolarization can only be triggered if the resting potential of the egg is
more negative than —40 mV (McCulloh et al. 2000; Nuccitelli and Grey 1984), likely
because this voltage-gated Ca?* channel will be inactivated at higher potentials.

Finally, the membrane repolarization following the fast block in sea urchin eggs is K* driven
(Steinhardt et al. 1972). Fertilization in high K*, or with K* channel-inhibitors, led to
prolonged depolarizations in L. pictus eggs (Steinhardt et al. 1972). Interestingly, the K*
current that repolarizes unfertilized eggs acts much more quickly than in a fertilized egg (on
the order of ~2 seconds in unfertilized compared to 10 minutes following fertilization)
(Chambers and de Armendi 1979). Unless the K* channel that repolarizes the membrane of
an unfertilized egg is removed from the membrane following fertilization, we propose that
the channel is modified to slow its kinetics. For example, perhaps fertilization induces
phosphorylation, changes in intracellular pH or membrane lipid composition, or increases
the presence of a pore-blocking substance that slows the repolarization.

Although many experiments characterizing the fast block in sea urchin eggs have been
performed, there is still much to learn including the molecular identities of the ion channels
and signaling pathways that mediate the fast block. Newly available genomes (Sea Urchin
Genome Sequencing et al. 2006), transcriptomes (Tu et al. 2014; Tu et al. 2012), and tools
(Cary et al. 2018) for multiple sea urchin species will surely aid these future studies.

It is generally believed that eggs from viviparous animals do not use the fast block to
polyspermy (Jaffe and Gould 1985; Wong and Wessel 2006). This theory is based on several
pieces of data demonstrating that mammalian eggs do not depolarize at fertilization. First,
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recordings made on mouse eggs during /n vitro fertilization measured only small oscillations
of the membrane potential, but never large depolarizations (Jaffe et al. 1983b). Second,
rabbit egg recordings revealed a slow depolarization of only a few millivolts upon
fertilization; the relatively small change in membrane potential over a prolonged period
suggests that this electrical change is not a polyspermy block (McCulloh et al. 1983). Third,
hamster eggs failed to depolarize upon in vitro fertilization; by contrast, fertilization evoked
recurring hyperpolarizations in these eggs (Miyazaki and Igusa 1981). Finally, sperm
successfully entered hamster eggs voltage-clamped at potentials ranging from —120 to +20
mV, thereby revealing that sperm entry into hamster eggs is not regulated by the egg
membrane potential (Miyazaki and Igusa 1982). While it remains possible that some
mammalian eggs depolarize at fertilization, we hypothesize that human eggs do not use the
fast block. Given that the sperm-to-egg ratio is much lower during the internal fertilization
of mammalian eggs (Cummins and Yanagimachi 1982; Suarez 1987), perhaps the slow
block is sufficient to ensure monospermic fertilizations.

Most fish are physiologically monospermic, as well as oviparous with external fertilization,
thus they require immediate polyspermy prevention mechanisms. Eggs from the fish medaka
depolarize at fertilization; yet, this depolarization does not inhibit sperm entry (Nuccitelli
1980). The anatomy of teleost fish eggs may bypass the need for the fast block, whereby the
ECM, called chorion, provides a protective barrier for the egg that is impenetrable to sperm,
except at one or more micropyles (Jaffe and Gould 1985). Given this physical barrier to
sperm covers a majority of the egg membrane, we suspect that most teleost fish do not
require a fast block.

Concluding remarks

How fertilization triggers a depolarization remains an outstanding question. Three
hypotheses, however, have been proposed to initiate the slow block (Runft et al. 2002). We
believe that these three possible mechanisms may also apply to the fast block: First, the
contact hypothesis proposes that sperm activate a receptor on the egg, and the ensuing
receptor-mediated second messenger signaling then triggers the depolarization. Second, the
membrane addition hypothesis proposes that fusion of the sperm-egg membranes introduces
an active component from the sperm into the egg membrane. Finally, the content hypothesis
predicts that a soluble sperm factor is released into the egg upon fusion to induce the fast
block. Because the fast block pathways differ greatly in amphibians and echinoderms, it is
possible that they use different models of activation. Continued advancements in
developmental biology and electrophysiological tools, such as the discovery of novel
inhibitors for specific pathway components and creating transgenic eggs, will allow for us to
resolve these unanswered questions.
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Figure 1. Thefast block in X. laevis.

A) Schematic of a depolarization recorded during fertilization of an egg from the African
clawed frog, Xenopus laevis. B) Sighaling mechanisms of the fast block in X. /aevis eggs.
Fertilization in frog eggs signals activation of PLC, which cleaves phosphatidylinositol 4,5-
bisphosphate (PIP,) into 1P3 and diacylglycerol (DAG). IP3 evokes Ca?* release from the
ER, and this Ca2* opens the TMEM16A channel to induce CI~ efflux and membrane
depolarization. After a prolonged depolarization, the membrane potential repolarized back to
rest via unknown ionic movement (adapted from \Wozniak et al. 2018c).
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