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DESCRIPTION

Field of Invention

[0001] The invention relates to methods of assessing the developmental potential of a mammalian embryo, methods of selecting
or grading embryos from a plurality of embryos according to their predicted developmental potential, and methods of in vitro
fertilization (IVF) and assisted reproduction. A system for carrying out the methods of the invention is also provided.

Background to the invention

[0002] There is currently a need for a better means of assessing the vitality of embryos for transplantation into the would-be
mother in IVF clinics. The general standard has been to assess the extent of development at 3 days and use this as a predictor of
the likely success of subsequent development and hence the pregnancy. The unreliability of this assessment has led an
increasing number of IVF clinics to culture embryos until the blastocyst stage (6 days) so that apparently healthy blastocysts can
be used directly. Not only is this approach costly but there are inevitable risks from such long term in vitro culture to the blastocyst
stage.

[0003] The early events in an embryo following fertilization of an egg have been characterized. In mammalian zygotes, sperm

entry is linked with reorganization of the cytoskeleton, cortical granules7, endoplasmic reticulum® and mitochondria®. Sperm entry
causes changes in zygote shape: formation of the second polar body (PB); protrusion of the fertilization cone (FC) above sperm
chromatin 17.18; and flattening of the zygote along the axis that bisects the FC19. Mammalian fertilization also triggers oscillations
of free cytoplasmic Ca2* between completion of meiosis and entry into interphase of the first embryonic cell cyclem. The Ca2*
oscillations regulate not only events immediately following fertilization 11 14, but were also reported to affect aspects of post-
implantation developmentm' 15,18 Both functional actin cytoskeleton and correct pattern of Ca2* transients (especially the total

time of Ca2* elevation) have been reported to be crucial for development12' 15,16, 37-39

[0004] Cytoplasmic movements triggered by sperm entry have been described in some organisms. 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 polarity1'6. Some cytoplasmic motions have been detected in the fertilized mouse eggzo.

[0005] European patent application EP 1 847 595 A1 discloses an in vitro method of assessing the developmental potential of a
mammalian embryo, based on the measured level of a marker (such as p53, Cav1.2 or catalase) in the culture medium.

[0006] US patent application US 2010/099135 A1 discloses an in vitro method of assessing the developmental potential of a
mammalian embryo, based on a profile of secreted proteins.

[0007] International patent application WO 2011/025736 A1 discloses an in vitro method of assessing the developmental
potential of a mammalian embryo, based on the duration of cytokinesis events.

[0008] Despite this characterization of the events occurring in the embryo immediately after fertilization, assessing the extent of
development of the embryos following a period of culture remains the preferred and standard method of assessing embryo
quality.

Summary of the invention

[0009] The present inventors have characterized the cytoplasmic movements triggered by sperm entry into mouse eggs. They
have also identified periodic changes in the shape of the embryo that occur following fertilization. They have discovered that the
dynamics of these movements can be used to reliably predict the subsequent developmental success of the embryo.

[0010] In a first aspect, the invention provides in vitro method of assessing the developmental potential of a mammalian embryo,
the method comprising



DK/EP 2726865 T3

1. (a) taking measurements of cytoplasmic movements in the embryo (and optionally periodic changes in the shape of the
embryo) at the single cell stage, and
2. (b) using the measurements to predict the developmental potential of the embryo.

[0011] An important feature of this method is that it uses measurements taken from the very earliest stages of embryo
development after fertilization and before the first embryonic cell division. The method thus provides an advantageously early and
fast way of assessing an embryo's quality and likely subsequent developmental success.

[0012] The inventors have identified a significant correlation between parameters relating to the average speed of the
cytoplasmic movements in mouse embryos at the single cell stage and indicators of subsequent developmental success.

[0013] Distinct periodic peaks in the average speed of cytoplasmic movement, referred to herein as "speed peaks", have been
observed by the inventors in mouse embryos following fertilization. They have found that the length of the interval between speed
peaks is predictive of the developmental success of the embryo. Longer intervals between speed peaks correlates with greater
developmental success.

[0014] In some cases in accordance with the method of the invention, the developmental potential of an embryo is predicated by
measuring the mean cytoplasmic speed in the embryo at the single cell stage over a. period of time that is sufficient to identify two
successive speed peaks and calculating the interval in time between the two speed peaks. A longer interval or a longer average
interval between speed peaks may correlate with a prediction of greater developmental potential. In some cases, a shorter
interval or a shorter average interval between speed peaks may correlate with a prediction of greater developmental potential. In
some cases, the developmental potential of the embryo is predicted by comparing the interval or the average interval between
speed peaks with one or more pre-determined reference values.

[0015] When the fertilization cone of the embryo is formed, the speed peaks coincide with periodic changes in the shape of the
embryo. Most strikingly, the speed peaks coincide with pulsations of the fertilization cone (FC pulsations). The periodic changes in
the shape of the embryo such as the FC pulsations can also therefore be predictive of developmental potential.

[0016] A second parameter that significantly correlates with developmental success is the average basal cytoplasmic speed. This
is the average speed before the first speed peak recorded, in between speed peaks and/or after the last recorded speed peak.
The inventors have found that the average basal cytoplasmic speed is predictive of the developmental success of the embryo. A
faster average basal cytoplasmic speed correlates with greater developmental success.

[0017] In some cases in accordance with the method of the invention, the developmental potential of an embryo is predicted by
measuring the average basal cytoplasmic speed in the embryo before the first speed peak recorded, in between speed peaks
and/or after the last distinct speed peak recorded. A faster average basal cytoplasmic speed may correlate with a prediction of
greater developmental potential. In some cases, a slower average basal cytoplasmic speed may correlate with greater
developmental potential. In some cases, the developmental potential of the embryo is predicted by comparing the average basal
cytoplasmic speed with one or more pre-determined reference values.

[0018] The prediction of developmental potential may be improved by using both of these parameters together. In some cases in
accordance with the method of the invention, the prediction of developmental potential is based on both the length of the interval
between speed peaks or FC pulsations and the average basal cytoplasmic speed. These parameters may have been calculated
using measurements of the embryos taken over the same period of time. In general, the inventors have found that embryos
predicted to have high or low developmental potential based on the length of their inter-peak intervals are correspondingly also
predicted to have high or low developmental potential based on their average basal cytoplasmic speed. That is, the predictions
based on these two parameters tend to correspond.

[0019] The method of the invention offers a fast way to predict the vitality of eggs fertilized in vitro at an early stage after
fertilization, i.e. before the first embryonic cell division, and could therefore improve the prospects for in vitro fertilization (IVF)
treatment.

[0020] In a further aspect the invention provides a method of in vitro fertilization, comprising fertilizing a mammalian egg and
predicting the developmental potential of the resulting embryo using measurements of cytoplasmic movements in the embryo (and
optionally also periodic changes in the shape of the embryo) at the single cell stage. In vitro fertilized eggs predicted to have good
developmental potential may, for example, be selected for transfer to a maternal recipient, thereby improving successful
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pregnancy rates.

[0021] In some cases the absolute quality of a given embryo is of less importance than the relative quality of the embryos in a
group of embryos, for example the embryos developed from eggs obtained from the same mother.

[0022] A further aspect of the invention provides a method of selecting from a plurality of embryos one or more embryos for use
in a method of assisted reproduction, the method comprising predicting the developmental potential of each embryo using
measurements of cytoplasmic movements in the embryo (and optionally also periodic changes in the shape of the embryo) at the
single cell stage, and selecting one or more embryos based on their predicted developmental potential. Other factors may also be
taken into account when selecting the embryo(s).

[0023] Another aspect of the invention provides a method of grading a one or more embryos in a population of embryos
according to their developmental potential, the method comprising predicting the developmental potential of each embryo using
measurements of cytoplasmic movements in the embryo(and optionally also periodic changes in the shape of the embryo) at the
single cell stage, and grading each embryo based on its predicted developmental potential. One or more embryos may further be
selected for use in a method of assisted reproduction based on their predicted developmental potential.

[0024] In a further aspect, the invention provides a system for carrying out the method of the invention, the system comprising
one or more sensors for capturing time lapse images of the embryos and at least one processor in communication with the at
least one sensor, the processor being programmed with computer-readable instructions to transform said images into a prediction
of the developmental potential of the embryo by carrying out a method as described herein.

[0025] The invention will now be described in more detail, by way of example and not limitation, by reference to the
accompanying drawings. Many equivalent modifications and variations will be apparent to those skilled in the art when given this
disclosure. Accordingly, the exemplary embodiments of the invention set forth are considered to be illustrative and not limiting.

[0026] The present invention includes the combination of the aspects and preferred features described except where such a
combination is clearly impermissible or is stated to be expressly avoided.

[0027] Section headings are used herein are for convenience only and are not to be construed as limiting in any way.

[0028] References to color in the figures are for information only. There are no color figures.

Description of the Drawings

[0029]

Fig. 1
Oscillations of cytoplasmic speed in fertilized mouse eggs

1. (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 analyzed stages: M. unfertilized eggs in

metaphase of the 2"d 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 to 3. (e) DIC images with vector patterns
representative for unfertilized eggs (MIl) and for zygotes in Stage 1 to 3. For clarity only every second vector is shown.
Length of the vectors and color of the background indicate speed of the local cytoplasmic movement. Scale bar 10 pym.

Fig. 2
Cytoplasmic speed-peaks depend on changes in the actomyosin cytoskeleton in the FC region

1. (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 ym (b) Peaks of the mean cytoplasmic speed in the fertilized mouse egg (blue / (bottom line) correlate
with the beginning of a decrease in the FC diameter (green / top line). The C 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. (c) 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
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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 / bottom line) fluctuates as the FC changes its shape (as shown by
changes in the FC diameter (red / top line)). 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 pm. (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 ym. (f) Mean cytoplasmic speed in
representative zygotes treated with nocodazole (blue (top) line), cytochalasin D (red (bottom) line) and ML-7 (green
(middle) line). (g) Mean cytoplasmic speed in representative zygotes treated with taxol (blue (top) line) and jasplakinolide
(red (bottom) line). The peak visible at approx. 90 min is due to a shift in focus.

Fig. 3
Cytoplasmic speed peaks depend on free Ca2* oscillations

Peaks of mean cytoplasmic speed (blue / bottom lines) and free Ca2* levels (green / top lines) in a representative fertilized egg
(a), fertilized egg treated with BAPTA-AM (b) and egg activated with SrClo (c). When eggs were activated with SrClo, CaZ*

transients were not accompanied by even small speed-peaks (insert in (c)). In all graphs the increase in Ca2* level was reflected
by a decrease in the intensity of FuraRed fluorescence. A peak in (b) was due to a shift in focus.

