View metadata, citation and similar papers at core.ac.uk brought to you b

provided by Apollo

pature
COMMUNICATIONS

ARTICLE

Received 18 Feb 2011 | Accepted 7 Jun 2011 | Published 9 Aug 20T1
Rhythmic actomyosin-driven contractions
induced by sperm entry predict mammalian
embryo viability
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Fertilization-induced cytoplasmic flows are a conserved feature of eggs in many species.
However, until now the importance of cytoplasmic flows for the development of mammalian
embryos has been unknown. Here, by combining a rapid imaging of the freshly fertilized mouse
egg with advanced image analysis based on particle image velocimetry, we show that fertilization
induces rhythmical cytoplasmic movements that coincide with pulsations of the protrusion
forming above the sperm head. We find that these movements are caused by contractions
of the actomyosin cytoskeleton triggered by Ca?* oscillations induced by fertilization. Most
importantly, the relationship between the movements and the events of egg activation makes
it possible to use the movements alone to predict developmental potential of the zygote.
In conclusion, this method offers, thus far, the earliest and fastest, non-invasive way to predict
the viability of eggs fertilized in vitro and therefore can potentially improve greatly the prospects
for IVF treatment.
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entry are well described. In sea urchins, ascidians and frogs, for

example, they are known to be associated with successful progress
of developmental events, such as the establishment of embryo polar-
ity’®. However, the nature, mechanism or consequences of cytoplas-
mic movements caused by sperm entry into the mammalian egg are
currently unknown. In mammalian zygotes, sperm entry is linked
with reorganization of the cytoskeleton, cortical granules’, endo-
plasmic reticulum® and mitochondria’. Mammalian fertilization
also triggers oscillations of free cytoplasmic Ca** between comple-
tion of meiosis and entry into interphase of the first embryonic cell
cycle!®!. Such oscillations regulate not only events immediately fol-
lowing fertilization'>™'* but were also reported to affect some aspects
of subsequent development'*'¢'8. Finally, sperm entry also causes
changes in zygote shape: formation of the second polar body (PB);
protrusion of the fertilization cone (FC) above sperm chromatin'>*;
and flattening of the zygote along the axis that bisects the FC*'. Some
cytoplasmic motions have been detected in the fertilized mouse
egg”, yet, the mechanism behind these motions, their relationship
to shape changes, and, most importantly, whether they are associ-
ated with developmental success have all remained unknown.

Here, we first characterize cytoplasmic movements triggered
by sperm entry into the mouse egg to describe their relationship
with Ca?* oscillations, dynamics of zygote shape and cytoskeleton
function. We then examine whether the dynamics of these move-
ments can be used to predict developmental success. Combining
rapid time-lapse imaging of mouse eggs commencing straight after
their fertilization with advanced image analysis based on particle
image velocimetry (PIV), reveals previously unnoticed oscillatory
changes in the zygote shape on sperm entry. We find that these
rhythmic oscillatory changes are accompanied by abrupt actomy-
osin-dependent cytoplasmic movements that are synchronous with
and depend on Ca** oscillations. The calcium transients alone, how-
ever, are insufficient for generating cytoplasmic movements as they
depend on the incoming sperm and an unexpected pulsation of the
FC. Importantly, we find that the characteristics of these movements
provide a novel and, thus far, the earliest and quickest non-invasive
means of assessing an embryo’s quality. We discuss the promise of
using such movements to predict an embryo’s developmental poten-
tial in assisted reproduction clinics.

I n many organisms, cytoplasmic movements triggered by sperm

Results

Sperm entry in mouse triggers rhythmic cytoplasmic motions. To
characterize cytoplasmic movements on fertilization of the mouse
egg and to evaluate whether, and if so, how, they relate to other
events associated with fertilization, we first filmed eggs from the
time immediately after fertilization until pronuclei formation. We
then used advanced image analysis based on the PIV method*~* to
analyse and quantify these movements (Fig. 1a). This revealed that
fertilization of the mouse egg was followed by dramatic periodic
increases and decreases in velocity of the cytoplasmic movements
(that we termed speed peaks; Fig. 1b—d, n=>55 unfertilized oocytes
and n=125 eggs fertilized in vivo). This sequence of fast repetitive
movements throughout the egg cytoplasm lasted for approximately
4h, until pronuclei formed. The speed peaks were initially of
relatively low amplitude (between anaphase of meiosis II and early
FC outgrowth; Stage 1) but subsequently developed significantly
greater amplitudes when the FC fully extended (Stage 2). Finally,
their amplitude decreased during and following FC regression
(Stage 3) (Fig. 1b,d; Table 1; Supplementary Movie 1). In Stage 2, the
rapid cytoplasmic movements were greatest in the plane bisecting
the FC equatorially and became slower in the more peripheral
planes (Supplementary Fig. S1). The PIV analysis revealed that each
speed peak was followed by after-movements that usually persisted
for more than 4min and were of lower amplitude. Movements
during Stage 3 were exceptions to this rule in that the speed peaks

were often less distinct than the after-movements (Fig. 1d; Table 1).
Moreover, we noticed that fertilization led to greater than twofold
increase in the basal mean cytoplasmic speed (the speed during
interpeak intervals or after the last recorded peak) in comparison
to the resting level of unfertilized oocytes (Fig. 1c,d; Table 2;
Supplementary Movies 1 and 2).

Our analysis revealed that during Stage 1, the vectors of these
abrupt cytoplasmic movements tended to be towards the develop-
ing second PB (17/25 speed peaks, 11 zygotes). This directionality
changed during Stage 2 such that the vectors were directed towards
the FC or sometimes slightly displaced towards the second PB (64/65
speed peaks, 19 zygotes). There was no persisting pattern during the
low magnitude after-movements or interpeak intervals in either of
these stages. At Stage 3, directionality or any pattern of the speed
peaks was not any longer apparent (Fig. le; Supplementary Table S1).
These speed peaks ceased after FC regression when pronuclei were
observed in the majority of zygotes (49/63, 77.8%) (Fig. 1d). Thus,
our results indicate that fertilization of the mouse egg triggers speed
peaks of cytoplasmic movements that at their strongest are directed
towards the FC, forming above the site of sperm entry.

Speed peaks rely on actomyosin cytoskeleton and FC pulsations.
As the direction of the abrupt movements at Stage 2 suggested that
the FC could be involved in their generation, we next examined the
morphology of the FC throughout this period (69 speed peaks, 14
zygotes). This showed that at each speed peak, the apex of the FC
sank inwards and the region where the FC merged into the convex
outline of the zygote widened. As a consequence, the diameter of the
zygote along the axis of the FC (hereafter called the ‘FC diameter’)
decreased by 1.28+0.66 um (1.55+0.79% of its length) (Fig. 2a,b).
The shape of the FC was restored during the interpeak interval
(Fig. 2a). Interestingly, the extent of reduction of the FC diameter
showed a linear association with speed peak amplitude (19 zygotes,
71 speed peaks analysed) (Fig. 2c).

