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Mammalian fertilization involves membrane events—adhesion, fusion, sperm engulfment, membrane block to polyspermy—
whose causes remain largely unknown. Recently, specific oscillations of the sperm in contact with the egg were shown to be
necessary for fusion. Using a microfluidic chip to impose the venue for the encounter of two gametes allowed real-time observa-
tion of the membrane remodelling occurring at the sperm/egg interface. The spatiotemporal mapping of egg CD9 revealed that
this protein concentrates at the egg/sperm interface as a result of sperm oscillations, until a CD9-rich platform is nucleated on
which fusion immediately takes place. Within 2-5 min after fusion, most of the CD9 leaves the egg for the external aqueous
medium. Then an egg membrane wave engulfs the sperm head in ~25 min. These results show that sperm oscillations initiate
the CD9 recruitment that causes gamete fusion after which CD9 and associated proteins leave the membrane in a process likely
to contribute to block polyspermy. They highlight that the gamete fusion story in mammals is an unexpected interplay between
mechanical constraints and proteins.
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Introduction

Within the course of mammalian fertilization, gamete fusion
is the culmination of a membrane interaction process begun at
the onset of sperm and egg contact after the fertilizing sperm
has successfully crossed the zona pellucida (ZP) (Evans, 2012).
The membrane events that take place at the gamete interface
during this prefusional membrane interacting period are poorly
known. They involve three proteins—CD9 and Juno on the
egg, lzumo1l on the sperm—and one specific flagellum beating
mode, which are the only currently known factors mandatory for
fusion in mammals (Kaji et al., 2000; Le Naour et al., 2000;
Miyado et al., 2000; Inoue et al., 2005; Bianchi et al., 2014;
Ravaux et al., 2016). Juno and Izumo1 are adhesion proteins
that form a ligand/receptor pair able to generate a robust cell
adhesion (Bianchi et al., 2014; Chalbi et al., 2014; Inoue et al.,
2015). CD9 tetraspanin is a membrane organizer (Boucheix and
Rubinstein, 2001; Hemler, 2005) that gathers on the egg

membrane several sperm receptors in evenly distributed nano-
domains on which sperm can strongly bind upon its onset of
contact with the egg (Jegou et al., 2011). CD9 is also suspected
to control microvilli shape (Runge et al., 2007; Zylkiewicz
et al., 2010), a parameter that can be determinant for fusion
(Chernomordik et al., 2006). As for flagellum beating, it imposes
the sperm head up and down oscillations on the egg membrane
that generate mechanical constraints on the underlying micro-
villi (Ravaux et al., 2016). The way in which these elements con-
tribute during the early minutes of a sperm and egg encounter
to control gamete fusion and conversely whether they may com-
bine within the early minutes after the fusion reaction to favour
sperm internalization and limit the chances that another sperm
fuse and lead to unviable polyspermy are still a mystery.

To tackle these questions, we imaged in real time during doz-
ens of minutes, from the onset of contact of the gametes, the
egg membrane in the sperm/egg contact zone. The technical
barrier of the unpredictable location of the fertilizing sperm in

the extended egg surface was lifted by using a recently devel-
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220z 4940jo0 €0 UO Josn Jejusg [EDIPajy WIBISOMUINOS | N 606 SIelas Aleldr Aq 8621 281/¥61/9/01/9101HE/qowl/Wwoo" dno-olwapede//:sdjy WOy papeojumoq



2 | Ravauxetal.

predefined portion of the egg membrane located in the focal
plane of a microscope (Ravaux et al., 2016). Bright field and
confocal time-lapse imaging were combined to simultaneously
follow with submicrometric and 20 sec resolutions (i) the topological
remodelling of the egg membrane, (ii) the spatiotemporal evolu-
tion of egg CDY distribution, and (jii) the spatiotemporal transfer
of a nuclear dye from the egg cytoplasm to the sperm DNA.