Fig. 4

High amplitude cytoplasmic speed-peaks depend on the presence of the FC

Mean cytoplasmic speed (blue / bottom lines) and free Ca2* levels (green / top lines) in representative eggs subjected to
intracytoplasmic sperm injection (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 (¢) or not
activated (d) with SrClo. In eggs injected with heated sperm heads and activated with SrClo small speed-peaks were frequently

present (insert in (c)). In all graphs the increase in Ca2* level was reflected by a decrease in the intensity of FuraRed
fluorescence.

Fig.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. (c¢) 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
inter-peak intervals. Mean inter-peak interval + 1 SD (top line), mean inter-peak interval + 0.5 SD (second line down), mean inter-
peak interval (third line down), mean inter-peak interval - 0.5 SD (fourth line down), mean inter-peak interval - 1 SD (bottom line).
(d) Mathematical model fitted to the data in (b), showing linear correlation between mean inter-peak intervals and nhumber of cells
in the 4-day-old embryos with an adjustment for different values of the mean basal speeds. Mean inter-peak interval + 1 SD (top
line), mean inter-peak interval + 0.5 SD (second line down), mean inter-peak interval (third line down), mean inter-peak interval -
0.5 SD (fourth line down), mean inter-peak interval - 1 SD (bottom line). Graphic representation of the models in (c) 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 'good' based on our model. Actin labeled with phalloidin in green and Gata4
marking visceral endoderm in red. Scale bar 50 pym. (f) Efficiency of embryo transfers. Embryos were scored as of 'high' or 'low
quality' according to our model, transferred at 2-cell stage to the recipient females and dissected at 6.5 (blue (solid) columns) or
19.5 dpc (red (hatched) columns).

Fig. 6
PLCC- and ICSl-induced Ca?* oscillations in human oocytes are accompanied by co-incident transient movements in the oocyte

cytoplasm. In A) is shown a recording of intracellular Ca2* increases as measured by fluorescence of Oregon Green BAPTA
dextran (OGBD) (arbitrary units) and the corresponding movements in the cytoplasm as measured with PIV. The traces in B) show

the initial phases of Ca2* and PIV, respectively, from another oocyte that showed a large initial Ca 2+ increase with a decrease in
movement. Spikes marked with * are shown at an expanded scale in Fig. 7.

Fig.7

Coincidence analysis of ca’t changes and cytoplasmic movement. These panels with an expanded time scale are taken from the

oocyte in Fig. 6B. The first ca2* spike lasts for a long period and cytoplasmic movement is suppressed. Later ca2* spikes are
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shorter and the mean magnitude of movement in the speed-peak increases to a maximum shortly after the spike maximum. In the
illustrated case, the speed-peak maximum occurs 20 sec after the Ca2* maximum. Note that the mean maghnitude of movement

starts to accelerate within the same 10 sec interval as the Ca2* maximum.

Fig. 8

Images of a human oocyte overlaid with the pattern of cytoplasmic movement. Each vector map records movement during the 10
sec interval between one frame any the next. This pair of vector maps was collected 20 secs apart and they illustrate the reversal
of movement direction without alteration in movement orientation.

Fig. 9

Cytoplasmic movements in the zygote

Mean cytoplasmic speed in a zygote imaged in a plane above the FC (a), a plane bisecting the FC (c¢) and a plane below the FC
(e). (b), (d) and (f) Cytoplasmic speeds in a timepoints marked by an arrow in (a), (c) and (e) respectively. Colour of the
background represents local speed values. FC visible at 5 o'clock. Scale bar 10um. (g) Speed-peaks recorded during the first

and second Ca2* transients in the egg injected with sperm.

Fig. 10
Reorganization of actin in the cortex of the fertilization cone.

1. (a) Still images from a time-lapse movie showing reorganization of actin (labeled with UtrCH-EGFP) in the FC. UtrCH-EGFP
intensity in the FC cortex changes in accordance to the change in the FC shape. As the FC flattens (beginning of the
flattening marked with a red line) intensity of UrCHEGFP, labeling F-actin, weakens. When the FC starts gradually
protruding, intensity of UtrCH-EGFP increases again. Gap43-RFP served as a membrane marker. Images were taken every

20s, every 4th image is shown. (b) Zoomed images of the FC cortical region indicated in (a). Scale bar 10 pm.

Fig.11
Reorganization of myosin in the cortex of the fertilization cone.

1. (a) Still images from a time-lapse movie showing reorganization of myosin (labeled with MyoRLC-GFP) in the FC. MyoRLC-
GFP intensity in the cortex of the FC shoulders changes in accordance to the change in the FC shape. As the FC flattens
(beginning of the flattening marked with a red line) intensity of MyoRLC-GFP weakens. When the FC starts gradually
protruding, intensity of MyoRLC-GFP increases again. Gap43-RFP served as a membrane marker. Images were taken

every 20s, every ond image is shown. (b) and (c) Zoomed images of the FC cortical region indicated in (a) by numbers 1
and 2 respectively.
Scale bar 10 pym.

Fig.12

Effect of Ca2* chelatation and cytoskeletal inhibitors on microtubules and actomyosin in mouse zygotes.

Fertilized in vitro eggs were transferred to the inhibitors when anaphase bulges appeared. Images show projections prepared
from confocal Z-stacks of representative zygotes fixed immediately after 20 minutes of preincubation with the drug (20 + 0 min) or
1.5 or 3 hours later (0 + 90 min and 0+180 min, respectively). Experimental and contro zygotes were scanned using the same
settings. Phalloidin staining of jasplakinolide-treated zygotes failed to show F-actin (third panel from the bottom), because
jasplakinolide competes with phalloidin for the same binding sites and thus prevents proper staining. Staining with anti-actin
antibody revealed that jasplakinolide leads to formation of a thicker cortical layer of actin (2 bottom panel). Female chromatin
indicated, by f, male chromatin indicated by m. Scale bar 10 pm.

Fig. 13
DIG imaging does not affect development of the mouse embryos.

1. (a) Mathematical model correlating probability of achieving blastocyt stage with mean basal speed with an adjustment for
mean inter-peak intervals. Mean inter-peak interval + 1 SD (top line), mean inter-peak interval + 0.5 SD (second line down),
mean inter-peak interval (third line down), mean inter-peak interval -0.5 SD (fourth line down), mean inter-peak interval - 1
SD (bottom line). (b) Mathematical model correlating probability of achieving blastocyt stage (i.e 2 32 cells) with mean inter-
peak interval with an adjustment for mean basal speed. Mean inter-peak interval + 1 SAD (top line), mean inter-peak
interval + 0.5 SD (second line down), mean inter-peak interval (third line down), mean inter-peak interval -0.5 SD (fourth
line down), mean inter-peak interval - 1 SD (bottom line). (c¢) Mean number of cells in 4-day-old embryos images at different
times after fertilisation. (d) Distribution of 4-day-old embryos with different number of cells in relation to the time of
pronuclear formation, (e) Mean number of cells in 4-day-old embryos imaged or not in the zygote stage. (f) Distribution of
4-day-old embryos with different number of cells depending on whether they were or were not imaged in the zygote stage.
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Error bars represent standard deviations. Data comes from 13 independent experiments.

Fig.14

Subpixel resolution of the PIV method

Accuracy of PIV for measuring sub-pixel displacements of artificially shifted and down sampled images. (a) Error in pixels. (a)
Error as a percentage of the displacement.

Detailed Description of the Invention

[0030] The term "embryo" is used in this specification to refer to a mammalian organism from the earliest stage starting with a
single cell fertilized eggs. An egg is fertilized on fusion with a sperm. The egg may have been fertilized in vitro to obtain the
embryo. The single cell embryos are living cells.

[0031] The methods of the invention may be applied to embryos from any suitable mammalian species, such as: primates,
including humans, great apes (e.g. gorillas, chimpanzees, orang utans), old world monkeys, new world monkeys; rodents (e.g.
mice, rats, guinea pigs, hamsters); cats; dogs; lagomorphs (including rabbits); cows; sheep; goats; horses; pigs; and any other
livestock, agricultural, laboratory or domestic mammals. Although the work described in the Examples was carried out in mice,
preliminary results indicate that a similar pattern of cytoplasmic movements also occurs in human single cell embryos.

[0032] The "developmental potential," of a mammalian embryo is a measure of the quality of the embryo. It is a measure of the
ability of the embryo to subsequently develop successfully. Successful development may be over a defined period of time or
under particular conditions, for example following growth in culture or following transfer of the embryo to a maternal recipient.
Transfer to a maternal recipient means the transfer of an embryo into a would-be mother with the aim of a resulting pregnancy.
The mother may be the donor or source of the eggs (female gametes) that gave rise the embryo or may be a surrogate mother.

[0033] A prediction of the developmental potential of an embryo is a prediction of the ability of the embryo to subsequently
develop successfully. A prediction of developmental potential may comprise a prediction of whether the embryo has the ability to
develop to a particular stage. Examples are a prediction that an embryo will reach the blastocyst stage if grown in culture, or that
an embryo will develop to the egg cylinder stage or to full term following transfer of the embryo to a maternal recipient. The
prediction may comprise a determined probability that the embryo will reach a particular stage of development, or the probability
that a particular stage of development will be reached within a defined period of time. For example, the prediction may define the
probability that an embryo will reach the blastocyst stage after 4 days of growth in culture. It is not necessary that the embryo is
subsequently cultured in accordance with the prediction. The embryo may instead be transferred to a maternal recipient. The
prediction may comprise a prediction of the stage of development that the embryo will reach after a defined period of time. An
example is a prediction of the number of cells that an embryo will have after a period of time in culture, for example following 1, 2,
3, 4, 5, 6 or more days of growth in culture.

[0034] In some cases the prediction of developmental potential is based on measurements of the cytoplasmic movements in the
embryo and/or periodic changes in the shape of the embryo alone. In other embodiments the prediction of developmental
prediction is based on these measurements in conjunction with other parameters that are known to be predictive of
developmental success. For example, after taking measurements of the cytoplasmic movements and/or periodic changes in the
shape of the embryo in the single cell embryo, the embryo may subsequently be cultured and the extent of development and/or
morphology of the embryo in culture further used in assessing the developmental potential of the embryo.

[0035] The term "cytoplasmic movement" refers to the fluid dynamics of the cytoplasm. The cytoplasm is the fluid phase in a
single cell embryo. There is no conventional nucleus in an unfertilized or fertilized egg until the haploid chromosome compliment
of the second division of female meiosis decondenses and acquires a nuclear envelope and, for fertilized eggs, until the sperm
chromatin becomes correctly associated with histones and encapsulated with a nuclear envelope. Such formation of the female
and male pronuclei precede the first embryonic cell. division. The cytopasmic movements as described herein occur until the time
of pronuclei formation.