Because the actomyosin cytoskeleton is enriched in the FC
region'*”, we considered that this might be responsible for FC
pulsations. To evaluate this possibility, we visualized actomyosin
throughout these pulsations by injecting oocytes with messen-
ger RNAs encoding either the actin-binding domain of utrophin
tagged with EGFP (UtrCH-EGFP®) or the regulatory light chain
of myosin I tagged with GFP (MyoRLC-GFP*). Measurements of
the mean fluorescence intensity of UtrCH-EGFP in such oocytes,
after their fertilization, revealed oscillatory changes in the con-
tinuous actin layer underlying the FC; the fluorescence intensity
of the actin marker decreased as the FC relaxed and increased
as the FC was gradually protruding (Fig. 2d; Supplementary
Fig. S2). Similar results were obtained for the mean fluorescence
intensity of MyoRLC-GFP underlying the FC shoulders (Fig. 2e;
Supplementary Fig. S3). Such fluctuations in UtrCH-EGFP and
MyoRLC-GFP fluorescence might reflect a change in the amount
of the actomyosin in that region. However, as these changes are
relatively small, transient and repetitive, it is more likely that they
represent contractility of actomyosin encircling the FC leading to
its pulsations.

As FC movements occurred in time with the cytoplasmic speed
peaks directed towards the FC, we next examined whether the acto-
myosin cytoskeleton was responsible for both. To this end, we used
selective inhibitors to interfere with both the actomyosin and micro-
tubule cytoskeletons. Their specificity was confirmed by immuno-
staining (Supplementary Fig. S4) and their effect on cell cycle
progression is presented in Supplementary Table S2. We found that
neither nocodazole-induced depolymerization nor taxol-induced
stabilization of microtubules inhibited speed peaks, although their
dynamics were slightly changed. Nocodazole treatment increased
cytoplasmic speed in some after-movements and in all intervals
between speed peaks (n=38, Fig. 2f; Tables 1 and 2), whereas
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Figure 1| Oscillations of cytoplasmic speed in fertilized mouse eggs. (a) Schematic of the cross-correlation image analysis algorithm used to measure
the movement of the cell cytoplasm (detailed description in Methods). (b) A schematic representation of the analysed stages: MIl: unfertilized eggs in
metaphase of the second meiotic division. Stage 1: 2PB is formed and FC first appears. Stage 2: FC is fully formed. Stage 3: FC regresses and pronuclei are
formed. (¢) Mean cytoplasmic speed in a representative unfertilized egg. (d) Mean cytoplasmic speed in a representative in vivo fertilized zygote during
Stages 1-3. (e) DIC images with vector patterns representative for unfertilized eggs (MII) and for zygotes in Stage 1-3. For clarity, only every second
vector is shown. Length of the vectors and colour of the background indicate speed of the local cytoplasmic movement. Scale bar, 10 um.

taxol treatment decreased the amplitude of some speed peaks and
after-movements, and cytoplasmic speed in all interpeak intervals
(n=27, Fig. 2g; Tables 1 and 2). In contrast, actin depolymeriza-
tion with cytochalasin-D or stabilization of actin filaments with jas-
plakinolide resulted in an almost threefold decrease in basal speed
(Fig. 2f,g; Table 2). Moreover, cytochalasin-D treatment dramatically
abolished speed peaks (Fig. 2f). Only in 2 out of 21 analysed zygotes
(9.5%) were unfocused, low-amplitude speed peaks recorded. Speed
peaks were still present in jasplakinolide-treated zygotes (n=60),
although their amplitudes were significantly lower than in con-
trols, and after-movements were virtually undetectable (Fig. 2g;
Table 1). In almost all zygotes, treatment with ML-7, a myosin light
chain kinase (MLCK) inhibitor, also blocked cytoplasmic speed

oscillations (16/17 zygotes, 94.1%) (Fig. 2f), and only a single
exceptional zygote showed indistinct low amplitude speed peaks.
These experiments also showed that depolymerization or stabi-
lization of microtubules, by respective treatments with nocodazole
or taxol, had no effect on either formation and/or maintenance of
the FCs. By contrast, FCs did not form in the majority (20/21, 95%)
of zygotes treated with cytochalasin-D in agreement with previous
studies®. Stabilization of actin filaments in zygotes treated with jas-
plakinolide still permitted formation and/or maintenance of FCs,
but they were not as prominent as in controls. FCs were present
in just over half of embryos (10/17, 58.8%), when MLCK activity
was inhibited and when present, they were less well developed. This
accords with the previous conclusion that MLCK activity is involved
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in formation and maintenance of the FC**". Together, these results
indicate that both the cytoplasmic oscillations and FC pulsations
depend primarily on the actomyosin cytoskeleton.

Cytoplasmic movements depend on Ca** transients. As fertiliza-
tion is known to initiate oscillations of free Ca?* (refs 11,31), we
next wished to address whether the actomyosin-mediated speed
peaks might depend on these Ca?* pulses. To this end, we loaded
fertilized eggs with the Ca’*-sensitive fluorescent dye FuraRed,
and simultaneously collected FuraRed fluorescence and differential

Table 1| Mean amplitudes of speed peaks and
after-movements in control and inhibitor-treated zygotes.

Mean amplitude of
speed-peaks ts.d.
(hms™")

Mean amplitude of
after-movements+s.d.
(nms™")

Control zygotes*, T

Stage 14 (18 zygotes,
45 peaks)

Stage 2 (32 zygotes,
108 peaks)

Stage 3 (55 zygotes,
88 peaks)

Nocodazole-treated zygotes
Stage 1 (3 zygotes,
7 peaks)
Stage 2 (17 zygotes,
46 peaks)
Stage 3 (66 zygotes,
15 peaks)

29.7+£194 8.7+28

449+25.0 12.3%£5.0

12.2+10.0 177+6.4

20.6+11.2 1n1+£3.9

3524193 16.616.8|

10.4+8.5 21.5+6.71

Taxol-treated zygotes

Stage 1 (3 zygotes,
6 peaks)

Stage 2 (15 zygotes,
37 peaks)

Stage 3 (18 zygotes,
33 peaks)

18.0£5.01 79143

29.9+21.0] 11453

1n.5+£6.5 14.3£58|

Jasplakinolide-treated zygotes
Stage 1§ (1 zygote,

3 peaks)
Stage 2 (22 zygotes,

50 peaks)
Stage 3 (56 zygotes,

102 peaks)

20.9£10.1 52+21

145+8.3# 4.2+1.9#

10.8+7.6 3.8+2.8#

*Experiment was repeated 5-8 times for each experimental condition.

TMean amplitudes of speed peaks and after-movements differ significantly between analysed
stages.

FPost-fertilization stages are described in the main text.

SStatistics was not applied to values from Stage 1 of jasplakinolide-treated zygotes due to the
low number of these peaks/embryos.

|[P<0.05 versus control, 1P<0.01 versus control, #P < 0.0001 versus control, according to a

linear regression model that accounted for clustering.

interference contrast (DIC) images. In 32 zygotes, all 121 speed
peaks were accompanied by an increase in Ca’*. The cytoplasmic
speed increased exactly (within the resolution of our recording
interval) as Ca?* levels peaked (Fig. 3a; Supplementary Movie 1).
Only in a single zygote with unusually frequent Ca®* oscillations
were some Ca’* spikes (4/17) not mirrored by speed peaks. In some
eggs fertilized by intracytoplasmic sperm injection (ICSI), we man-
aged to record speed peaks accompanying the first Ca?* transient.
They were of higher amplitude than the rest of Stage 1 speed peaks
(Supplementary Fig. S1) corresponding to the first Ca** transient
being bigger than subsequent ones.