This unprecedented time-lapse observation allowed to describe
the kinetics of the topological and CD9 membrane remodellings
taking place during the early phases of fertilization. They also
allowed to discriminate the membrane events due to sperm/egg
interaction and leading to membrane fusion from those resulting
from fusion and potentially involved in polyspermy block or
other post-fusion processes. This study revealed the causal link
between the specific oscillation of the sperm head on the egg
membrane and a densification of CD9 at the sperm/egg inter-
face leading in a few dozens of seconds to CD9-dense platforms.
The fusion reaction strictly coincides in space and time with the
nucleation of the first CD9-dense platform that specifically faces
the sperm equatorial segment. Immediately after fusion, CD9 leaves
the contact zone, followed within a few minutes by the sudden
release of more than 50% of CD9 from the whole oolemma in a pro-
cess susceptible to contribute to a polyspermy block. In the mean-
time, an egg membrane wave starts to spread above the sperm
head and progressively engulfs it. After 25 min, when sperm intern-
alization is complete, membrane excess buds from the fusion
place and detaches as a few micrometre-sized vesicles.

Results
Egg CD9 densification, depletion, and release during the early
minutes of sperm/egg encounter

To tackle the dynamics of egg CD9 during the early phases of
mammalian fertilization, we performed individual in vitro fertil-
ization (IIVF) assays in a microfluidic chip. For each assay, one
single acrosome-reacted spermatozoon was guided to a prede-
fined egg membrane portion (<2% of the total egg surface) of a
ZP-free CD9-EGFP oocyte preloaded with a nuclear dye
(Hoechst) and let free to interact with it. Confocal time-lapse
microscopy allowed to image in real-time the sperm/egg
encounter and subsequent membrane remodelling in the region
of gamete interface with the best front view during dozens of
minutes. The spatiotemporal membrane evolution of egg CD9
and that of Hoechst nuclear dye transfer to the sperm DNA were
simultaneously quantified (Figure 1). Successful fertilizations
systematically showed a sequence of three phases for CD9: (i)
from sperm/egg encounter to membrane fusion (2-4 min
depending on the gamete couple), CD9 accumulates at the gam-
ete interface (Figures 1B and 2A; Supplementary Figures S1A
and S2A); (i) immediately after the fusion reaction, CD9 leaves
the sperm/egg contact zone in a process that lasts for ~2 min
(Figures 1B and 2B; Supplementary Figures S1A and S2A);
(iii) a few minutes after fusion (2-5 min depending on the
gamete couple), a sudden release of CD9 from the whole
membrane in the surrounding medium takes place (Figures
1C, D and 2C; Supplementary Figures S1B and S2B),

decreasing the CD9 membrane amount by more than half
(Figure 10).

A specific flagellum beating mode is required for CD9
recruitment at the sperm/egg interface

Consistent with the previous results (Ravaux et al., 2016),
acrosome-reacted sperm interacting with CD9-EGFP egg mem-
brane were shown to display three different modes of flagellum
beating: (i) vigorous whiplash movement (Table 1, Group 1),
(i) small amplitude flagellum oscillations (Table 1, Group 2), and
(i) vigorous oscillations perpendicularly to the egg membrane
(Table 1, Group 3). Note that these flagellum beating modes
observed here without the influence of the ZP are still relevant in
physiological condition. Indeed, we have inseminated ZP intact CD9-
KO oocytes (N = 40) with wild-type sperm and we have observed
the oscillations of the sperm cells interacting with the eggs (N = 82)
in the perivitelin space. Even though the amplitude of flagellum
beating was limited by the presence of the ZP, the three modes of
oscillations could be observed (Supplementary Videos S1-S3) with
a prevalence of Group 3 (45%) and Group 2 (39%) types.

During IIVF assays on ZP-free CD9-EGFP eggs in the microfluidic
chip, we observed that with spermatozoa from Group 1, the egg
membrane portion swept by the sperm head was rapidly losing its
fluorescence while fluorescence was transferring on the sperm
head (Supplementary Figure S3A), suggesting that membrane
fragments were extracted from the egg membrane and stuck to
the sperm head upon its brutal tangential rotation. In the case of
sperm from Group 2, its interaction with the egg membrane did
not influence the distribution of CD9-EGFP (Supplementary
Figure S3B). An increase of CD9 concentration in the sperm/egg
contact area was exclusively occurring on oocytes in interaction
with sperm from Group 3 and in the absence of Juno antibody
known to prevent lzumo1/Juno intercellular bonds (Table 1,
Figure 2A; Supplementary Figures S1A, S2A, and S3Q).