[0036] The term "average" as used in this specification refers to a measure of central tendency. "Average" encompasses the
mean and the median.

[0037] The "average cytoplasmic speed" means the average speed at any particular time as measured in a single plane through
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the single cell embryo or in the cytoplasm as a whose, for example as measured in a series of planes through the whole cell.

[0038] The inventors have shown that before fertilization, the cytoplasmic movement in a mouse egg is slow and relatively
homogenous. Fertilization triggers dramatic periodic increases and decreases in the velocity of the cytoplasmic movements in the
egg. These abrupt, pericdic and transient cytoplasmic flows are distinct from the lower speed movements that occur in between
and are herein referred to as "speed-peaks".

[0039] The term "after-movements" refers to cytoplasmic movements that may occur immediately after the dramatic decrease in
speed of a speed peak, but that that are of greater amplitude than and can be distinguished from the slower movements that
occur in between speed peaks. A speed peak may include the after-movements.

[0040] The speed peaks occur throughout the egg cytoplasm and may last for approximately 4 hours after fertilization, until
pronuclei formation. The speed peaks can be identified by measuring the mean cytoplasmic speed in an embryo over time during
this period. The speed peaks can be identified in any plane through the single cell embryo. However the amplitude of the speed
peaks is greatest in the equatorial plane of the cell.

[0041] The amplitude of the speed peaks may vary over time. The first speed peak may be of relatively high amplitude, followed
by a period in which the speed peaks have relatively low amplitude (between the onset of anaphase of meiosis Il and early FC
outgrowth, herein referred to as "stage 1"). When the FC is fully formed or extended (herein referred to as "stage 2"), the
amplitudes of the speed peaks may be greater. The amplitude of the speed peaks may decrease during and following FC
regression (herein referred to as "stage 3").

[0042] The direction or vector of the rapid cytoplasmic movement of a speed peak may vary between speed peaks recorded
from the same fertilized egg. During stage 1, the vectors are typically towards the developing second polar body (PB). During
stage 2, the vectors are typically directly towards the FC or slightly displaced towards the secondpolar body.

[0043] If two successive speed peaks in the cytoplasmic movement in a single cell embryo are identified, then the interval in time
between them can be measured. If more than two successive speed peaks are identified, then the average interval between
speed peaks in the embryo can be determined.

[0044] The fertilization cone (FC) is a transient conical projection that protrudes from the surface of a fertilized egg at the point of
contact with the fertilizing sperm.

[0045] The speed peaks or FC pulsations may also be synchronous with Ca?* transients in the embryo.

The "average basal cytoplasmic speed” is the average cytoplasmic speed over time during the period before the first speed peak
that is recorded, during the period in between speed peaks and/or during the period after the last speed peak that is recorded.
The average basal cytoplasmic speed may be measured at any time during one or more of these periods. In some cases in
accordance with the method of the invention, the mean cytoplasmic speed is measured up to the first speed peak that is
recorded, from immediately after one distinct speed peak to the beginning of the next distinct speed peak, and/or immediately
after the last distinct speed peak that is recorded. The average basal cytoplasmic speed may be determined over these periods.

[0046] In some cases the developmental potential of an embryo is predicted by comparing the interval between speed peaks or
FC pulsations, the average interval between speed peaks or FC pulsations, or the average basal cytoplasmic speed, with one or
more pre-determined reference values. The reference values may have been determined empirically based on previous data
correlating these parameters to indicators of high or low developmental potential.

[0047] In some cases the measurements are taken when the embryo is at a stage of development between fertilization and
formation of the pronuclei. The "formation of the pronuclei” is the decondensing of the sperm and egg chromatin and formation of
the interphase nucleus containing the smaller nucleoli. The skilled person can identify this in bright fields or DIG (differential
interference contrast) images.

[0048] In some cases the single cell embryo is at a stage of development between fertilization and regression of the fertilization
cone. In some cases the single cell embryo is at a stage of development after extrusion of the polar body and before formation of
the pronuclei, or before regression of the fertilization cone. Extrusion of the polar body is when the edges of the polar body in the
contact zone with the egg rounded up suggesting that the cleavage furrow tightens up.

[0049] In some cases the embryo is in a stage of development wherein the fertilization cone is fully formed. This is the period



DK/EP 2726865 T3

between formation and regression of the fertilization cone In some cases the prediction of developmental potential is based on
measurements of the cytoplasmic movements taken throughout the period when the fertilization cone is present. In mince, the
fertilization cone is present for approximately 2 hours, starting from approximately 1-1.5 hrs after fertilization. Typically the
fertilization cone will start to form about two hours after incubation with sperm when the egg is fertilized in vitro. In some cases in
accordance with the method of the invention the measurements are taken after two hours of co-incubation of sperm with an egg.

[0050] In some cases, taking the measurements comprises time lapse image capture followed by quantitative image analysis.

[0051] The time lapse images may be captured from a single plane through the single cell embryo. The speed peaks are fastest
and therefore most easily distinguished during stage 2 when the FC is fully formed and the cytoplasmic movement of the speed
peaks is typically directed towards the FC. The speed peaks are also fastest in the equatorial plane of the well. The equatorial
plane is also the biggest and gives the best quality image. Preferably the time lapse images are captured from a single plane
through the centre of the cell. Preferably the time lapse images are captured from a single plane that bisects the FC equatorially.

[0052] The embryos that are assessed according to the method of the invention may be intended for transfer to a maternal
recipient resulting in pregnancy. It is therefore important to minimise any damage to the embryos whilst carrying out the method of
assessment. The method of the invention may be a non-invasive. For example, one of the advantages of the method of the
invention is that it can be carried out in the absence of any dye, for example fluorescent dye, added to the cell. Furthermore, the
inventors have found that the speed peaks, which coincide with pulsations of the fertilization cone, are dependent on the
dynamics of the actomyosin cytoskeleton. Therefore, to minimise potential effects on the innate pattern of cytoplasmic movements
and changes of shape of the embryo, the measurements are preferably taken in a way that does not interfere with or minimises
interference with the function or dynamics of the cytoskeleton and/or formation of the fertilization cone.

[0053] In a particularly preferred embodiment, the single cell embryo that is imaged is held in a tight group of single cell embryos
in a small drop of medium. Preferably the small drop of medium is less than 30 pl, or less than 20 pl in volume. The volume may
be 5-10 pl in volume. The inventors have found that this is an effective way of stabilizng the position of the embryos, that is
holding the embryos still, without affecting the structural dynamics of the cell.

[0054] Alternatively, the embryo may be a single embryo in the drop of medium.

[0055] The medium may be buffered, for example with HEPES, to keep a constant pH. Alternatively an environmental chamber
can be used to maintain a steady pH. The environmental chamber may provide CO», for example 5% CO2 to keep the pH of the

medium at the correct level.

[0056] An environmental chamber may also be used to regulate the temperature of the embryos during imaging. For example the
temperature may be maintained at 35 to 40 °C, or 37 to 38 °C or at about 37.5 °C. The temperature may also be controlled by
using a heated stage.

[0057] Preferably the images are captured using light that does not damage the embryos. For example, long exposure, intense
light or short wavelengths might damage DNA and the respiratory chain through production of reactive oxygen species. The
irradiance and exposure time might be minimised by selection of, for example, rapid lamp shutter speeds or light emitting diode
(LED) light sources, and by use of very sensitive sensors to collect images. Appropriate wavelengths might be selected by the
use of optical filters or single wavelengths LED light sources. White transmitted light may be used.

[0058] Imaging systems suitable for measuring cytoplasmic movements and changes in cell shape might use bright field
microscopy. Alternatively they might use high contrast techniques that include, for example, differential interference contrast
(DIG), Hoffman modulation contrast or phase contrast microscopy.

[0059] Another advantage of the present invention is that it provides a way of assessing the developmental potential of an
embryo very early on, from measurements taken over a short period of time from embryos in the very earliest stage of
development before the first embryonic cell division. In some cases, the relevant measurements are all taken within 6 hours, more
preferably within 5, 4, 3, 2 or 1 hour of fertilization. In some cases the measurements are all taken before pronuclei formation in
the embryo. More preferably the measurements are all taken before regression of the FC. For example the time lapse images of
the embryo may all be captured within these periods of time. In some cases the method is completed, including the prediction of
developmental potential, within 6 days, more preferably within 4, 3, 2 or 1 day of fertilization, or within 12, 8, 4, 3, 2 or 1 hours of
fertilization.
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[0060] In some cases the quantitative image analysis uses particle image velocimetry (PIV). PIV is a standard analysis technique

used extensively in fluid dynamic321'24 that involves cross-correlating image sub-regions between sequential pairs of images.
Using PIV analysis each image can be divided into square interrogation regions and the cross-correlation coefficient distribution
can be calculated within a larger region in the next image in the sequence. The peak of the cross-correlation coefficient
distribution gives the most likely location in the second image of the material in the interrogation region in the first image. This can
then be 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 measured over many pixels it is possible to accurately measure sub-pixel movements with this

technique22' 24,48

[0061] In some cases in accordance with the invention, one or more embryos in a population of embryos can be graded
according to their developmental potential. The developmental potential of each embryo can be graded relative to the
developmental potential of the other embryos in the population. This may provide a useful way of determining which embryos from
the population of embryos are most suitable for a particular subsequent intended use, for example transfer to a maternal recipient
with the aim of a resulting pregnancy. Embryos can thereby be selected according to their developmental potential.

[0062] The method may involve calculating the population mean interval or average interval between speed peaks or FC
pulsations, and/or the population mean average basal cytoplasmic speed. The method may involve calculating the population
standard deviations for these parameters. Obvious outliers in the population may be excluded from the calculations. For example,
embryos that have a calculated interval or average interval between speed peaks or FC pulsations, or a calculated average basal
cytoplasmic speed that is more than 1 standard deviation, or more than 1.5 standard deviations, or more than 2 standard
deviations, or more than 3 standard deviations away from the mean, or that are in the top and/or bottom 10% of calculated values
may be excluded. The population mean and/or standard deviations can be used to quantify the relative developmental potential
of one or more of the embryos in the population. For example having a calculated interval or average interval between speed
peaks that is longer than the population mean interval or average interval between speed peaks, and/or having an average basal
Cytoplasmic speed that is faster than the population mean average basal cytoplasmic speed may be indicative of an embryo
having high developmental potential.