To determine whether Ca?* oscillations are essential for cytoplas-
mic movements, we recorded motion in 21 fertilized eggs loaded
with the Ca’* chelator BAPTA, known to inhibit calcium oscilla-
tions without changing the basal level of intracellular Ca?* (ref. 32).
This treatment suppressed high-amplitude speed peaks but elevated
the mean basal cytoplasmic speed to 1.7-fold more than controls
(Fig. 3b). Although BAPTA disrupted microtubules (Supplemen-
tary Fig. S4), as observed in other systems®**, this was unlikely to be
responsible for the loss of speed peaks because specific disruption of
microtubules did not cause a similar phenotype (see above).

Interestingly, when we activated mouse eggs (n=47) using SrCl,
thus causing Ca?* oscillations similar to those seen after fertiliza-
tion, only 30% (133/444) of Ca®* transients were accompanied by
speed peaks. Moreover, these did not resemble the speed peaks of
zygotes as they had very low amplitudes (Fig. 3c; Tables 1 and 3)
and also were often delayed by 10-30s with respect to the peak
of the Ca?* transient. After-movements were present with 76.8%
(341/444) of these Sr-induced Ca?* transients, but their amplitudes
were also lower than in zygotes (Tables 1 and 3). This suggests that
although Ca** oscillations are necessary for the rapid cytoplasmic
movements, they are not sufficient to trigger distinct high-ampli-
tude speed peaks. Thus, fertilization leads to further events that fully
enable these motions.

Functional sperm proteins initiate cytoplasmic movements. To
further characterize the relative contribution made by either the
sperm per se or the FC on both cytoplasmic speed peaks and Ca**
oscillations, we injected sperm directly into the egg, either immedi-
ately under the cortex or into the centre of the cell. Because forma-
tion of the FC depends on interplay between sperm chromatin and
cortical actin and is distance-dependent®, FCs were only formed in
the former group of injected eggs. In both cases, the injected sperm
resulted in Ca?* oscillations and egg activation. However, whereas
in eggs that formed FCs, 97% (101/104) of Ca** transients were
accompanied by speed peaks (n=17 eggs, Fig. 4a), in eggs without
FCs, 71% (207/290) of Ca** transients had speed peaks (n =35 eggs;
Fig. 4b). Importantly, the mean amplitude of speed peaks was signif-
icantly lower in eggs without FCs, whereas in eggs with FCs ampli-
tudes were similar to those in naturally fertilized ones (Fig. 4a,b;
Tables 1 and 3). However, the mean amplitude of speed peaks dur-
ing pronuclei formation and of the after-movements from all stages

Table 2 | Influence of Ca?* chelation and cytoskeleton inhibitors and on basal cytoplasmic speed in fertilized mouse eggs.

speedts.d. (nms™)

Control  Unfertilized BAPTA- Nocodazole- Taxol- Cytochalasin  Jasplakinolide- ML-7-treated
zygotes eggs treated treated treated D-treated treated zygotes zygotes (n=17)
(n=82) (n=55) zygotes zygotes zygotes zygotes (n=60)
(n=20) (n=38) (n=27) (n=21)
Mean basal cytoplasmic ~ 9.0+£1.9 4.3+1.0* 15.3£3.3" 11.0+1.5% 7.7+17% 31+£0.6* 3.0+04* A. 51413

A—mean basal velocity before M-phase/interphase transition.
B—mean basal velocity after M-phase/interphase transition.

*P<0.000 1 versus control zygotes, TP<0.001 versus control zygotes, £:P<0.05 versus control zygotes, SP<0.000 1between marked values, according to Student t-test.

4 NATURE COMMUNICATIONS | 2:417 | DOI: 10.1038/ncomms1424 | www.nature.com/naturecommunications

© 2011 Macmillan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1424

a Forming Protruded

=

b 80 ¢ 120
Q c 3
ET 60 £ 2§79
8o 5 B3 80 .
o £ 2 00 E
S £ 40 g S E L 60
35 5 282 , y=32.69x + 34.41
D = =8 rs
g2 20 S §§§ 2 r=0.595
s°? L <3 p < 0.0001
oH 0 . : .
0 1 2 3
Time (min) Change in the FC diameter (um)
d Protruded Flattened e Protruded Flattened

o f 70 1.25 0
£ 9 \ 6o § & 115 v f 74§
+3 8 ) 68 & Qb v 73 &
O p QE" T g 1.05 g
50 7- 67 & 28 72 §
Y o =1 095 S
& 6 66 O oo 7106
| L= 0} L
5 T T T + 65 0.85 + T T T + 70
0 5 10 15 20 0 3 6 9 12
Time (min) Time (min)
f 80 - g 80 -
70 A 70 -
L [¢]
£~ 60 £~ 60-
é'g 50 - &' s50-
SE 40 SE 40
3o 35 304
= 30 A c g
3 2 20 § o 20+
= 10 = 10 4
0 T T T T 3 0 T T T T T .
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (min) Time (min)

Figure 2 | Cytoplasmic speed peaks depend on changes in the actomyosin cytoskeleton in the FC region. (a) DIC images of the zygote with a pulsating
FC: the FC (marked with an asterisk) protrudes and flattens in a repetitive way. Scale bar, 20 um. (b) Peaks of the mean cytoplasmic speed in the fertilized
mouse egg (blue) correlate with the beginning of a decrease in the FC diameter (green). The FC diameter was measured as shown in (a) from the point
of maximum symmetry on the edge of the FC to the other edge of the cell. (¢) Change in the FC diameter (measured as a difference between FC diameter
immediately before the speed peak and at the timepoint when the speed peak reaches its maximum) correlates with the amplitude of the accompanying
speed peak. The Pearson correlation coefficient calculated for these measurements is 0.595 and is statistically significant (P<0.0001). (d) Intensity of
UtrCH-EGFP fluorescence in the cortex of the FC (blue) fluctuates as the FC changes its shape (as shown by changes in the FC diameter (red)). Intensity
values are presented as a ratio between UtrCH-EGFP and Gap43-RFP (a membrane protein) fluorescence, to eliminate intensity changes caused by shifts
in the focus (see Methods for the details). Asterisks show ends of the cortical region in which intensities of UtrCH-EGFP and Gap43-RFP were measured.
Scale bar 10 um. (e) Intensity of MyoRLC-GFP fluorescence in the lower and upper shoulder of the FC (blue line and blue line with crosses, respectively)
fluctuates as the FC changes its shape (as shown by changes in the FC diameter (red)). Intensity values are presented as a ratio between UtrCH-EGFP
and Gap43-RFP fluorescence. Asterisks mark the regions in which intensities of MyoRLC-GFP and Gap43-RFP were measured. Scale bar 10 um. (f) Mean
cytoplasmic speed in representative zygotes treated with nocodazole (blue line), cytochalasin D (red line) and ML-7 (green line). (g) Mean cytoplasmic
speed in representative zygotes treated with taxol (blue line) and jasplakinolide (red line). The peak visible at approx. 90 min is due to a shift in focus.

to trigger FC-like formation*. Consequently, when heat-inactivated

were similar in both groups (Table 3), suggesting that mechanism of
sperm heads were injected into the cortex and eggs activated by Sr**,

these particular movements may be FC-independent.