CD9 accumulation leads to the nucleation of a CD9-enriched
platform on which gamete fusion immediately takes place
if located in the sperm/equatorial segment area

The IIVF assays revealed that sperm/egg fusion was systematic-
ally preceded by the recruitment of egg CD9 in the contact zone
suggesting a causal relation between CD9 recruitment and mem-
brane fusion. In return, CD9 recruitment was mostly but not
always followed by membrane fusion. It happened in one case
(over five) that a CD9 recruitment occurred without leading to
fusion (Table 1 and Supplementary Figure S3C). To further investi-
gate the correlation between CD9 recruitment and membrane
fusion, we established in the cases of successful (Figure 3A-C)
and unsuccessful fusion (Figure 3D-F) the spatiotemporal map-
ping of both CD9 and Hoechst nuclear dyes densities over a line
crossing the three regions of the spermatozoon head: post-
acrosomal, equatorial and the post-equatorial (Figure 3A and D).
These sperm regions are not equivalent regarding membrane
fusion and the equatorial region is described as the place where
gamete fusion is initiated (Yanagimachi and Noda, 1970; Bedford
et al., 1979; Yanagimachi, 1994). Interestingly, in the case where
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Figure 1 Dynamics of egg CD9 and nuclear dye transfer during the early phases of fertilization in mouse. Each curve of this figure corre-
sponds to intensities collected on one single experiment illustrative of (i) successful fertilizations (blue triangles), (ii) failed fertilizations (red
squares, control 1), (i) absence of sperm (black circles, control 2). The same three illustrative experiments were kept over the four graphs in
order to highlight the strict concomitance of () flagellum beating phase and CD9 influx at the sperm/egg interface (dark grey box), (ii) onset
of fusion (vertical dashed line) and abrupt transition from CD9 influx (dark grey box) to CD9 withdrawal (light grey box) from the sperm/egg
interface, and (iii) collapse of CD9 amount from the whole egg membrane and sudden arrival of CD9 in the nearby environment of the egg
(vertical line). (A) Time evolution of Hoechst nuclear dye transfer from egg cytoplasm to sperm DNA. (B) Time evolution of CD9-EGFP at the
sperm/egg interface. For A and B, fluorescence intensities were quantified in a ROI delimitated by a freehand drawing outline of the sperm
head on the egg membrane (sperm/egg interface). For each acquisition time, the drawing of such ROI was repeated five times providing five
independent CD9-EGFP mean density values. Each data point corresponds to the average of these five values normalized by the intensity
measured at the onset of contact time (t = 0). The error bars correspond to their standard error. (C) Time evolution of egg CD9-EGFP at the
egg membrane outside the sperm/egg interface. For each acquisition time, five circular ROl of 5 pm diameter were evenly drawn at the egg
membrane, outside the sperm/egg interface, providing five CD9-EGFP mean density values. Each data point corresponds to the average of
these five values normalized by the intensity measured in the same ROI at the onset of contact time. The error bars correspond to their
standard error. (D) Time evolution of egg CD9-EGFP in the medium surrounding the egg. The same protocol as for C was applied except that
the five circular ROl were taken outside the egg and not on the egg membrane. (E) Microcfluidic device and location of the ROl used in A-D.
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Figure 2 Dynamics of CD9-EGFP during successful IIVF. (A) Recruitment of CD9-EGFP (yellow arrow) in the sperm/egg interface (dashed red line
contour) before the gamete fusion reaction. (B) Depletion of CD9-EGFP (white arrow) from the contact area after gamete fusion. (C) Release of
CD9-EGFP in the egg surrounding medium (red arrow) a few minutes after gamete fusion. The black mask with red-dashed contours hides the
fluorescence of the egg membrane to better reveal CD9-EGFP outside the egg. The timer gives the time from the onset of the gamete contact.

Table 1 CD9 recruitment, depletion, release, and fertilizing status of couples of gametes interaction and the membrane level as a function

of flagellum beating.