[0063] Conversely having a calculated interval or average interval between speed peaks that is shorter than the population
mean interval or average interval between speed peaks, and/or having an average basal cytoplasmic speed that is slower than
the population mean average basal cytoplasmic speed, may be indicative of an embryo having high developmental potential.
Similarly having a calculated, interval or average interval between speed peaks that is at least half, or at least a third or at least a
quarter or at least one, two or three standard deviations longer or shorter than the population mean interval or average interval
between speed peaks, and/or having an average basal cytoplasmic speed that is at least half, or at least a third, or at least a
quarter, or at least one, two or three standard deviation faster or slower than the population mean average basal cytoplasmic
speed of the population may be indicative of an embryo having high or low developmental potential respectively.

EXAMPLES

[0064] Combining a rapid imaging of the freshly fertilized mouse egg with advanced image analysis based on particle image
velocimetry reveals that fertilization induces rhythmical cytoplasmic movements that coincide with pulsations of the protrusion
forming above the sperm head. We found 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 whether a zygote will develop successfully.. This method
offers thus far the earliest and fastest, non-invasive way to predict the vitality of eggs fertilized in vitro and therefore can
potentially improve greatly the prospects for IVF treatment.

METHODS

Collection of eggs and sperm

[0065] F1 (C57B16 x CBA) mouse females were superovulated and oocytes and zygotes recovered as described previously44.

Parthenogenetic activation was performed by incubating eggs for 4 hrs in M2 medium without Caz"/Mg2+ supplemented with 10
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mM SrClp. Germinal vesicle (GV) oocytes were isolated from ovaries to M2 medium supplemented with 150 pg/ml dibutyryl cyclic
AMP (dbcAMP). Epididymal sperm was isolated from F1 males and capacitated in 0.5 ml of fertilization medium with 4mg/ml
BSA4S, Embryos were imaged in KSOM medium as described previously44. In some experiments prior to imaging embryos were

pre-incubated for 20 main with 30 uM BAPTA-AM (to chelate C32+), 5pg/ml nocodazole (to depolimerize microtubules), 2pg/ml
cytochalasin D (to depolimerize F-actin), 10 pM taxol (to stabilize microtubules) or 100 nM jasplakinolide (to stabilize F-actin) and
then transferred to pure KSOM (BAPTA-treated embryos) or to KSOM containing the respective drug (rest of the treated

embryos). Embryos treated with Mid-7 (to inhabit myosin light chain kinase (MLCK) and therefore myosin |l activation46) were pre-
incubated with 25 pM ML-7 for 20 mins and then imaged in a dish containing KSOM with 25 pM ML-7 without a mineral oil overlay
which would have absorbed ML-7.

Imaging and cross-correlation analysis of cytoplasmic movements

[0066] 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% CO9. DIC images were captured every 10s using a 633 nm HeNe laser. To measure free Ca 2+ jon

concentration, embryos were pre-incubated for 20 min in 5uM FuraRed-AM (Invitrogen) and Furred and DIG 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 transmitted light under standard
non-confocal microscopes (Zeiss Axiovert or Deltavision) every 10 s for 2.5 hrs. In experiments in which cytoplasmic movements in
the cortex and central parts of zygotes were compared embryos were imaged on the Deltavision microscope in 11 planes every 6
um, every 10 s for 3 hrs.

[0067] Optical specifications of all imaging systems used are summarized in Table 7. Intensity of FuraRed fluorescence was
measured using Images software. Images were analyzed using custom written software in MATLAB (The Mathworks Inc., Natick,

MA, USA) using algorithms adapted from MatPIV v1.6.147. The algorithm was based on that used in PIV, a standard analysis

technique used extensively in fluid dynamicsm'24 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 interrogation 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 technique22r24r 48

Particle Image Velocimetry (PIV) analysis

[0068] DIC images of fertilized eggs were analyzed using custom written software in MATLAB (The Mathworks Inc., Natick, MA,
USA) using algorithms adapted from MatPIV v1.6.150. The algorithm was based on that used in PIV, a standard analysis
technique that involves the use of pattern matching techniques based on cross-correlating sub-regions beteen sequential pairs of
images (see Methods in the main text and Fig. 1a). To calculate a displacement for each analysed interrogation region two
subsequent PIV iterations were used. First, the displacement was calculated for a larger interrogation area and then it was used
as an estimate of where to centre the search area for the next iteration with a smaller interrogation region. The area in which the
algorithm looked for the best fit was twice as large as the interrogation region itself. In Fig. 1a the figure represents a single
iteration of the PIV algorithm. For experiments conducted on Zeiss LSM 510 Meta confocal microscope, an initial interrogation
region size of 64 x 64 pixels was used in the first iteration and then an interrogation region of 32 x 32 pixels was used in the
second iteration. The pixel size for this imaging system was 0.35 pym. For experiments conducted on Zeiss Axiovert and
Deltavision microscopes, due to bigger pixel sizes (0.64 and 0.83 pm respectively), in the first iteration an initial interrogation
region size of 32 x 32 pixels was used and then an interrogation region of 16 x 16 pixels was used in the second iteration. The
mean speed of cytoplasmic movement was calculated by taking the mean magnitude of a square of 11 by 11 vectors in the centre
of each cell.

[0069] The accuracy of using PIV to measure very small (subpixal) displacements, such as observed in the periods between the
speed-peaks, was tested by using images of eggs taken at a higher magnification (x252, i.e. objective magnification x63, digital
maghnification 4x) and artificially shifting the image and then reducing the magnification and resolution of the image to the same as
that used in experiments (x14, i.e. objective magnification x20, digital magnification 0.7x). The shift was then measured using PIV.

10
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It was found that the error was approximately linearly proportional to displacement for displacements of less than approximately
0.3 pixels (Fig. 14), which includes most of the range of the basal movements measured experimentally. This is in agreement with

other studies that looked at the accuracy of PIV when measuring small displacement524r26r51. Displacements of the order of the
basal movements (between 0.1 and 0.3 pixels/frame or 3.5 - 10.6 nm/s for Zeiss LSM 510 Meta, 6.4 - 19.2 nm/s for Zeiss Axiovert
and 8.3 - 24.9 nm/s for Deltavision) had an error between -18.1% to - 15.5% (Fig. 14). As the PIV measurements are being used
for comparative purposes these systematic underestimates had little effect on the results or their interpretation.

Analysis of cytoplasmic speed and movement direction

[0070] In zygotes that displayed oscillatory changes in the Cytoplasmic speed, the mean basal speed was measured in intervals
between end of the after-movement and beginning of the subsequent speed-peak or in a period after the least 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 assessed based on the mean vector of all the vectors produced by PIV
in the zygote. In some zygotes, vectors formed a pair of vertices 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

[0071] ICSI was carried out as previously described*? using Leica micromanipulators 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 (PVP, Mr = 360 kDa). Sperm were delivered into the oocytes' cytosol
using a piezo micropipette-driving unit (IntraCel PMAS-CT150, PrimeTech, Japan).

In vitro fertilization and embryo transfers

[0072] To examine a correlation between cytoplasmic movements and developmental potential of the embryos, 10 pl of
capacitated sperm suspension was added to eggs surrounded by cumulus cells and then gametes were co-incubated for 2 hrs. In
experiments testing specificity of inhibitors or involving live imaging of actin and myosin, prior to fertilization eggs were treated
shortly with acidic Tyrode's solution (pH=2.5) to remove zonas, then were mixed with approximately 1 pl of capacitated sperm
suspension and incubated together for 30 min. In both cases fertilization was performed in fertilization medium supplemented with

4mg/ml BSA%S, 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 dpc or 19.5 dpc.

Live imaging of actin filaments and myosin Il

[0073] Constructs encoding actin-binding domain of utrophin fused to EGFP (UtrCH—EGFP26), myosin |l regulatory light chain

fused to GFP (MyoRLC-GFP27) and protein marker Gap43 tagged with RFP30 were cloned into a pBluescript RN3P vector and
mRNAwas synthesized from T3 promotor using mMessage mMachine T3 kit (Ambion). mRNAs (pipette concentration 0.5 pg/ul for
UtrCH-EGFP and MyoRLC-GFP and 0.36 pg/ul for Gap43-RFP) were injected into GV oocytes that were subsequently cultured
for approximately 5 hrs in M2 with 150 pug/ml dbcAMP and then washed out and transferred to M16 medium to mature. Oocytes
that 16 hrs later achieved Ml stage were selected for in vitro fertilization and then were imaged every 10-15 s 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 ImageJ software. Values obtained for cortical UtrCH-EGFP, MyoRLC-GFP and
Gap43-RFP were standardised with respective intensities obtained for the cytoplasm to eliminate any intensity changes that were
caused by imaging artefacts, e.g. fluctuations in laser power. The final results were then presented as ratios between UtrCH-
EGFP and Gap43-RFP or MyoRLC-GFP and Gap43-RFP standardised intensities to eliminate any intensity changes caused by
shifts in focus.

Immunostaining

11



DK/EP 2726865 T3

[0074] Embryos were fixed in 4% PFA and permeabilised as described before44. Embryos were scanned using an inverted
confocal microscope (Zeiss LSM 510 Meta).

[0075] In more detail, embryos were fixed in 4% PFA (30 min, RT or 4°C overnight), permeabilised with 0.2-0.5% Triton-X100 (30
min, RT) and blocked with 3% BSA or 10% FCS. Subsequently, they were stained with following antibodies and dyes:

1. 1)mouse anti-tubulin beta antibody labeled with FITC (Sigma-Aldrich; dilution 1:50 in 3% BSA 1.5h at RT);

2. 2)mouse anti-actin beta antibody (Sigma-Aldrich; dilution 1:100 in 3% BSA 1.5h at RT)

3. 3)goat anti-Gata4 primary antibody (Santa Cruz 1:200 in 10% FCS, overnight in 4°C) followed by a secondary antibody
labeled with AlexaFluor 568 (Molecular Probes; 1:1000 in 10% FCS, 1.5h at RT);

4. 4) phalloidin labeled with TexasRed or OregonGreen (Invitrogen; 1:100, 30 min, RT or overnight, 4°C);

5. 5) Hoechst 33342 (Molecular Probes; 100ng/ul in PBS, 30 min, RT or overnight, 4°C).

[0076] Embryos were scanned using an inverted confocal microscope (Zeiss LSM 510 Meta).

Statistical analysis

[0077] Statistical analyzes were performed ether using Student's t-test, chi-squared test or appropriate regression models.
Because of the sequential nature of the experiments performed and the a priori nature of the questions that we fought 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 (i.e. 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 since we found that the interaction between the analyzed 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-
likelihood (p=0.53). Negative-binomial modeling of the cell count was chosen over the more standard Poison regression modeling

of the cell count to account for variation observed in the cell count dataS!.

[0078] To investigate the relationship between the same explanatory variables as described above and the probability that a
zygote develops into a blastocyst (i.e. achieves at least 32-cell stage), we also analyzed 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 explanatory 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).