To further dissect the contribution of FCs to the triggering of
cytoplasmic movements, we examined whether speed peaks would
occur in response to injection of heat-inactivated sperm heads that
are devoid of all functional proteins and serve as a source of DNA.
Association of chromatin with the cortex is known to be sufficient

both Ca’* oscillations and FC formation were observed. In such
zygotes (n=25), 60.8% (48/79) of Ca** transients were accompa-
nied by speed peaks when the FCs were present (Stage 2). However,
speed peak amplitudes remained relatively low (Fig. 4c; Table 3).
Interestingly, the FC pulsations were also much less pronounced
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Figure 3 | Cytoplasmic speed peaks depend on free Ca?* oscillations.
Peaks of mean cytoplasmic speed (blue) and free Ca?* levels (green) in a
representative fertilized egg (a), fertilized egg treated with BAPTA-AM (b)
and egg activated with SrCl, (¢). When eggs were activated with SrCl,, Ca?*
transients were not accompanied by even small speed peaks (insert in (€)).
In all graphs, the increase in Ca?* level was reflected by a decrease in the
intensity of FuraRed fluorescence. A peak in (b) was due to a shift in focus.

than those observed in normal zygotes and neither speed peaks
nor FC pulsations were perfectly synchronized with the peaks of
Ca?* transients but occurred 10-30s later. No Ca?* oscillations were
recorded in eggs injected with inactivated sperm and left without
parthenogenetic activation (Fig. 4d). Together, these results suggest
that high-amplitude speed peaks are associated with FC pulsations
and are facilitated by functional proteins of the sperm.

Cytoplasmic movements allow prediction of embryo viability.
Because we found that cytoplasmic movements correspond to the
pattern of Ca** oscillations and the quality of the cytoskeleton, we
wondered whether the analysis of such movements might be pre-
dictive of developmental success. To address this, we fertilized 71
eggs in vitro, recorded their cytoplasmic movements throughout the
period that FCs were present and then cultured embryos for 4 days.
In the first instance, we related the pattern of cytoplasmic move-
ments in each embryo with the total number of cells at this time

(Fig. 5a,b). This showed that for different values of the mean inter-
val between speed peaks, there were statistically significant linear
and quadratic effects between the mean basal speed (P=0.0005 and
0.0001 respectively, according to the negative binomial regression
model) and the cell count in an embryo (on the log scale; Fig. 5¢). The
mean cell count at the fourth day of development increased with the
mean basal speed (up to 1.7 standard deviations (s.d.=6.7nms™")
away from the average of 12.2nms™! of the mean basal speed
values) after which it flattened off or declined (Fig. 5¢). Moreover,
for different values of the mean basal speed or its square, the mean
number of cells after 4 days of development increased in proportion
to the mean interval between speed peaks (1.3 times higher (95%
CI: 1.07-1.47) for every 1 s.d., that is, ~7min; P=0.0045, accord-
ing to the negative binomial regression model, Fig. 5d). Similar
findings were observed when we examined developmental success
by assessing the probability of development to the blastocyst stage
(Supplementary Fig. S5). This analysis suggests a linear relationship
between the mean basal speed (P=0.009, logistic regression model)
and the logarithm of odds that the embryo achieves the blastocyst
stage after 4 days of development: the probability of developing to
a blastocyst increases as the mean basal speed increases. Moreover,
we found that for every 1 s.d. increase in the mean interval between
speed peaks the odds of an embryo developing into a blastocyst
increased 2.3-fold (95% CI: 1.10-4.89; P=0.027, logistic regression
model, Supplementary Fig. S5).

To eliminate the possibility that our method of recording cytoplas-
mic movements caused any photodamage and to examine whether
any possible light sensitivity depended on the post-fertilization stage
of imaging, we compared development of zygotes that formed pronu-
clei at different times after the onset of recording. We found no evi-
dence of any differences either between the mean cell numbers or the
distribution of developmental stages achieved (P> 0.46, according to
Student ¢-test, for any two compared groups and P=0.97, according
to ? test, respectively, Supplementary Fig. S5). We also compared
development of imaged (n=71) and non-imaged (n=46) embryos
ensuring that both groups were treated in the same way. No evidence
for any differences in the mean number of cells or the distribution of
embryos with different cell numbers between both groups was found
(P=0.75, according to Student ¢-test, and 0.19, according to ? test,
respectively; Supplementary Fig. S5).

Finally, as the above results indicated that the pattern of cytoplas-
mic movements is predictive of pre-implantation development qual-
ity, we wished to determine whether these patterns of movements
could predict which eggs would successfully develop to term. To
this end, we imaged and analysed in vitro fertilized eggs and then
grouped them accordingly to whether their cytoplasmic motion
patterns would indicate good or poor developmental potential.
Embryos with good potential were predicted to have after 4 days of
culture between 25 and 52 (an average of 32) cells per embryo and to
achieve the blastocyst stage in between 25 and 90% of cases (an aver-
age of 46.5%). Embryos classified as low quality would be predicted
after 4 days to have between 9 and 24 cells (an average of 17), and
that between 0 and 25% of them, an average of 10.7%, would achieve
the blastocyst stage. The two groups of embryos were transferred at
the two-cell stage to the recipient females. Those embryos scored as
‘high quality’ developed to the egg cylinder stage (6.5dpc) 5 times
more often (83.3%, 5/6 versus 16.7%, 1/6) and to full term (19.5dpc)
almost 3 times more often (2.77 times, 87.5%, 21/24 versus 31.6%,
6/19) than embryos scored as ‘low quality’ (Fig. 5e,f; Supplementary
Table S3). Taken together, these findings indicate that post-fertiliza-
tion cytoplasmic movements are predictive of developmental success
and our method of imaging does not hinder embryo development.

Discussion
Non-invasive rapid time-lapse imaging combined with PIV analysis of
cytoplasmic events after fertilization described here shows that sperm
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Embryos obtained by Post-fertilization stages

Table 3 | Mean amplitudes of speed peaks and after-movements in embryos obtained by ICSI or by activation with SrCl,.

Mean amplitude of
speed-peaks+s.d. (nms™)

Mean amplitude of
after-movementsts.d. (nms™)

ICSI under the cortex Stage 1* (6 zygotes, 9 peaks)

Stage 2 (14 zygotes, 66 peaks)

peaks)

Stage 3 (16 zygotes, 28 peaks)
ICSl into the central cytopalsm

peaks)

Stage 3 (31 zygotes, 37 peaks)
Activation with SrCl3

340 peaksS)
ICSI with the inactivated sperm and Stagel (10 zygotes, 30 peaks)
SrCl, activation

Stage 2 (16 zygotes, 71 peaks)

Stage 3 (20zygotes, 73peaks)

Stage 1 prolongedt (14 zygotes, 75

Stage TprolongedT (31 zygotes, 212

Stage TprolongedT (45 parthenotes,

19.5+111 107459
3414154 12.845.0
32.3415.7 12,5451
143494 13.6+4.9
14.6+8.2 10.5+14.7
10.3£6.8 124+35
7440 #* 77429+t
8.8+8.8# 79+3.0
8.6+5.4| 10143.594%
714439 13.0£70

*Post-fertilization stages are described in the main text.

of 2PB formation and formation of pronuclei.

regression model that accounted for clustering.

tStage 2 (that is, fully formed FC) was not present in eggs injected with sperm into the central cytoplasm or eggs activated with SrCl,, thus name ‘Stage 1 prolonged' refers to the period between onset

+Speed-peaks and after-movements ceased in SrCl,-activated eggs before pronuclei became visible, thus Stage 3 is not analysed.