Flagellum beating Number of sperm/egg CD9 recruitment

Fusion CD9 depletion CD9 release Vesicle budding

mode couples 3

Equatorial segment Post-acrosomal segment
Group 1 3 0 0 0 3 0 0
Group 2 7 0 0 0 0 0 0
Group 3 8 42 1 42 42 42 22
Group 3 + Juno Ab 7 0 0 0 0 0 0

“Gametes that fuse are those on which CD9 concentrates in the equatorial segment.

a densification without fusion was observed, CD9 did not concen-
trate in the equatorial area. Instead, it mainly concentrated in the
acrosomal area (Figure 3E; Supplementary Figure S3A) and stayed
there, with some dense CD9 spots nucleated in this region. The
absence of Hoechst signal in the associated map (Figure 3F) con-
firmed the absence of fusion. By contrast, for successful fertiliza-
tions, CD9 recruitment was taking place over the three regions of
the spermatozoon head with higher concentration in the equator-
ial segment (Figure 3B). CD9 density culminated there, 120 sec
after gamete contact in the given example, in a micrometre-sized
enriched platform on which membrane fusion immediately took
place as attested by the perfect spatial and temporal coincidence
with the Hoechst appearance (Figure 3C).

CD9 and topological egg membrane remodellings after gamete
fusion

Immediately and only after membrane fusion has occurred,
CD9 density started to decrease from the sperm/egg interface

(Figure 1B). A spot depleted from CD9 suddenly appears and
spreads radially over the gamete interface (Figure 2B;
Supplementary Figures S1A and S2A). Subsequently to this
local CD9 exclusion process, the amount of CD9 on the whole
oolemma suddenly collapsed (Figure 1C). The simultaneous
massive increase of EGFP fluorescent signal in the medium sur-
rounding the oocyte into the microfluidic chip (Figures 1D and
2C; Supplementary Figures S1B and S2B) indicated that this col-
lapse was corresponding to a release and not to an internaliza-
tion. Simultaneously to CD9 release, a nascent egg membrane
wave appeared at the extremity of the sperm head (Figure 4).
This wave progressively amplified above it up to fully engulf
the spermatozoon head that became internalized. Around
25 min were necessary for the full completion of this engulf-
ment process. Finally, the membrane excess resulting from the
wave budded to form micrometre size vesicles that detached
from the egg membrane at the level of gamete fusion place
(Figure 4 and Supplementary Figure S2C).
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Figure 3 CD9-EGFP and Hoechst spatiotemporal maps during IIVF
assays with spermatozoa from Group 3. (A and D) Three regions of
the sperm head: (i) post-acrosomal, (ii) equatorial, and (jii) post-
equatorial. The horizontal line crossing these three regions is cho-
sen as region of interest for the construction of the spatiotemporal
maps. (B and C) CD9-EGFP spatiotemporal evolution leading to suc-
cessful fusion (B) and associated spatiotemporal evolution of
Hoechst transfer from egg to sperm (C). The nucleation of a CD9-
rich platform in the sperm equatorial region coincides both in time
and place with the apparition of Hoechst signal (orange circles). (E
and F) CD9-EGFP spatiotemporal evolution in the only case for
which CD9 concentration took place but not fusion (E) and asso-
ciated absence of Hoechst transfer (F).

Discussion

This study provides an unprecedented timeline of the topo-
logical and CD9 remodellings of the egg membrane taking place
during the early phases of fertilization (Figure 5). Within this
timeline, we can distinguish (i) the CD9 membrane events occur-
ring throughout the sperm/egg interaction phase to locally pre-
pare the egg membrane to fuse, (i) the CD9 membrane processes
that follow the fusion reaction, and (jii) the topological egg mem-
brane remodelling leading to the sperm engulfment.