Example 1

Fertilization of the mouse egg results in bursts of rhythmic cytoplasmic motion

[0079] To characterize cytoplasmic movements upon 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 method2124 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 4 hours, until pronuclei
formation. The speed-peaks were initially of relatively low amplitude (between anaphase of meiosis Il 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). In Stage 2 the rapid cytoplasmic

12
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movements were greatest in the plane bisecting the FC equatorially and became slower in the more peripheral planes (Fig. 9).
The PV analysis revealed that each speed-peak was followed by after-movements that usually persisted for more than 4 mins
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 2-fold increase in
the basal mean cytoplasmic speed (the speed during inter-peak intervals or after the last recorded peak) in comparison to the
resting level of unfertilized oocytes (Fig. 1C-D, Table 2).

[0080] Our analysis revealed that during Stage 1, the vectors of these abrupt cytoplasmic movements tended to be towards the
developing second PB (17/25 speed-peaks, 11 zygotes). This directionality changed during Stage 2 such that the vectors were
directly 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 inter-peak intervals in either of these stages. At Stage 3
directionality or any pattern of the speed-peaks was not any longer apparent (Fig. 1E, Table 4). 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.

Example 2

High amplitude cytoplasmic speed-peaks correlate with pulsations of the FC and depend on the actomyosin
cytoskeleton

[0081] Since 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 (hereinafter called the 'FC-diameter') decreased by 1.28 +/-
0.66 pm (1.55 +/- 0.79% of its length) (Fig. 2A, C). The shape of the FC was restored during the inter-peak interval (Fig. 2C).
Interestingly, the extent of reduction of the FC diameter showed a linear association with speed-peak amplitude (20 zygotes, 71
speed-peaks analyzed) (Fig. 2B).

[0082] Since the actomyosin cytoskeleton is enriched in the FC region17' 25 we considered that this might be responsible for FC
pulsations. To evaluate this possibility, we visualized actomyosin throughout these pulsations by injecting oocytes with mRNAs

encoding either the actin-binding domain of utrophin tagged with EGFP (UtrCH—EGFPzG) or the regulatory light chain of myosin Il

tagged with GFP (MyoRLC-GFP27). Measurements of the mean fluorescence intensity of UtrCH-EGFP in such oocytes after their
fertilization revealed oscillatory changes in the continuous 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, Fig. 10). Similar results were
obtained for the mean fluorescence intensity of MyoRLC-GFP underlying the FC shoulders (Fig. 2E, Fig. 11). Such fluctuations in
UtrCH-EGFP and MyoRLC-GFP fluorescence might reflect a change in the amount of the actomyosin in that region. However,
since 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.

[0083] As FC movements occurred in frame with the cytoplasmic speed peaks directed towards the FC, we next examined
whether the actomyosin cytoskeleton was responsible for both. To this end, we used selective inhibitors to interfere with both the
actomyosin and microtubule cytoskeletons. Their specificity was confirmed by immunostaining (Fig. 12) and their effects on cell
cycle progression is presented in Table 5. We found that neither nocodazole-induced depolymerisation nor taxol-induced
stabilisation 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, Table 1, 2),
whereas taxol treatment decreased the amplitude of speed-peaks, some after-movements and cytoplasmic speed in all inter-peak
intervals (n=27, Fig. 2G, Table 1, 2). In contrast, actin depolymerisation with cytochalasin-D or stabilisation of actin filaments with
jasplakinolide resulted in an almost 3-fold 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 analyzed 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 control 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 displayed indistinct low amplitude speed-peaks.
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[0084] These experiments also revealed that depolymerisation or stabilisation of microtubules, by respective treatments with
nocodazole or taxol, had no effect upon 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!3. Stabilisation of actin filaments
in zygotes treated with jasplakinolide 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 inhabited and when present, they
were less well developed. This accords with the previous conclusion that MLCK activity is involved in formation and maintenance

of the FC25.28, Together these results indicated that both the cytoplasmic oscillations and FC pulsations depend primarily on the
actomyosin cytoskeleton.

Example 3

Cytoplasmic movements correlate with and depend on Ca?* transients

2+ 10, 29

[0085] As fertilization is known to initiate oscillations of free Ca , we next wished to address whether the actomyosin-

mediated speed-peaks might depend upon these ca2* pulses. To this end, we loaded fertilized eggs with the Ca2* sensitive
fluorescent dye FuraRed, and simultaneously collected FuraRed fluorescence and DIC images. In 32 zygotes, all 121 speed-

peaks were accompanied by an increase in Ca2* The Cytoplasmic speed increased exactly (within the resolution of our recording

interval) as Ca?* levels peaked (Fig. 3A). Only in a single zygote with unusually frequent Ca2* oscillations were some Ca2* spikes
(4/17) not mirrored by speed-peaks. In some eggs fertilized by ICSI we managed to record speed-peaks accompanying the first

Ca?* transient. They were of higher amplitude than the rest of Stage 1 speed-peaks (Fig. 9) corresponding to the first Ca2*

transient being bigger than subsequent ones.

[0086] To determine if Ca 2+ oscillations are essential for cytoplasmic movements, we recorded motion in 21 fertilized eggs
loaded with the Ca2* chelator BAPTA, known to inhibit calcium oscillations without changing the basal level of intracellular Ca?*
30 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 (Fig. 12), as observed in other systems 3, 32, 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).

[0087] Interestingly, when we activated mouse eggs (n=47) using SrClo, thus causing Ca2* oscillations similar to those seen after

fertilization, only 30% (133/444) of Ca2* transients were accompanied by speed peaks. Moreover these did not resemble the
speed peaks of zygotes as they had very low amplitudes (Fig. 3C, Table 1, 3) and also were often delayed by 10-30s with respect

to the onset of the Ca2* transient. After-movements were present with 76.8% (341/444) of these Sr-induced ca2t transients, but

their amplitudes were also lower than in zygotes (Table 1, 3). This suggests that although Ca 2+ oscillations are necessary for the
rapid cytoplasmic movements, they are not sufficient to trigger distinct high-amplitude speed-peaks. Thus, fertilization leads to
additional events that fully enable these motions.

Example 4

Functional sperm proteins are required to initiate cytoplasmic movements

[0088] To further characterize the relative contribution made by either the sperm per se or the FC upon both cytoplasmic speed-
peaks and Ca?* oscillations, we injected sperm directly into the egg, either immediately under the cortex or into the center of the
cell. Since formation of the FC depends on interplay between sperm chromatin and cortical actin and is distance-dependent33,
FCs were only formed in the former group of injected eggs. In both cases the injected sperm resulted in Ca2* oscillations and egg

activation. However, whereas in eggs that formed FCs, 97% (101/104) of Ca2* transients were accompanied by speed-peaks
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(n=17, Fig. 4A), in eggs without FCs, 71% (207/290) of Ca2* transients had speed-peaks (n=35; Fig. 4B). Importantly, the mean
amplitude of speed-peaks was significantly lower in eggs without FCs, whereas in eggs with FCs amplitudes were similar to those
in naturally fertilized ones (Fig. 4AB, Table 1, 3). However, the mean amplitude of speed-peaks during pronuclei formation and of
the after-movements from all stages were similar in both groups (Table 3), suggesting that mechanism of these particular
movements may be FC-independent.

[0089] To further dissect the contribution of FCs to the triggering of cytoplasmic movements, we examined if 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 to trigger FC-like formation33. Consequently when heat-
inactivated sperm heads were injected into the cortex and eggs activated by Sr2*, poth Ca2* oscillations and FC formation were

observed. In such zygotes (n=25), 60.8% (48/79) of Ca2* transients were accompanied 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 than those observed in normal zygotes and neither speed-peaks nor FC pulsations were

perfectly synchronized with the peaks of Ca2* transients but occurred 10-30s later. No Ca2* 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.

Example 5

Cytoplasmic movements provide an indicator of embryo vitality

[0090] Since 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 predictive 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 movements in each embryo with the total
number of cells at this time. This revealed that for different values of the mean interval between speed-peaks there were
statistically significant linear and quadratic effects between the mean basal speed (p=0.0005 and 0.0001 respectively) and the

cell count in an embryo (in the log scale; Fig. 5C). The mean cell count at the gt day of development increased with the mean
basal speed (up to 1.7 standard deviations (SD=6.7 nm/s) away from the average of 12.2 nm/s of the mean basal speed values)
after which it flattened off or declined (Fig. 5A, C). 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 SD, i.e. approximately 7 min; p=0.0045, Fig. 5B, D). Similar findings were observed when we
examined developmental success by assessing the probability of development to the blastocyst stage (Fig. 13A). This analysis
suggests a linear relationship between the mean basal speed (p=0.009) 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 SD 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) (Fig. 13B).

[0091] To eliminate the possibility that our method of recording cytoplasmic 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 pronuclei at different times after the onset of recording. We found no evidence of any differences either
between the mean cell numbers or the distribution of developmental stages achieved (p>0.46 for any two compared groups and
p=0.97, respectively, Fig. 13C, D). We also compared development of imaged (n=71) and non-imaged (n=46) embryos ensuring
that both groups were treated in the same way. The mean number of cells (Fig. 13E) as well as the distribution of embryos with
different cell numbers (Fig. 13F) were similar in both groups (p=0.75 and 0.19, respectively).

[0092] Finally, since the above results indicated that the pattern of cytoplasmic movements is predictive of pre-implantation
development quality, 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 average 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
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blastocyst stage. The two groups of embryos were transferred at the 2-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 vs. 16.7%, 1/6) and to full term (19.5
dpc) almost 3 times more often (2.77, 87.5%, 21/24 vs. 31.6%, 6/19) than embryos scored as 'low quality (Fig. 5, F, Table 6).
Taken together, these findings indicate that post-fertilisation cytoplasmic movements are predictive of developmental success and
our method of imaging does not hinder embryo development.

Example 6

PLCZ-induced Ca?* oscillations cause coincident cytoplasmic movements in human oocytes.

[0093] Recent evidence suggests that the CaZ* oscillations at fertilization are triggered after the sperm fuses with the oocyte,
and this leads to the introduction of a sperm-specific phospholipase C (PLC( into the oocyte52'53. PLCC then generates repented
cycles of InsP3 production within the ooplasm that cause the repetitive Ca2* release phenomenon of Ca2* oscillations92:53,
Sperm PLC{ is most conveniently introduced into oocytes by microinjection of its complementary RNA (cRNA) which is translated
into PLC{ protein within the oocytes over a period of several hours®4. Hence, the injection of PLC{ cRNA into oocytes produces
the PLC{ protein that causes prolonged ca2t oscillations, and in parallel experiments PLC{ has been shown to activate

embryonic development of mouse, pig, cow and human oocytes up to the morula and blastocyst stages54‘57.