Sin case of SrCl,-activated eggs, a total number of speed-peaks and, if speed-peaks were absent, after-movements is shown.

|[P<0.0001 and 1P<0.01 versus an analogous stage in zygotes obtained by ICSI under the cortex; #P<0.01 versus Stage 1in zygotes obtained by ICSI under the cortex; **P<0.0001 versus zygotes
obtained by ICSl into the central cytoplasm; 1P <0.01 versus zygotes obtained by ICSI into the central cytoplasm; 3:3:P < 0.0001 versus prolonged Stage 1in SrCl,-activated eggs, according to a linear

entry into the mouse egg triggers a series of unexpected rhythmic
actomyosin contractions associated with cytoplasmic movements.
At their maximum speed, these cytoplasmic movements have vec-
tors directed towards the protrusion formed above the site of sperm
entry that undergoes pulsations in synchrony with them. The speed
peaks of the cytoplasmic movements correspond in timing with fer-
tilization induced Ca’* transients, and they depend on calcium oscil-
lations. Finally, we show that analysis of the interval between peaks
provides a novel non-invasive and very rapid way of assessing the
vitality of the embryo and its ability to succeed in development.

The involvement of the actomyosin cytoskeleton in mediat-
ing cytoplasmic movements is evident from our findings that
inhibition of MLCK or treatments that either stabilized or depo-
lymerized F-actin diminished both speed peaks and the basal cyto-
plasmic speed. The movements also depend on Ca?* transients,
because they were prevented by chelating Ca** with BAPTA. One
possibility is that Ca**-dependent kinases such as Ca**/calmodulin-
dependent kinase II or conventional protein kinase C participate in
triggering the movements as these enzymes are known both to regu-
late the cytoskeleton' and respond to Ca** oscillations***. However,
whereas the amplitude of Ca?* oscillations are similar throughout
the whole post-fertilization period (except for the first Ca** spike
that is usually bigger than subsequent ones*), the amplitude of the
speed peaks increases at onset of FC formation and decreases on
FC regression. Moreover, the Ca** transients evoked by partheno-
genetic activation are not sufficient to promote fast, oscillatory cyto-
plasmic movements suggesting that further fertilization-associated
factors must enable the movements to take place.

The coincidence of speed peaks with actomyosin-mediated
rhythmic movements of the FC suggests that these are manifesta-
tions of the same process. This is further borne out by studies of FC
formation after sperm injection. As FC formation requires interac-
tion of chromatin with cortical proteins®, it does not occur when
sperm is injected deep into the egg. Accordingly, eggs fertilized in
this way showed much weaker speed peaks than in zygotes with
FCs. The fact that speed peaks, although weak, were still present,
could be because sperm chromatin was positioned close enough to
the cell surface to cause some reorganization of the cortical actomy-
osin. Although insufficient to produce a well-defined FC, this would
still be able to enhance weak cytoplasmic movements. Alternatively,
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Figure 4 | High amplitude cytoplasmic speed peaks depend on the
presence of the FC. Mean cytoplasmic speed (blue) and free Ca** levels
(green) in representative eggs subjected to ICSI. A fresh sperm head was
injected under the cortex (a) or in the central part of the cytoplasm (b).

A heat-inactivated sperm head was injected under the cortex and then the
egg was either activated (c) or not activated (d) with SrCl,. In eggs injected
with heated sperm heads and activated with SrCl,, small speed peaks were
frequently present (insert in (¢)). In all graphs, the increase in Ca?* level
was reflected by a decrease in the intensity of FuraRed fluorescence.

the speed peaks could be triggered by contractions of the cortical
actomyosin accumulated above the maternally derived chromatin.
Indeed, we frequently could see that a bulge formed above the set of
maternal chromosomes pulsates in a way similar to the FC. It is also
possible that low-amplitude speed peaks may be an effect of general
contractility of the actomyosin cytoskeleton, not associated with the
cortex. The last two possibilities could also explain why there are
some low-amplitude speed peaks visible in the Sr**-activated parhe-
nogenotes. High-speed movements were also not triggered, and FC
motions were very much diminished in Sr**-activated eggs injected
with heat-inactivated sperm heads. Thus, the sperm may well con-
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Figure 5 | Cytoplasmic movements as an indicator for viability of embryos.
Correlation between mean basal speeds (a) or mean inter-speed peak intervals
(b) recorded in zygotes and the number of cells in the embryos after 4 days

of culture. (¢) Mathematical model fitted to the data in (a), showing linear
and quadratic correlation between mean basal speeds and number of cells

in the 4-day-old embryos with an adjustment for different values of the mean
interpeak intervals. (d) Mathematical model fitted to the data in (b), showing
linear correlation between mean interpeak intervals and number of cells in the
4-day-old embryos with an adjustment for different values of the mean basal
speeds. Graphic representation of the models in (¢) and (d) was prepared for
values in range indicated with red brackets in (a) and (b), respectively. (e) An
egg cylinder (left) and 2-week-old pups (right) obtained from embryos scored
as of high quality based on our model. Actin-labelled with phalloidin in green
and Gata4 marking visceral endoderm in red. Scale bar 50 um. () Efficiency
of embryo transfers. Embryos were scored as of ‘high quality’ or ‘low quality’,
according to our model, transferred at 2-cell stage to the recipient females
and dissected at 6.5 (blue columns) or 19.5dpc (red columns).

tribute proteins that facilitate FC motions and cytoplasmic move-
ments that are inactivated by heat treatment. It is also possible that
differences observed between normal zygotes and embryos injected
with inactivated sperm followed by Sr** activation may be due to
the altered characteristics of the Ca** transients themselves. The
dynamics of typical Sr**-induced Ca’* peaks differ from those of
Ca’* peaks triggered by fertilization**’. Moreover, frequency of the
Sr**-induced Ca’* oscillations was very high under our conditions,
and this seemed to affect negatively generation of high-amplitude
speed peaks.

As the timing and pattern of cytoplasmic movements mir-
ror these of Ca’* oscillations and depend on the integrity of the
cytoskeleton, we find that they provide a powerful indicator of the
embryo quality. Our data shows that embryos with low mean basal
speed (below 10nms™'; indicates poor quality of the actomyosin
cytoskeleton), as well as embryos with very frequent speed peaks
(interpeak interval below 10min; reflecting frequent Ca’* tran-
sients), rarely develop to the blastocyst stage in vitro or to full term
in vivo. This result accords with findings that both functional actin
cytoskeleton and correct pattern of Ca** transients (especially the
total time of Ca** elevation) are crucial for development'>!”1841-43,

Unfortunately, these factors cannot be used in research and medical
facilities to select good quality embryos as their assessment involves
invasive procedures using fluorescent dyes and harmful irradiation.
Thus, current practice in the in vitro fertilization clinic is to assess
the viability of embryos on day 3 from their morphology and growth
at day 5, because of unreliability of the 3-day assessment**. A con-
siderable advance may be offered by imaging and monitoring of a
series of parameters over the first two days of development®. Our
present findings suggest that, in future, it might be possible to assess
the vitality of the embryo and its ability to succeed in development
by using non-invasive imaging over a much shorter period of time,
just 2h after the time of fertilization.

In conclusion, we have identified the importance of the sperm
in triggering a dynamic oscillatory behaviour of the actomyosin
cytoskeleton at fertilization. The ensuing movements have a pat-
tern and timing that provides a powerful method of assessing an
egg’s ability to achieve its full developmental potential. As such, our
method has considerable potential in finding practical application
in the assisted reproduction clinic.