Regarding the sperm/egg interaction period, we demon-
strated the causal link between the up and down oscillations of
the sperm head on the egg membrane and a spatiotemporal
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evolution of egg CD9 in the interaction zone that controls gam-
ete fusion. It is not clear whether this remodelling may result
from a biochemical response of the egg to the sperm oscilla-
tions (mechanotransduction process) or it is a more direct con-
sequence of the sperm movement. The latter hypothesis should
be consistent with a mechanism of CD9 densification controlled
by an Izumo1/Juno-mediated intercellular adhesion, like the one
reported at the interface of eggs and somatic cells transfected
with I1zumo1 (Chalbi et al., 2014). Each oscillation of the sperm
head on the underlying egg microvilli would increase the effect-
ive egg surface explored by the sperm and, therefore, maximize
the probability of Izumol/juno association leading to CD9
remodelling. Consistent with this scenario, Juno antibody
reported to prevent Izumol/Juno association (Chalbi et al.,
2014) was also shown to prevent the remodelling of CD9 at the
sperm/egg interface (Table 1).

The CD9 remodelling that takes place during the full period of
sperm oscillation on the egg membrane (2-3 min) consists in an
increase of CD9 amount over the entire interface with the sperm
head and to a progressive gathering of CD9 at the level of the
sperm equatorial segment up to the nucleation of a CD9-dense
platform on which gamete fusion is immediately initiated
(Figure 5). How does such a CD9 densification make the egg
membrane suitable for fusion is an open question. CD9 amount
is suspected to control microvilli curvature (Runge et al., 2007;
Zylkiewicz et al., 2010), a parameter determinant for membrane
fusion. CD9 is also involved in nanodomains gathering several
sperm receptors on which the sperm can strongly adhere (Jegou
et al., 2011). According to these features, an increase of CD9 in
the sperm/egg interface should result in a gathering of these
adhesive nanodomains and, therefore, in a closer sperm and
egg membrane apposition, but also to a reshaping of the micro-
villi adequate for fusion. The fact that fusion failed when the
CD9-dense platform was not facing the sperm equatorial seg-
ment is consistent with electron micrographs showing that
fusion takes place on the equatorial segment (Yanagimachi and
Noda, 1970; Bedford et al., 1979; Yanagimachi, 1994). It is also
consistent with the absence of fusion between egg and somatic
cells transfected with 1zumo1 (Inoue et al., 2013, 2015; Chalbi
et al., 2014). Last but not least, it points out the requirement of
one or several not yet identified specific factors of the sperm
equatorial region that would make this region suitable for
fusion.

Immediately after fusion, CD9 starts to leave the contact
zone. Within <2 min, the equatorial and post-acrosomal zones
of the sperm/egg interface get depleted from CD9, and a few
minutes after fusion the withdrawal of CD9 from the entire con-
tact zone is complete. This process does not only concern egg
CD9 but also sperm Izumol which was shown to display the
same withdrawal dynamics after fusion (Satouh et al., 2012). As
for Juno, it was reported to be enriched at the interface of egg
and acrosome-reacted sperm before fusion, but absent from the
interface of cells fixed at 40 min after fusion (Inoue et al., 2015).
Even if the membrane kinetics of this molecule is missing, we can
suspect that Juno is also involved in the same withdrawal process
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Figure 4 Topological remodelling of the egg membrane for sperm engulfment and vesicle budding process. Simultaneous visualization of
topological membrane remodelling leading to sperm engulfment (bright field images) and Hoechst transfer to the sperm DNA (fluorescent
images). The timer gives the time from the onset of the gamete contact. Six minutes after contact (~4 min after fusion), the sperm head
starts to be engulfed by an egg membrane wave that spreads over it. When the engulfment is complete (here at 25 min), the excess of mem-
brane buds in micro-sized vesicles (28 min) and they detach (30 min). The spreading of Hoechst spot in the sperm DNA indicates that gam-

ete fusion has occurred and that fertilization is still going on.

as CD9 and lzumo1. Moreover, this process may not be limited to
these three key proteins. Indeed, a large area surrounding the
sperm entry point was reported to be also devoid of the integrin
a6Pl after fusion (Ziyyat et al., 2006). After fusion reaction, the
oocyte has to integrate the paternal genome and to promptly pro-
tect itself against polyspermy. The proteins that were necessary to
bring the membranes in close contact and control fusion may
become detrimental to the internalization of the sperm. The
withdrawal from the sperm entry zone of CD9 and other proteins
required for sperm/egg adhesion and fusion is, therefore, likely
to favour sperm engulfment but also to make this egg zone fully
refractory to any interaction with a new sperm.