[0094] Here we report the use of PIV imaging in human oocytes that were injected with sperm PLC{ cRNA. We demonstrate that

sudden but small cytoplasmic movements can be detected in near synchrony with each PLCC induced Ca2* transient in human
oocytes that had failed to fertilize after ICSI. The method we described may have potential as a non-invasive method for

monitoring Ca2* oscillation patterns in human oocytes.

MATERIALS AND METHODS (Example 6)

Human oocytes

[0095] Human oocytes were donated by patients in the IVF Wales clinic at the University Hospital of Wales, Cardiff. The current
project and all associated procedures have been approved by the South East Wales Research Ethics Committee and the Human
Fertilisation and Embryology Authority (R0161 held by K Swann and N.Amso). Aged "failed ICSI" oocytes and fresh oocytes
derived from follicle reduction procedures were used. ICS| was performed under standard conditions and the oocytes were
cultured for a further 16-18 hours before they were judged to be fertilized or not. "Fresh oocytes" derived from follicle reduction
and were used within 5 hours of collection. Only those oocytes that were ascertained as not activated were used in experiments.
During the subsequent 1-4 hours these oocytes were transferred from the clinic to the research laboratory where they were

microinjected with ~10-20 pl of human PLC{ cRNA, as described previously54'55, Briefly cRNA was mixed with CaZ*-sensitive dye,
0.5mM Oregon Green BAPTA dextran, (OGBD, InVitrogen). This mixture was then microinjected using a micropipette (~1uM tip
diameter). The micropipette was inserted into the oocyte using a brief pulse of electrical oscillation from an amplifier that was
connected in line to the micropipette needle. A pressure pulse (~1 second of 20psi) was then applied to the back of the
micropipette to push a bolus of the injection mixture into the oocyte. The cRNA was mixed with Ca2*-sensitive dye, 0.5mM Oregon
Green BAPTA dextran, (OGBD, InVitrogen). PLCC cRNA was prepared as described previously o4 During the data collection, the
oocytes were maintained at 37°C in a drop of media under oil, using a Series 40 Quick Change imaging chamber with a CL-100
temperature controller (Warner Instruments). Oocytes were microinjected in M2 media (Sigma) and then recording was in HEPES

buffered KSOM media, as described before.

Imaging system

[0096] The oocytes or zygotes were imaged for several hours after microinjection using a Nikon TiU epifluroescence microscope
with a 20x 0.75 NA objective. Fluorescence excitation from a halogen lamp was passed through a 490nm bandpass filter, reflected
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via a 505nm dichroic, and collected with a 530nm bandpass filter. White light from another halogen lamp was used to visualize the
oocytes with differential interference phase contrast (DIC) microscopy. Shutters were placed in the path of these light sources,
and filter wheels were in the path of both the fluorescence excitation and emission light such that oocytes were only briefly
exposed to light during image acquisition. The shutters and filter wheels were controlled by a Lambda-10 controller (Sutter
Instruments). Images were taken with 100-200 msec exposures in immediate succession every 10 seconds with a Coolsnap HQ2
CCD camera (Photometrics). The Lambda-10, image collection and initial analysis were controlled used InVivo software (Media
Cybernetics) and images stored as tiff stacks.

[0097] The fluorescence images were analysed using ImageJ (http://rsbweb.nih.gov/ij/) and the fluorescence intensity of the dye
from the whole oocyte was plotted against time. The movements in the cytoplasm were analyzed with cross-correlation methods

that had been developed for studying similar movements in mouse zygotessg. The algorithm is based on that used in PIV analysis
in fluid dynamics research and involves cross-correlating image subregions between successive pairs of images. This analysis
gives a vector field representing the movement of local regions of cytoplasm. The mean speed of movement was calculated by

taking the mean of the magnitude of the vectors in a square region in the centre of the oocyte, as described previously58. The
software was developed and written in MATLAB and is available under an academic non-commercial, use licence at
http://users.ox.ac.uk./~zool0847/code.html.

RESULTS (Example 6)

[0098] Microinjection of PLC{ cRNA into human oocytes that had failed to activate after ICSI caused a sustained series of Ca?*
oscillations that are illustrated in Fig. 6A. The specific pattern of spikes of elevated free Ca2* showed some variation between
oocytes, but the general response consisted of a large initial ca2* increase, followed by a series of smaller Ca?* transients that
gradually increased in frequency with time. This general pattern of Ca2* oscillations is similar to that reported previously in human
oocytes that were injected, with PLC( cRNASS. The relatively long latency between cRNA injection (15-20 mins before the start of

recording) and the first appearance of ca?* spikes, and the subsequent build up in Ca2* spike frequency, probably reflects the
gradual increase in expression of PLCC protein with time that has previously been demonstrated empirically with luciferase-tagged

fusion constructs of PLCC54 6062,

[0099] When we analysed the PLC({ cRNA-injected oocytes for cytoplasmic movements using PIV, we found that distinct
movements occurred within the same 10 second interval, immediately after each Ca2* transient (Fig.6B). In these human oocytes,
the maximum mean PIV speed was ether coincident with the maximum of the ca?t spike, or it occurred within the 50s following the
maximum of the Ca2* transient. In total, 95/102 cytoplasmic movements were detected within this range from 10 different zygotes.

The mean lag of the speed-peak was 18 seconds after the ca?* peak (with a range 10-50 seconds). It is noteworthy that the
movements detected in the oocyte cytoplasm are relatively small in scale: the mean magnitude of all vectors at a speed-peak
never exceeded 40 nm/sec, and within these speed-peaks local regions never moved faster than 120nm/sec. Even though in

most cases there was a sudden increase in movement associated with a Ca2* transient, it was also notable that the higher level
of Ca2* achieved in the first spike of some recordings was often accompanied by reduced movement in the cytoplasm (4/6 cases)

(Fig. 6B). In one case, when the Ca?* level remained high at the second peak, the cytoplasmic movement was also suppressed
(1/6) (Figs. 6B and 7).

[0100] For individual oocytes, the vectors of movement had a consistent orientation during each speed-peak, but the direction of
movement was often reversed within a spasm of movement (Fig. 8). However, the mean direction of movement had no consistent
relationship with the position of the 1st or second polar bodies. In addition, small vortices were frequently visible in speed-peaks.
Given the limitation of the small number of oocytes imaged in a single plane, these vortices were not obviously associated, with
any particular oocyte structure.

[0101] The degree of synchrony between Ca2* elevation and movement was the common finding in these human oocytes. This

suggests that the cytoplasmic movements in human oocytes are directly induced by elevated free Ca2* ions. Previous studies in
mouse zygotes showed that such movements in the cytoplasm are dependent upon the actin cytoskeleton and are greatly

influenced by the presence of the sperm and fertilization cone?8. It was difficult to identify the region of the activated human
oocytes that changed shape during the speed-peaks, although there were slow progressive changes of cell profile detected
during the recordings. In some records it was possible to observe a granular region moving around the cytoplasm and forming a
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thick granular crescent beneath the cell membrane. This peripheral crescent also moved in relation to the position of the 1st polar
body but the precise crescent boundary was poorly defined. It remains unclear whether any potential sperm may be present within
these "failed ICSI" oocytes or if any structures around a sperm could play a specific role in cytoplasmic movements, as suggested

in mouse zygotes. However, we did carry out a similar analysis of PLC{ cRNA-induced Ca?2* oscillations and cytoplasmic
movements in 7 unfertilized oocytes that were obtained after follicle reduction. Notably, we failed to detect any movements

associated with the 41 Ca2* spikes observed in these follicle reduction-derived cocytes.

DISCUSSION

[0102] Non-invasive rapid time-lapse imaging combined with PIV analysis of cytoplasmic events after fertilization described here
reveals that sperm 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 vectors 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 fertilization induced Ca2* transients and they depend on calcium oscillations. 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.

[0103] The involvement of the actomyosin cytoskeleton in mediating cytoplasmic movements is evident from our findings that
inhibition of MLCK or treatments that either stabilised or depolymerised F-actin diminished both speed-peaks and the basal

cytoplasmic speed. The movements also depend upon Ca?* transients because they were prevented by chelating Ca?* with

BAPTA. One possibility is that Ca2+-dependent kinases such as C32+/caImodulin-dependent kinase Il (CaMKIl) or conventional

protein kinase C (cPKC) participate in triggering the movements as these enzymes are known both to regulate the cytoskeleton10

and respond to Ca?* oscillations34-36. 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 oneszg), the amplitude of the speed

peaks increases at onset of FC formation and decreases upon FC regression. Moreover, the Ca2* transients evoked by
parthenogenetic activation are not sufficient to promote fast, oscillatory cytoplasmic movements suggesting that additional
fertilization-associated factors must enable the movements to take place.

[0104] The coincidence of robust speed-peaks of movement with actomyosin-mediated rhythmic movements of the FC suggests
that these are manifestations of the same process. This is further borne out by studies of FC formation after sperm injection. As

FC formation requires interaction of chromatin with cortical proteins33, 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 actomyosin. Although insufficient to produce a well-defined FC, this would still be able to
enhance weak cytoplasmic movements. Alternatively, 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 Sr2*-activated parhenogenotes.

[0105] High speed movements were also not triggered and FC motions were very much diminished in Sr2*.activated eggs
injected with heat-inactivated sperm heads. Thus, the sperm may well contribute proteins that facilitate FC motions and
cytoplasmic movements that are inactivated by heat treatment. It is also possible that differences observed between normal

zygotes and embryos injected witch inactivated sperm followed by Sr2* activation may be due to the altered characteristics of the
Ca?* transients themselves. The dynamics of typical Sr2*.induced CaZ* peaks differ from those of ca?* peaks triggered by

fertilization. Moreover, frequency of the Sr2* _induced Ca2* oscillations was very high under our conditions and this seemed to
affect, negatively generation of high-amplitude speed-peaks.

[0106] We found that the timing and pattern of cytoplasmic movements provide a powerful indicator of embryo quality. Our data
shows that embryos with low mean basal speed (below 10 nm/s; indicates poor quality of the actomyosin cytoskeleton), as well as

embryos with very frequent speed-peaks (inter-peak interval below 10 main; reflecting frequent Ca2* transients), 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
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correct pattern of Ca?* transients (especially the total time of caZ* elevation) are crucial for development12v 15, 16, 37-39,
However, these factors cannot be used in research and medical facilities to select good quality embryos as they involve 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 or at day 5, because of unreliability of the 3-day assessment4042,
A considerable advance may be offered by imaging and monitoring of a series of parameters over the first two days of

development43. The vitality of the embryo and its ability to succeed in development may be assessed by using non-invasive
imaging over a much shorter period of time, just 2 hours around the time of fertilization.