Methods

Animals. Animals were maintained in the Animal Facility of Gurdon Institute at
12:12 light cycle and provided with food and water ad libitum. All experiments
were conducted in compliance with the University of Cambridge regulations.

Collection of eggs and sperm. F1 (C57Bl6xCBA) mouse females were su-
perovulated with intraperitoneal injection of 7.5 IU of pregnant mare serum
gonadotrophin (PMSG, Intervet) followed 48h later by 7.5 IU of human chorionic
gonadotrophin (hCG, Intervet). Oocytes and zygotes were recovered 14-16h later
from oviducts. Parthenogenetic activation was performed by incubating eggs for
4h in M2 medium without Ca**/Mg?* supplemented with 10 mM SrCl,. Germinal
vesicle oocytes were isolated from ovaries to M2 medium supplemented with

150 ugml~" dibutyryl cyclic AMP. Epididymal sperm was isolated from F1 males
and capacitated in 0.5 ml of fertilization medium with 4 mgml~! bovine serum
albumin (BSA)*. Embryos were cultured in KSOM medium. In some experiments,
embryos were pre-incubated for 20 min with 30 uM BAPTA-AM (to chelate Ca**),
5ugml~! nocodazole (to depolimerize microtubules), 2 g ml~' cytochalasin D (to
depolimerize F-actin), 10 uM taxol (to stabilize microtubules), 100 nM jasplakino-
lide (to stabilize F-actin), or 25 M ML-7 (to inhibit MLCK and therefore myosin
1T activation®) and then transferred to pure KSOM (BAPTA-treated embryos) or
to KSOM containing the respective drug (rest of the treated embryos). Incuba-
tions with ML-7 were done without a mineral oil overlay that would have absorbed
ML-7. Drug concentrations were tested in preliminary studies and were shown to
effectively inhibit extrusion of 2PB under our experimental conditions.

Imaging and PIV analysis of cytoplasmic movements. In most experiments,
zygotes were imaged in a single plane under an inverted confocal microscope
(Zeiss LSM 510 Meta) at 37.5°C and 5% CO,. DIC images were captured every 10s
using a 633 nm HeNe laser. To measure free Ca?* ion concentration, embryos were
pre-incubated for 20 min in 5uM FuraRed-AM (Invitrogen) and FuraRed and DIC
images were obtained simultaneously with a 488 nm argon laser. In experiments in
which correlations between cytoplasmic movements and developmental potential
of the embryos were examined, zygotes were imaged in a single plane in transmit-
ted light under standard non-confocal microscopes (Zeiss Axiovert or Deltavision)
every 10 for 2.5h. In experiments in which cytoplasmic movements in the cortex
and central parts of zygotes were compared, embryos were imaged on the Deltavi-
sion microscope in 11 planes every 6 um, every 10s for 3 h. Optical specifications of
all imaging systems used are summarized in Supplementary Table S4. Intensity of
FuraRed fluorescence was measured using Image] software. Images were analysed
using custom written software in MATLAB (Mathworks) using algorithms adapted
from MatPIV v1.6.1 (ref. 50). The algorithm was based on that used in PIV, a
standard analysis technique used extensively in fluid dynamics®-* that involves
cross-correlating image sub-regions between sequential pairs of images. In the PIV
analysis, each image was divided into square interrogation regions and the cross-
correlation coefficient distribution was calculated within a larger region in the next
image in the sequence. The peak of the cross-correlation coefficient distribution
gave the most likely location in the second image of the material in the interroga-
tion region in the first image. This was then used to calculate the displacement
vector over the time between images (Fig. 1a). As the displacement of the pattern of
contrast of an area of pixels is being measured over many pixels, it is possible to
accurately measure sub-pixel movements with this technique***'. For more detailed
description of the PIV method and its resolution, see Supplementary Methods.

Analysis of cytoplasmic speed and movement direction. In zygotes that
displayed oscillatory changes in the cytoplasmic speed, the mean basal speed was
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measured in intervals between end of the after-movement and beginning of the
subsequent speed peak or in a period after the last after-movement (Fig. 1d). For
zygotes that did not display the speed oscillations, mean basal speed was calculated
for whole recording period. In most cases, direction of the cytoplasmic movements
was based on the mean vector of all the vectors produced by PIV in the zygote. In
some zygotes, vectors formed a pair of vortices and then their common axis was
taken as the direction. The direction of highly irregular vector patterns was visually
assessed from the direction of the majority of high-magnitude vectors.

Intracytoplasmic sperm injection. ICSI was carried out using Leica microman-
ipulators and Leica inverted microscope. In some experiments, heat-inactivated
sperm (30 min in 60 °C) was used instead of freshly isolated sperm. The sperm
suspension was mixed with M2 medium containing 10% polyvinylpyrrolidone
(Mr=360kDa). Sperm were delivered into the oocytes’ cytosol, using a piezo
micropipette-driving unit (IntraCel PMAS-CT150, PrimeTech).

In vitro fertilization and embryo transfers. To examine a correlation between
cytoplasmic movements and developmental potential of the embryos, 10l of
capacitated sperm suspension was added to eggs surrounded by cumulus cells,
and, then, gametes were co-incubated for 2 h. In experiments testing specificity of
inhibitors or involving live imaging of actin and myosin, before fertilization, eggs
were treated shortly with acidic Tyrode’s solution (pH =2.5) to remove zonas, then
were mixed with approximately 1 ul of capacitated sperm suspension and incu-
bated together for 30 min. In both cases, fertilization was performed in fertilization
medium supplemented with 4mgml-' BSA*. Embryos at 2-cell stage were transfer
to oviducts of recipient F1 females mated with vasectomised males on 0.5 dpc.
They were dissected on 6.5 or 19.5dpc.

Live imaging of actin filaments and myosin Il. Constructs encoding actin-bind-
ing domain of utrophin fused to EGFP (UtrCH-EGFP*), myosin II regulatory
light chain fused to GFP (MyoRLC-GFP¥), and protein marker Gap43 tagged with
RFP*? were cloned into a pBluescript RN3P vector, and mRNA was synthesized
from T3 promotor, using mMessage mMachine T3 kit (Ambion). mRNAs (pipette
concentration 0.5pgul~! for UtrCH-EGFP and MyoRLC-GFP and 0.36 ugpl~* for
Gap43-RFP) were injected into germinal vesicle oocytes that were subsequently
cultured for approximately 5h in M2 with 150 pugml-' dibutyryl cyclic AMP and
then washed out and transferred to M16 medium to mature. Oocytes that 16 h later
achieved metaphase of the 2nd meiotic division were selected for in vitro fertiliza-
tion and then were imaged every 10-15s on an inverted spinning disc confocal
microscope (Zeiss). UtrCH-EGFP, MyoRLC-GFP and Gap43-RFP fluorescence
intensities were measured in the FC cortex and in the cytoplasm using Image] soft-
ware. Values obtained for cortical UtrCH-EGFP, MyoRLC-GFP and Gap43-RFP
were standardized with respective intensities obtained for the cytoplasm to
eliminate any intensity changes that were caused by imaging artefacts, for example,
fluctuations in laser power. The final results were then presented as ratios between
UtrCH-EGFP and Gap43-RFP or MyoRLC-GFP and Gap43-RFP standardized
intensities to eliminate any intensity changes caused by shifts in focus.

Immunostaining. Embryos were fixed in 4% PFA and processed as described in
Supplementary Methods.