A few minutes after fusion, concomitantly to the beginning of
the sperm engulfment, a sudden release of CD9 from the whole
egg membrane takes place. This release results in a membrane
decrease of more than 50% of its CD9 amount within <2 min
and in a concomitant transient EGFP fluorescent wave, leaving
the egg membrane and propagating into the egg surrounding
medium. Owing to the transmembrane structure of CD9, these
fluorescent dots are likely to correspond to small egg membrane
vesicles carrying CD9, but also other egg membrane proteins
among which Juno and other sperm receptors. Since they are
not visible on bright field images, their size is likely submicro-
metric. Interestingly, Juno which is highly expressed on unfertil-
ized eggs, was reported to be barely detectable on the membrane
of eggs imaged approximately 1 h after fusion but was found to
be redistributed to submicrometric vesicles in the perivitelline

space (Bianchi et al., 2014). Unlike CD9, the kinetics of the release
of Juno is unknown. However, the similarities of both membrane
and vesicles features obtained for CD9 and Juno suggest that the
release of these molecules proceeds from a single process taking
place only a few minutes after fusion. These vesicles may corres-
pond to exosomes. The latter are small membrane vesicles of endo-
cytic origin, decorated with tetraspanins among which CD9 (Zoller,
2009) and released from many different cells (Thery et al., 2002).
They are thought to play a role in transferring materials from cell to
cell (Bobrie et al., 2011) including from egg to sperm (Miyado
et al., 2008; Barraud-Lange et al., 2012). Here, we show that in the
short period of time following fusion, this release process consider-
ably reduces the membrane amount of CD9 and probably other egg
proteins involved in gamete adhesion and fusion while it fills the
perivitelline space with small vesicles bearing these proteins. The
combination of these two features has the potential to efficiently
obstruct the fusion of an additional sperm that would have cross
the ZP before it becomes fully refractive to sperm penetration
(1-2 h for zona hardening) (Inoue and Wolf, 1975). Indeed,
because of this fast post-fusion membrane release, such a sperm
would have to face two major handicaps: (i) the blockage of its
adhesion sites through the binding of the vesicles present in the
perivitelline space and (i) the interaction with an egg altered
membrane depleted for proteins essential for gamete adhesion
and fusion. Both are consistent with the observed decrease of
binding of sperm with fertilized egg plasma membranes (Wolf,
1978; Wolf and Hamada, 1979; Horvath et al., 1993).
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Figure 5 Timeline of the topological and CD9 remodellings of the
egg membrane during the early stages of fertilization triggered by
specific flagellum beating. Oscillations of the sperm head on the
egg membrane (~20°, 1 oscillation/second) trigger CD9 densifica-
tion at the sperm/egg interface leading in a few dozens of seconds
to CD9-dense platforms. Fusion reaction strictly coincides in space
and time with the nucleation of the first CD9-rich platform that spe-
cifically faces the sperm equatorial segment. Immediately after
fusion, CD9 leaves the contact zone, followed within a few minutes
by the sudden release of more than 50% of CD9 from the whole
oolemma in a process susceptible to contribute to a polyspermy
block. Meantime, an egg membrane wave starts to spread above
the sperm head and progressively engulfs it. When sperm engulf-
ment is complete, membrane excess buds from the fusion place and
detaches as a few micrometre-sized vesicles.

Sperm engulfment starts as soon as the protein withdrawal
process from the sperm/egg entry zone is complete. It results in
an egg membrane wave that slowly spreads over the sperm and
ends up engulfing it 20 min later. Electron microscopy has pro-
vided images of such a membrane wave with much better spatial
resolution but this technique offers very limited temporal informa-
tion (Yanagimachi and Noda, 1970). To our knowledge, it is the
first time that this phenomenon is observed in real time making
possible the determination of its kinetics. It also reveals a transi-
ent new budding and release process that takes place as soon as
the sperm head is fully internalized (Figure 4, Supplementary
Figure S2). It consists in the formation and the detachment of
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membrane vesicles of a few micrometres. Unlike random bleb-
bing that often indicates the death of the cell in cell culture
experiments, these vesicles are spatially localized to the sperm
entry point, they are never observed in non-fertilizing cases, and
eggs producing these vesicles are healthy since fertilization still
proceeds. However, the role of these vesicles remains unclear.
They may be a way for the fertilized egg to get rid of the mem-
brane excess reminiscent from the sperm engulfment process.