[0107] In conclusion, we have identified the importance of the sperm in triggering a dynamic oscillatory behavior of the
actomyosin cytoskeleton at fertilization. The ensuing movements have a pattern 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.

Table 1

Mean amplitudes of speed peaks and after-movements in control and inhibitor-treated zygotes
Mean amplitude of speed-peaks Mean amplitude of after-
+/-s.d. (hm/s) movements +/- s.d. (nm/s)
Control zygotes* Stage 1% (18 zygotes, 29.7 +/-19.4 8.7+/-2.8
45 peaks)
Stage 2 (32 zygotes, 449 +/-25.0 123 +/-50
108 peaks)
Stage 3 (55 zygotes, 88 12.2+/-10.0 17.7 +1-64
peaks)
Nocodazole-treated { Stage 1 (3 zygotes, 7 206 +-11.2 11.1+/-3.9
zygotes peaks)
Stage 2 (17 zygotes, 46 35.2 +/-19.38 16.6 +/- 6.81
peaks)
Stage 3 (66 zygotes, 10.4 +/-8.5 21.5+-6.7/
115 peaks)
Taxol-treated Stage 1 (3 zygotes, 6 18.0 +-5.01 79+/-4.3
zygotes peaks)
Stage 2 (15 zygotes, 37 29.9 +/-21.01 11.1+/-5.3
peaks)
Stage 3 (18 zygotes, 33 11.56+-6.5 14.3 +/-5.81
peaks)
Jasplakinolide- Stage 11 (1 zygote, 3 209 +/-101 52 +/-21
treated zygotes peaks)
Stage 2 (22 zygotes, 50 145 +/-8.31 4.2+-1.9/
peaks)
Stage 3 (57 zygotes, 108 +-7.6 3.8+/-28/1
102 peaks)
*Mean amplitudes of speed peaks and after-movements differ significantly between analyzed stages.
TPost-fertilization stages are described in the main text.
tStatistics was not applied to values from Stage 1 of jasplakinolide-treated zygotes due to the low number of these
peaks/embryos.
§p<0.05 vs control, p<0.01 vs control, #/ p<0,000 1 vs control
Table 2
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Influence of Ca® chelation and cytoskeleton inhibitors and on basal cytoplasmic speed in fertilized mouse
eggs

. BAPTA- {Nocotazole-{ Taxel Cytochalasin L ML-7-
Control{ Unfertiized treated treated treated D-treated Jasplakinoide treated
zygotesi{ eggs treated
(=82){ (n=55) zygotes zygotes. zygotes zygotes zygotes zygotes
(n=20) (n=38) (n=27) (n=21) (n=17)
cyopasmc| 9.0+ A S
CYtOPIaSMIC] 9.9+ £ 43 +/-1.0 {153 +-3.3{ 11.0+/-15] 7.7+-17 { 31+-06 | 3.0+-04 |1.39B.8.3
speed +/- 1.9
+/-1.1
s.d (nm/s)

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

*p<0.000 1 vs. control zygotes, *p<0.001 vs. control zygotes, *p<0.05 vs. control zygotes, *p<0.000 1 between
marked values

Table 3

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

Embryos obtained by Post-fertilization stages Mean amplitude of speed- Mean amplitude of after-
peaks +/-s.d. (nm/s) movements +/- s.d. (nm/s)
ICSI under the cortex | Stage 1* (6 zygotes, 9 peaks) 19.5 +/-111 10.7 +-5.9
Stage 2 (14 zygotes, 66 341 +/-154 12.8 +/-5.0
peaks)
Stage 1 prolonged¥ (14 323 +/-15.7 125 +/-5.1
zygotes, 75 peaks)
Stage 3 (16 zygotes, 28 14.3+/-94 13.6 +-4.9
peaks)
ICSlinto the central Stage 1 prolonged¥ (31 14.6 +/-8.2# 10.5 +-14.7
Cytopalsm zygotes, 209 peaks)
Stage 3 (31 zygotes, 37 10.3+/-6.8 124 4/-3.5
peaks)
Activation with SrCI2§ Stage 1 prolonged¥ (45 TA4+-40%1 0 7.7 +-2.9%™
parthenotes, 337 peakst)
ICSlwith the Stage 1 (10 zygotes, 30 8.8+/-8.8/ 79+/-30
inactivated sperm and peaks)
SrCly activation Stage 2 (16 zygotes, 71 8.6 +- 5.4% 101 +/- 3 54,1
peaks)
Stage 3 (19 zygotes, 71 7.1 +-4.3#% 130+-7.0
peaks)

* Post-fertilization stages are described in the main text.
T Stage 2 (i,e. fully formed FC) was not present in eggs injected with sperm into the central cytoplasm or eggs

activated with SrCly, thus name 'Stage 1 prolonged' refers to the period between onset of 2PB formation and
formation of pronuclei.

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

§Speed-peaks and after-movements ceased in SrCIZ—activated eggs before pronuclei became visible, thus Stage 3
is hot analysed.

#p<0.001 vs an analogous stage in zygotes obtained by ICSI under the cortex; /p<0,05 vs Stage 1 in zygotes
obtained by ICSI under the cortex; fp<0.000 1 vs zygotes obtained by ICSl into the central cytoplasm; **p<0.01 vs
zygotes obtained by ICSlinto the central cytoplasm; Hp<0.001 vs prolonged Stage 1 in SrCIZ-activated eggs

Table 4
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Direction of vectors during speed-peaks at different post-fertilization stages

No. of speed peaks with vectors pointing in a specified direction*
Post-fertilization | Total no. of analysed speed (%):
stagesT peaks Towards 2PB { Between2PB { Towards FC | No predominant
and FC direction
Stage 1 (11 25 17%(66.7) 6 (25.9) 2§(7.4) 0
zygotes)
Stage 2 (19 65 1%(1.5) 22 (33.8) 42§ (64.6) 0
zygote)
Stage 3 (19 34 7 (20.6) 4(11.8) 8(23,5) 15 (44,1)
zygotes)

*The direction of movement was judged as described in the Materials and Methods. tStages of the zygote

development are described in the main text.
1.§ p<0.0001

Table 5

Influence of Ca?* chelation and cytoskeleton inhibitors on completion of meiosis in in vivo fertilized mouse
eggs

Total no. of zygotes™* Zygotes that faik:d to extrude 2PB { Zygotes that 0extruded 2PB
(%) (%)
Control zygotes 52 0 52 (100)
BAPTA-treated zygotes 6 2(33.3) 4 (66.7)
Nocodazole-treated zygotes 12 7 (58,3) 5(41.7)
Taxol-treated zygotes 12 12 (100) 0
Cytochalasin D-treated 10 10 (100) 0
zygotes
Jasplakinolide-treated 23 23 (100) 0
zygotes
ML-7-treated zygotes 13 4(30.8) 9(69.2)

*Only zygotes that did not extrude 2PB before the onset of recording were included to this analysis.
Table 6 Comparison between predicted quality and actual developmental potential of the embryos

Predicted
Predicted | PropaPility
Mean of .
No. of Mean interval cerlllcs).:f]tcer achieving ﬁsétméegf Time of § No of Efficiency
' basal { between blastocyst ! ime No. of of the
No{ embryos 4-day developmental idissectionjembryos X
speed} speed- stage after . resorptions§ transfer
transferred culture success (highj (dpc) pups o
(nm/s)i peaks 4-day (%)
(mean +/- o or low)
(mm) sd culture (%)
d) (mean +/-
s.d.)
1 2 3 4 5 6 7 8 9 10 11
1 5 112§ 214 28 3540 high 6.5 5 - 83.3
12.3 19.1 29 40
1.1 259 32 45-50
132 § 201 33 50-55
16.0 § 20.3 3940 65-70
14.1 332 {52(36+/-} 8590
9) (56+/-19)
2 6 6.7 9.4 9-10 05 low 6.5 1 - 16.7
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Predicted
Mean Predicted pmbjfb'“ty
. no. of . Estimated ;
No. of Mean interval cells after achieving likehood of Time of § No of Efficiency
embryos basal { between 4-da blastocyst developmental dissectionjembryos No. of of the
fyo speed} speed- y stage after velopmental; di ' v resorptionsj transfer
transferred culture success (high{ (dpc) pups o
(nm/s)i peaks 4-day (%)
(mean +/- o or low)
(mm) sd.) culture (%)
- (mean +/-
s.d.)
2 3 4 5 6 7 8 9 10 11
86 13.6 15-16 5-10
10.5 9.2 17 5-10
104 § 1341 19 10-15
11.2 9.7 19 10-15

94 | 232 | 2324 | 2025
(17+-5) { (11+4/-7)

5 125§ 153 25-26 30-35 high 19.5 4 -+ 80

1147 187 26 30-35

140 § 131 27-28 3540

13.5 16.1 29-30 4045

135] 181 | 3132 | 4550
(28+1-3) | (394-T)

9 11.2 18.8 25-26 25-30 high 19.5 7 - 7.8

114 17.8 25-26 25-30

938 246 26-27 30-35

128 { 16.7 28-29 3540

13.9 17 31 45-50
13.8 17.9 32 50

14.7 17.3 33-34 50-55
16.2 17.2 36 60-65

168 { 19.1 | 3839 | 6570
(31+/-5) | (45+/-15)

5 18.2 14.6 3540 60-70 high 19.5 5 - 100

17.2 17.6 38 65-70

156§ 20.0 38-39 65-70

162§ 207 40-41 70-75

159 1 297 | 5354 { 80-90
(42+/-7) | (72+-8)