Statistical analysis. Statistical analyses were performed ether using Student’s
t-test, %* test or appropriate regression models. Because of the sequential nature
of the experiments performed and the a priori nature of the questions that we
sought to address, we assessed statistical significance at the 5% level. To determine
relationships between mean basal speed or mean interval between speed peaks
and the total number of cells produced after 4 days of development (that is, the
four-day cell count), we fitted negative-binomial models to the cell counts of the
embryos, with a logarithmic link function relating the mean cell count to the
linear combination of explanatory variables: the mean basal speed, the square of
mean basal speed, the mean interval between speed peaks, the square of the mean
interval between speed peaks, and the various interactions between the basal speed
and speed peaks variables. In our initial analysis, we took into account the potential
confounding effects of the imaging system used (Zeiss or Deltavision) on embryo
development. However, as we found that the interaction between the analysed
parameters, the quadratic effect of the mean interval between speed peaks and the
image system were not statistically significant and did not contribute any further
explanatory power, we dropped them in our final analysis. The likelihood ratio test
of the full model, with all the variables mentioned above, included in comparison
with the final model, yielded a non-statistically significant change in the log-likeli-
hood (P=0.53). Negative-binomial modelling of the cell count was chosen over
the more standard Poisson regression modelling of the cell count to account for
extra-Poisson variation observed in the cell count data®.

To investigate the relationship between the same explanatory variables as
described above and the probability that a zygote develops into a blastocyst (that
is, achieves at least 32-cell stage), we also analysed our data by fitting logistic
regression models, after dichotomizing total number of cells produced after 4
days of development into a binary variable, indicating whether or not the total
cell count exceeded 31 cells. The final logistic model included the same explana-
tory variables as those in the final negative-binomial model. (The likelihood

ratio test of the full model against the final model yielded a non-statistically
significant change in the log-likelihood (P=0.30)).

References

1. Roegiers, F, McDougall, A. & Sardet, C. The sperm entry point defines the
orientation of the calcium-induced contraction wave that directs the first phase
of cytoplasmic reorganization in the ascidian egg. Development 121, 3457-3466
(1995).

2. Sardet, C., Paix, A., Prodon, E, Dru, P. & Chenevert, J. From oocyte to 16-cell
stage: cytoplasmic and cortical reorganizations that pattern the ascidian
embryo. Dev. Dyn. 236, 1716-1731 (2007).

3. Speksnijder, J. E., Sardet, C. & Jaffe, L. F. The activation wave of calcium in the
ascidian egg and its role in ooplasmic segregation. J. Cell Biol. 110, 1589-1598
(1990).

4. Stack, C., Lucero, A. J. & Shuster, C. B. Calcium-responsive contractility during
fertilization in sea urchin eggs. Dev. Dyn. 235, 1042-1052 (2006).

5. Weaver, C. & Kimelman, D. Move it or lose it: axis specification in Xenopus.
Development 131, 3491-3499 (2004).

6. Gerhart, J. et al. Cortical rotation of the Xenopus egg: consequences for the
anteroposterior pattern of embryonic dorsal development. Development 107
(Suppl), 37-51 (1989).

7. Abbott, A. L. & Ducibella, T. Calcium and the control of mammalian cortical
granule exocytosis. Front. Biosci. 6, D792-D806 (2001).

8. FitzHarris, G., Marangos, P. & Carroll, J. Cell cycle-dependent regulation of
structure of endoplasmic reticulum and inositol 1,4,5-trisphosphate-induced
Ca2+ release in mouse oocytes and embryos. Mol. Biol. Cell 14, 288-301
(2003).

9. Sun, Q.Y. et al. Translocation of active mitochondria during pig oocyte
maturation, fertilization and early embryo development in vitro. Reproduction
122, 155-163 (2001).

10. Jones, K. T., Carroll, ., Merriman, J. A., Whittingham, D. G. & Kono, T.
Repetitive sperm-induced Ca2+ transients in mouse oocytes are cell cycle
dependent. Development 121, 3259-3266 (1995).

11. Ducibella, T. & Fissore, R. The roles of Ca2+, downstream protein kinases,
and oscillatory signaling in regulating fertilization and the activation of
development. Dev. Biol. 315, 257-279 (2008).

12. Tombes, R. M., Simerly, C., Borisy, G. G. & Schatten, G. Meiosis, egg activation,
and nuclear envelope breakdown are differentially reliant on Ca2+, whereas
germinal vesicle breakdown is Ca2+ independent in the mouse oocyte.

J. Cell Biol. 117, 799-811 (1992).

13. Toth, S., Huneau, D., Banrezes, B. & Ozil, J. P. Egg activation is the result of
calcium signal summation in the mouse. Reproduction 131, 27-34 (2006).

14. Ozil, J. P. et al. Egg activation events are regulated by the duration of a sustained
[Ca2+]cyt signal in the mouse. Dev. Biol. 282, 39-54 (2005).

15. Ducibella, T. et al. Egg-to-embryo transition is driven by differential responses
to Ca(2+) oscillation number. Dev. Biol. 250, 280-291 (2002).

16. Bos-Mikich, A., Whittingham, D. G. & Jones, K. T. Meiotic and mitotic Ca2+
oscillations affect cell composition in resulting blastocysts. Dev. Biol. 182,
172-179 (1997).

17. Ozil, ]. P, Banrezes, B., Toth, S., Pan, H. & Schultz, R. M. Ca2+ oscillatory
pattern in fertilized mouse eggs affects gene expression and development to
term. Dev. Biol. 300, 534-544 (2006).

18. Ozil, J. P. & Huneau, D. Activation of rabbit oocytes: the impact of the Ca2+
signal regime on development. Development 128, 917-928 (2001).

19. Maro, B., Johnson, M. H., Pickering, S. ]. & Flach, G. Changes in actin
distribution during fertilization of the mouse egg. J. Embryol. Exp. Morphol. 81,
211-237 (1984).

20. Maro, B., Johnson, M. H., Webb, M. & Flach, G. Mechanism of polar body
formation in the mouse oocyte: an interaction between the chromosomes, the
cytoskeleton and the plasma membrane. J. Embryol. Exp. Morphol. 92, 11-32
(1986).

. Gray, D. et al. First cleavage of the mouse embryo responds to change in egg
shape at fertilization. Curr. Biol. 14, 397-405 (2004).

22. Deguchi, R., Shirakawa, H., Oda, S., Mohri, T. & Miyazaki, S. Spatiotemporal
analysis of Ca(2+) waves in relation to the sperm entry site and animal-
vegetal axis during Ca(2+) oscillations in fertilized mouse eggs. Dev. Biol. 218,
299-313 (2000).

23. Raffel, M., Willert, C. E. & Kompenhans, J. Particle Image Velocimetry:

A Practical Guide (Springer, 1998).

24. Willert, C. E. & Gharib, M. Digital particle image velocimetry. Exp. Fluids 10,
181-193 (1991).

25. Keane, R. D. & Adrian, R. J. Theory of cross-correlation analysis of PIV images.
Appl. Sci. Res. 49, 191-215 (1992).

26. Westerweel, J. Fundamentals of digital particle image velocimetry. Meas. Sci.
Technol. 8,1379-1392 (1997).

27. Simerly, C., Nowak, G., de Lanerolle, P. & Schatten, G. Differential expression
and functions of cortical myosin IIA and IIB isotypes during meiotic
maturation, fertilization, and mitosis in mouse oocytes and embryos.