In conclusion, this unprecedented temporal and spatial accur-
ate view of the sperm/egg interface reveals that gamete fusion
is controlled by the achievement of a precise local CD9 densifi-
cation, itself driven by mechanical constraints due to sperm
oscillations. Moreover, the massive release of CD9 that depletes
this key protein and their potential partners from the egg mem-
brane within the minutes after fusion is likely to efficiently
decrease the gamete fusion ability and, therefore, to limit dele-
terious polyspermy. By highlighting the necessity to adopt the
enlarged viewpoint that the gamete fusion story is an unexpected
interplay initiated at the onset of gamete contact between mech-
anical constraints and proteins, this study represents a conceptual
advance in the understanding of the fusion mechanisms in mam-
mal. Last but not least, our microfluidic method paves the way to
a systematic study of molecular, membrane, and cortex kinetics
for a full understanding of gamete fusion mechanisms and subse-
quent block to polyspermy and sperm incorporation processes.

Materials and methods
Animals

All animal experimental protocols were approved by the
Animal Care and Use Committee Charles Darwin, France
(#3254), and Education and Research French Ministry (agree-
ment number APAFIS#3254-2015121712165993 v2). The meth-
ods were carried out according to the European Community
guideline (Directive 2010/63/EU) on the protection of animals
used for scientific purposes.

Sperm

Sperm was obtained from 8 to 10-week-old Acrosin—EGFP
male mice (C57BIl6 background). This transgenic mouse line pro-
duced from mouse acrosin promoter which expresses EGFP in
the sperm acrosome without diminishing fertilizing ability
(Nakanishi et al., 1999, 2015). Sperm were expelled from cauda
epididymis and vas deferens into Ferticult® IVF medium
(Fertipro, France) under mineral oil. Sperm were then incubated
in Ferticult® at 37°C, 5% CO, in air for 2 h to induce capacita-
tion. After this incubation time, a fraction of sperm has under-
gone the acrosome reaction. The presence of EGFP in the
acrosome facilitates the observation of acrosomal integrity and,
therefore, the identification of acrosome-reacted spermatozoa
from acrosome intact ones. For experiments, only acrosome-
reacted and mobile sperm was selected.

Oocytes
Oocytes were obtained from 6 to 8-week-old CD9-EGFP
(Miyado et al., 2008) or CD9KO (Le Naour et al., 2000) female
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mice (C57Bl6 background). Female mice were super-ovulated by
intraperitoneal injections, first of 5 IU PMSG, followed by 5 IU
hCG 48 h apart. Cumulus-intact oocytes were collected into a
Ferticult® medium drop 14 h later by tearing the oviduct ampulla
from sacrificed mice. CD9KO eggs were used in experiments with-
out additional treatment. CD9-EGFP oocytes were separated from
their cumulus by a brief incubation at 37°C, in the presence of
hyaluronidase IV-S® (Sigma-Aldrich) (15 mg/ml). Oocytes at
metaphase |l stage were selected on the basis of the presence of
the first polar body. ZP was subsequently removed by rapid treat-
ment with acidic Tyrode’s® (Sigma-Aldrich) solution. Eggs were
then incubated in Ferticult® for 2 h at 37°C, 5% CO, in air.
Oocytes were then incubated with Hoechst 33342 (Sigma-Aldrich)
at 1 pug/ml for 5 min and washed. For some experiments, CD9-
EGFP oocytes were also incubated for 15 min in the presence of
Juno antibodies (c = 0.5 pg/ml and washed. The cells were
finally incubated in Ferticult® for at least 1.5 h at 37°C, 5% CO,
in air before the IIVF experiments.