5 123§ 205 30-31 4045 high 19.5 5 - 100

127§ 219 33 50

13.7 19.7 33-34 50-55

124 § 2438 35-36 5560

12.8 23.7 36-37 55-60
(34+12) | (52+-6)
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Predicted
Predicted probability
Mean of )
. no. of . Estimated :
No. of Mean interval cells after achieving likehood of Time of § No of Efficiency
No§{ embryos basal { between 4-da blastocyst developmental dissectionjembryos No. of of the
fyo speed} speed- y stage after velopmental; di ' v resorptionsj transfer
transferred culture success (high{ (dpc) pups o
(nm/s)i peaks 4-day (%)
(mean +/- o or low)
(mm) sd.) culture (%)
o (mean +/-
s.d.)
1 2 3 4 5 6 7 8 9 10 11
7 5 10.0 55 10-15 5 low 19.5 3 0 60
11.3 7.4 18 10
104 11.5 18 10
10.2 16.8 21-22 15-20
10.5 18.3 2223 {20 (13+H-6)
(19+/-4)
8 6 8.1 6.4 11-12 05 low 19.5 1 2 16.7
94 13-14 05
9.2 171 18-19 10-15
10.1 16.4 20-21 15-20
10.2 16.0 20-21 15-20
13.3 74 21-22 {20 (12+/-8)
(18+/-4)
9 4 9.5 7.3 10 0-5 low 19.5 1* 1 25
9.2 9.7 14-15 0-5
98 13.3 14-15 5-10
7.2 8.0 18-19 §10-15 (6+-
(14+/-3) 5)
10 4 6.6 6.7 13-14 0-5 low 19.5 1* 3 25
10.1 55 14-15 0-5
13.5 4.4 19-20 10-20
121 10.1 20-22 {15-20 (9+/-
(17+/4) 8)
* Delivered naturally on 19.5 dpc.
*Found dead after 2 days.
Table 7 Optical specifications of the imaging systems used in experiments
Zeiss LSM 510 Meta Zeiss Axiovert Deltavision
Objective magnification 20X 20x 20x
Objective NA 0.75 0.75 0.75
Condenser NA 0.55 0.55 0.55
Chip size of the camera (pixels) # 1024x1344 512x512
Binning - 2x2 1x1
* The area of the scanwas increased digitally prior to scan 0.7x (final magnification 14x)
#Images were scanned with 1800 x 1800 pixel resolution.
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Patentkrav

1. In vitro-fremgangsmade til vurdering af udviklingspotentialet af et patte-
dyrsembryon, f.eks. et pattedyrsembryon, som er befrugtet in vitro, hvor
fremgangsmaden omfatter

(a) maling af cytoplasmatiske beveegelser i embryonet i den encellede til-
stand, og eventuelt yderligere malinger af periodiske aendringer i formen af
embryonet i den encellede tilstand, og

(b) anvendelse af malingerne til at forudsige udviklingspotentialet af embryo-

net.

2. Fremgangsmade ifalge krav 1, hvor (i) malingerne af cytoplasmatiske be-
veegelser er malinger af den gennemsnitlige cytoplasmatiske hastighed i det
encellede embryon, eller (ii) de periodiske endringer i formen af embryonet
er pulsationer af befrugtningskeglen (FC-pulsationer).

3. Fremgangsmade ifelge krav 2, hvor malingerne foretages over en tidsperi-
ode, som er tilstreekkelig til at identificere to pa hinanden felgende ha-
stighedstoppunkter eller FC-pulsationer, og tidsintervallet mellem de ha-
stighedstoppunkter eller FC-pulsationer beregnes, f.eks. hvor et laengere in-
terval eller et laengere gennemsnitligt interval mellem hastighedstoppunkter-
ne eller FC-pulsationerne korrelerer med en forudsigelse af et storre udvik-

lingspotentiale.

4. Fremgangsmade ifglge krav 3, hvor udviklingspotentialet af embryonet
forudsiges ved at sammenligne intervallet eller det gennemsnitlige interval
mellem hastighedstoppunkterne eller FC-pulsationerne med en eller flere
forudbestemte referenceveerdier, f.eks. hvor hastighedstoppunkierne eller
FC-pulsationerne er synkrone med Ca®*-transienter i embryonet.

5. Fremgangsmade ifglge et hvilket som helst af kravene 2 til 4, hvor den

gennemsnitlige cytoplasmatiske hastighed males inden det forste ha-
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stighedstoppunkt, som registreres, mellem hastighedstoppunkter, og/eller
efter det sidste registrerede hastighedstoppunkt, hvor den gennemsnitlige
hastighed beregnes over tid, hvor denne er den gennemsnitlige basale cyto-
plasmatiske hastighed, f.eks. hvor en hurtigere gennemsnitlig basal cyto-
plasmatisk hastighed korrelerer med en forudsigelse af et storre udviklings-
potentiale, og eventuelt hvor udviklingspotentialet af embryonet forudsiges
ved at sammenligne den gennemsnitlige basale cytoplasmatiske hastighed

med én eller flere forudbestemte referencevaerdier.

6. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
det enkeltcellede embryon er pa et udviklingstrin mellem befrugtning og dan-
nelse af forkernen, f.eks. hvor den encellede er pa et udviklingstrin mellem
befrugtning og regression af befrugtningskernen, f.eks. hvor pattedyrsembry-
onet er pa et udviklingsniveau, hvor befrugtningskeglen er fuldt dannet, og
eventuelt hvor forudsigelsen af udviklingspotentialet er baseret pa malinger,
der er foretaget i den periode, hvor befrugtningskeglen er til stede.

7. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor
maltagningen omfatter optagelse af et tidsforlgbsbillede, der efterfalges af en
kvantitativ billedanalyse, f.eks. hvor billederne er optaget fra (i) et enkelt plan
gennem det encellede embryon, (ii) et plan gennem midten af det encellede
embryon, og/eller (iii) et plan, der gennemskaerer befrugtningskeglen af det
encellede embryon.

8. Fremgangsmade ifalge krav 7, hvor embryonet er afbilledet, mens den
holdes i en lille drabe af medium, og eventuelt hvor embryonet er ét af en taet
gruppe af encellede celleembryoner i den lille drabe af medium.

9. Fremgangsmade ifalge krav 7 eller krav 8, hvor billedoptagelsen gennem-
fares inden for 4 timer efter befrugtning, f.eks. inden for 2 timer efter befrugt-

ning.
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10. Fremgangsmade ifolge et hvilket som helst af kravene 7 til 9, hvor

(i) den kvantitative billedanalyse anvender partikelbilledvelocimetri (PIV);
og/eller

(i) hvor maltagningen er ikke-invasiv; og/eller

(iii) hvor mélingerne foretages i fraveer af cytoplasmatisk farvestof i embryo-
net; og/eller

(iv) hvor maltagningen ikke griber ind i funktionen af cytoskelettet; og/eller

(v) hvor maltagningen ikke griber ind i dannelsen af befrugtningskeglen;
og/eller

(vi) hvor forudsigelse af udviklingspotentialet omfatter bestemmelse af mulig-
heden for, at embryonet vil udvikles til blastocysttrinnet; og/eller

(vii) hvor udviklingspotentialet omfatter hastigheden af celledelingen af em-
bryonet i en efterfalgende kultur; og/eller

(viii) hvor udviklingspotentialet omfatter antallet af celler i embryonet, som vil
udvikles efter fire dage i en efterfglgende kultur; og/eller

(ix) hvor forudsigelse af udviklingspotentialet omfatter bestemmelse af mulig-
heden for, at embryonet vil udvikles fuldsteendigt efter overfarsel til en mater-
nal modtager; og/eller

(x) hvor fremgangsmaden gennemfgres inden for 24 timer efter befrugtning;
og/eller

(xi) hvor fremgangsmaden gennemfares inden for 4 timer efter befrugtning;
og/eller

(xii) hvor kun malingerne af cytoplasmatiske bevaegelser og/eller pulsationer
af befrugtningskeglen i embryonet anvendes til at vurdere udviklingspotentia-
let af embryonet.

11. Fremgangsmade ifolge et hvilket som helst af de foregdende krav, hvor
embryonerne kultiveres yderligere, og eventuelt hvor udviklingsomfanget
og/eller morfologien af embryonet i kultur yderligere anvendes til at vurdere
udviklingspotentialet af embryonet.



10

15

20

25

30

DK/EP 2726865 T3

12. Fremgangsmade ifolge et hvilket som helst af de foregdende krav, hvor
pattedyrsembryonet er (i) et ikke-humant pattedyrsembryon, (ii) et musseem-
bryon, (iii) et kvaegembryon, eller (iv) et menneskeligt embryon.

13. Fremgangsmade til in vitro-befrugtning, omfattende befrugtning af et pat-
tedyrsaeg og vurdering af udviklingspotentialet af det resulterende embryon
ifalge fremgangsmaden ifalge et hvilket som helst af de foregaende krav.

14. Fremgangsmade til udveelgelse af et eller flere embryoner, der er egnet til
anvendelse i en fremgangsmade til assisteret reproduktion, fra en flerhed af
embryoner, hvor fremgangsmaden omfatter vurdering af udviklingspotentialet
af hvert embryon ifalge fremgangsmaden ifglge et hvilket som helst af krave-
ne 1 til 12, og udveelgelse af et eller flere embryoner p4 basis af deres forud-
sagte udviklingspotentiale.

15. Fremgangsmade til klassificering af et eller flere embryoner i en populati-
on af embryoner ifalge et udviklingspotentiale, hvor fremgangsmaden omfat-
ter vurdering af udviklingspotentialet af hvert embryon i populationen ifglge
fremgangsmaden ifolge et hvilket som helst af kravene 1 til 12, og klassifice-
ring af hvert embryon pa basis af dettes forudsagte udviklingspotentiale, og
eventuelt yderligere udveelgelse af et eller flere embryoner, der er egnet til
anvendelse i en fremgangsmade til assisteret reproduktion, fra en flerhed af
embryoner pa basis af deres forudsagte udviklingspotentiale;

f.eks. hvor tilstedevaerelsen af et beregnet tidsinterval eller gennemsnitligt
tidsinterval mellem hastighedstoppunkter eller FC-pulsationer, som er lzenge-
re, f.eks. en halv standardafvigelse laengere eller mindst én standardafvigel-
se laengere, end det gennemsnitlige interval af populationen eller det gen-
nemsnitlige tidsinterval mellem hastighedstoppunkter, og/eller tilstedeveerel-
sen af en gennemsnitlig basal cytoplasmatisk hastighed, som er hurtigere,
f.eks. en halv standardafvigelse hurtigere eller mindst én standardafvigelse
hurtigere, end den gennemsnitlige cytoplasmatiske basale hastighed af po-
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pulationen, angiver, at et embryon har et hgjt udviklingspotentiale.

16. System til udfarelse af fremgangsmaden ifelge et hvilket som helst af de
foregaende krav 1 til 12, hvor systemet omfatter en eller flere sensorer til op-
tagelse af tidsforlgbsbilleder af embryonerne og mindst én processor i kom-
munikation med den mindst én sensor, hvor processoren er programmeret
med computerlaesbare instruktioner til at udfgre fremgangsmaden ifglge et
hvilket som helst af de foregaende krav til at optage og omdanne billederne
til en forudsigelse af udviklingspotentialet af embryonet.

17. System ifolge krav 16;

(i) som omfatter et klimakammer til kontrol af temperaturen og/eller pH-
eksposition af embryonet;

(i) som omfatter et opvarmet trin til kontrol af temperaturen af embryonet;
og/eller

(iii) hvor den ene eller flere sensorer er konfigureret til at anvende hvidt over-
fart lys til at optage tidsforlobsbillederne.
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Fig. 10
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