Mol. Biol. Cell 9, 2509-2525 (1998).

2

—

NATURE COMMUNICATIONS | 2:417 | DOI: 10.1038/ncomms1424 | www.nature.com/naturecommunications 9

© 2011 Macmillan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1424

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46.

47.

10

Schuh, M. & Ellenberg, J. A new model for asymmetric spindle positioning in
mouse oocytes. Curr. Biol. 18, 1986-1992 (2008).

Tinevez, . Y. et al. Role of cortical tension in bleb growth. Proc. Natl Acad. Sci.
USA 106, 18581-18586 (2009).

Deng, M., Williams, C. J. & Schultz, R. M. Role of MAP kinase and myosin
light chain kinase in chromosome-induced development of mouse egg polarity.
Dev. Biol. 278, 358-366 (2005).

. Swann, K. & Ozil, . P. Dynamics of the calcium signal that triggers mammalian

egg activation. Int. Rev. Cytol. 152, 183-222 (1994).

Kline, D. & Kline, J. T. Repetitive calcium transients and the role of calcium

in exocytosis and cell cycle activation in the mouse egg. Dev. Biol. 149, 80-89
(1992).

Furuta, A. et al. Microtubule disruption with BAPTA and dimethyl BAPTA by
a calcium chelation-independent mechanism in 3T3-L1 adipocytes. Endocr. J.
56, 235-243 (2009).

Xu, N., Luo, K. Q. & Chang, D. C. Ca2+ signal blockers can inhibit M/A
transition in mammalian cells by interfering with the spindle checkpoint.
Biochem. Biophys. Res. Commun. 306, 737-745 (2003).

Deng, M., Suraneni, P, Schultz, R. M. & Li, R. The Ran GTPase mediates
chromatin signaling to control cortical polarity during polar body extrusion in
mouse oocytes. Dev. Cell 12, 301-308 (2007).

Halet, G., Tunwell, R., Parkinson, S. J. & Carroll, ]. Conventional PKCs regulate
the temporal pattern of Ca2+ oscillations at fertilization in mouse eggs. J. Cell
Biol. 164, 10331044 (2004).

Markoulaki, S., Matson, S. & Ducibella, T. Fertilization stimulates long-lasting
oscillations of CaMKII activity in mouse eggs. Dev. Biol. 272, 15-25

(2004).

Markoulaki, S., Matson, S., Abbott, A. L. & Ducibella, T. Oscillatory CaMKII
activity in mouse egg activation. Dev. Biol. 258, 464-474 (2003).

Cheek, T. R. et al. Fertilisation and thimerosal stimulate similar calcium spiking
patterns in mouse oocytes but by separate mechanisms. Development 119,
179-189 (1993).

Jellerette, T., He, C. L., Wu, H., Parys, J. B. & Fissore, R. A. Down-regulation of
the inositol 1,4,5-trisphosphate receptor in mouse eggs following fertilization
or parthenogenetic activation. Dev. Biol. 223, 238-250 (2000).

. Shawlot, W,, Deng, J. M., Fohn, L. E. & Behringer, R. R. Restricted beta-

galactosidase expression of a hygromycin-lacZ gene targeted to the beta-actin
locus and embryonic lethality of beta-actin mutant mice. Transgenic. Res. 7,
95-103 (1998).

Shmerling, D. et al. Strong and ubiquitous expression of transgenes targeted
into the beta-actin locus by Cre/lox cassette replacement. Genesis 42, 229-235
(2005).

Bunnell, T. M. & Ervasti, . M. Delayed embryonic development and impaired
cell growth and survival in Actgl null mice. Cytoskeleton (Hoboken) 67, 564-572.
Scott, L. Embryological strategies for overcoming recurrent assisted reproductive
technology treatment failure. Hum. Fertil. (Camb) 5, 206-214 (2002).

Bromer, J. G. & Seli, E. Assessment of embryo viability in assisted reproductive
technology: shortcomings of current approaches and the emerging role of
metabolomics. Curr. Opin. Obstet. Gynecol. 20, 234-241 (2008).

Scott, L. The biological basis of non-invasive strategies for selection of human
oocytes and embryos. Hum. Reprod. Update 9, 237-249 (2003).

Wong, C. C. et al. Non-invasive imaging of human embryos before embryonic
genome activation predicts development to the blastocyst stage. Nat.
Biotechnol. 28, 1115-1121 2010.

48. Fraser, L. Ca2+ is required for mouse sperm capacitation and fertilization
in vitro. J. Androl. 3, 412-419 (1982).

49. Kamm, K. E. & Stull, J. T. Dedicated myosin light chain kinases with diverse
cellular functions. J. Biol. Chem. 276, 4527-4530 (2001).

50. Sveen, J. K. An introduction to MatPIV v.1.6.1. In eprint series. Mechanics and

Applied Mathematics 2 (ISSN 0809-4403, URL: http://folk.uio.no/jks/matpiv) (2004).

. Westerweel, J. Theoretical analysis of the measurement precision in particle

image velocimetry. Exp. Fluids 29, $3-S12 (2000).

52. Meilhac, S. M. et al. Active cell movements coupled to positional induction are
involved in lineage segregation in the mouse blastocyst. Dev. Biol. 331, 210-221
(2009).

53. Lawless, J. Negative binomial and mixed Poisson regression. Canadian Journal
of Statistics 15, 209-225 (1987).

5

—

Acknowledgements

We thank Drs Melina Schuh for UtrCH-EGFP; Ewa Paluch for MyoRLC-GFP
constructs; William Mansfield for his help with embryo transfers; and David Glover,
Krzysztof Wicher, Samantha Morris, Kevin Coward and Celine Jones for their advice
and support. The work was funded by the Wellcome Trust with grants to M.Z.-G.,
T.I, K.S. and A.T. A.A. was a recipient of the FEBS Short-Term Fellowship and of
‘START’ and ‘KOLUMB’ fellowships from the Foundation for Polish Science. T.I. was
supported by the AstraZeneca funding for MB/PhD students. R.J.B. holds an EPSRC
Career Acceleration Fellowship and was supported during this work by the BBSRC.
K.B.S. was supported by the Oxford MSc Programme in Clinical Embryology. B.D.T.
was funded by the UK Medical Research Council under the Programme

Grant MC_US_A030_0022.

Author contributions

All the data was collected in M.Z.-G’s laboratory and most data in this paper is the result
of experiments conducted by A.A., T.I, Y.Y. and K.B.S. with image processing carried
out by S.W,, RJ.B. and A.A,. and statistical analysis by B.D.T. The other authors provided
extensive advice over a long period of collaboration. The paper was written by A.A. and
M.Z.-G, with some methodological sections revised by S.W. and B.D.T.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: A U.S. patent has been filed on this work. ‘Methods for
predicting mammalian embryo viability’ (US application no. 61/503827).

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ajduk, A. et al. Rhythmic actomyosin-driven contractions
induced by sperm entry predict mammalian embryo viability. Nat. Commun. 2:417
doi: 10.1038/ncomms1424 (2011).

License: This work is licensed under a Creative Commons Attribution-NonCommercial-
Share Alike 3.0 Unported License. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/3.0/

NATURE COMMUNICATIONS | 2:417 | DOI: 10.1038/ncomms1424 | www.nature.com/naturecommunications

© 2011 Macmillan Publishers Limited. All rights reserved.