Individual IIVF in a microfluidic chip

The microfluidic chip is a homemade PDMS 3D-platform
extensively described in a previous paper (Ravaux et al., 2016).
Briefly, it is composed of an egg-cup to maintain the ZP-free
oocyte, whose bottom is opened onto a microfluidic channel
that guides an acrosome-reacted sperm to a predefined portion
of the oolemma. For IIVF experiments, the chip was filled with
M2 medium and placed on the stage of a Leica confocal micro-
scope (Leica SP5-wc2, Leica), equipped with two micromanipu-
lators holding micropipettes. With one micropipette, a ZP-free
CD9-EGFP oocyte, preincubated with Hoechst 33342, was posi-
tioned in the egg-cup with its amicrovillar part far from the
microfluidic channel. With the second pipette, one acrosome-
reacted spermatozoon was introduced in the microfluidic chan-
nel and let free to interact with the accessible portion of the
oocyte. From the onset of sperm/egg contact, the evolution of
CD9-EGFP at the egg membrane and the Hoechst transfer from
the egg cytoplasm to the fertilizing spermatozoon head were
established by time-lapse imaging in bright field and fluores-
cence, using an oil-immersion objective (HCX PL APO 40 x 1.25
Oil, Leica) and 405 and 488 nm illumination wavelengths. All
the measurements were done using the same laser and scan-
ning parameters. Series of six vertical stacks with 1.5 pm incre-
ment were recorded at regular time intervals (20-45 sec
depending on the experiment) and during 10 min or more, with
Leica Application Suite 2.4.1 build 6384. A total thickness of
9 pum was imaged, starting from typically 4.5 pm under the bot-
tom egg membrane, up to a depth of 4.5 pm inside the egg.
Images were analysed afterwards with Image) from Wayne Rasband,
NIH and R software from the R Foundation for Statistical Computing.

For each acquisition time, the six vertical frames were summed
with Image). The resulting images were used for fluorescence quanti-
fication in Figures 1 and 3. In Figure 2, Supplementary Figures S1
and S2 and Videos S1 and S2, the fluorescent images also corres-
pond to these summed frames, while the images in transmission
correspond to the stack on which the sperm head is on best focus.

To build Figure 1A and B, the mean intensities of Hoechst and
CD9-EGFP emission were, respectively, measured in a region of
interest (ROI) strictly matching the surface of contact between
the sperm head and the egg as illustrated in Figure 1E. This ROI
was delimitated by drawing a freehand outline of the sperm
head surface in contact with the egg (red-dashed line contours
in Figure 2, Supplementary Figures S1 and S2). For each time,
this operation was repeated five times providing five independ-
ent CD9-EGFP mean density values. Each data point of Figure 1A
and B corresponds to the average of these five values and the
error bars correspond to their standard error. For controls for
which no sperm was involved, a ROl equivalent to the previous
one (similar contours) was considered and the same quantifica-
tion was done.

To build Figure 1C, the mean density of egg CD9-EGFP outside
the sperm/egg contact area was measured as illustrated in
Figure 1E. For each acquisition time, five circular ROl of 5 pm
diameter were evenly drawn at the egg membrane, outside the
sperm/egg interface, providing five CD9-EGFP mean density
values. Each data point of Figure 1C corresponds to the average
of these five values and the error bars correspond to their
standard error.

To build Figure 1D, the same protocol as in Figure 1C was
applied except that the five circular ROl were taken in the
medium surrounding the egg and not on the egg membrane.

In Figure 3, the CD9-EGFP and Hoechst spatiotemporal maps
were obtained by measuring each pixel intensity on a segment
(7 pm, N = 114 pixels) crossing the three regions of the sperm
head as illustrated in Figure 3A and D. Then the 114 intensity
values obtained for each acquisition time were combined in a
2D array (number of acquisition time rows x 114 lines) with the
R software to produce the spatiotemporal maps of Figure 3.

Insemination of CD9KO oocytes with Acr-EGFP sperm

Cumulus from unfertile CD9KO females were inseminated
with sperm (10° sperm/ml) for 3 h then rinsed. Oocytes with
sperm accumulated in the perivitelline space were imaged and
the oscillation mode of the spermatozoa in contact with the
oolemma was determined.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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