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Abstract

The timing of early mitotic events during preimplantation embryo development is important for
subsequent embryogenesis in many mammalian species, including mouse and human, but, to date,
no study has closely examined mitotic timing in equine embryos from oocytes obtained by ovum
pick-up. Here, cumulus—oocyte complexes were collected by transvaginal follicular aspiration,
matured /n vitro and fertilised via intracytoplasmic sperm injection. Each fertilised oocyte was
cultured up to the blastocyst stage and monitored by time-lapse imaging for the measurement of
cell cycle intervals and identification of morphological criteria indicative of developmental
potential. Of the 56 fertilised oocytes, 35 initiated mitosis and 11 progressed to the blastocyst
stage. Analysis of the first three mitotic divisions in embryos that formed blastocysts determined
that typical blastocyst timing (median + IQR) is 30.0 £ 17.5min, 8.8+ 1.7hand 0.6 + 1.4 h
respectively. Frequent cellular fragmentation, multipolar divisions and blastomere exclusion
suggested that equine embryos likely contend with a high incidence of chromosomal
missegregation. Indeed, chromosome-containing micronuclei and multinuclei with extensive DNA
damage were observed throughout preimplantation embryogenesis. This indicates that time-lapse
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image analysis may be used as a non-invasive method to assess equine embryo quality in future

studies.
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Introduction

Following IVVF, human preimplantation embryos are traditionally scored for quality at the
zygote stage and then again at the 4- to 8-cell stage approximately 48-72 h later.
Morphological criteria, including cell number, degree of cellular fragmentation and
blastomere symmetry, are typically used to evaluate embryo viability at the cleavage stage
(Racowsky et al. 2010; Luke et al. 2014). If embryos are allowed to proceed in culture to the
blastocyst stage, additional characteristics, such as blastocoel expansion, cohesiveness of the
inner cell mass (ICM) and trophectoderm (TE) and hatching ability, are considered in the
decision of which to select for transfer (Gardner et al. 2000; Luke et al. 2014). Although
these snapshots in time help identify human embryos with poor developmental potential,
other informative cellular features may be missed during the several hours between
designated embryo assessments. These screening measures also likely require removal of the
embryos from the physiological conditions of an incubator, as well as increased exposure to
light during visualisation on a stereomicroscope, both of which could negatively affect
subsequent embryogenesis.

Based on the limitations of evaluation at static time points and the risks associated with
removing embryos from the incubator, non-invasive time-lapse imaging technologies have
been established to measure the timing of key cellula revent sand morphological features
contributing to blastocyst formation (Daughtry and Chavez 2016). After validating the safety
and efficacy of time-lapse monitoring (TLM) in human embryos (Nakahara et a/. 2010),
several imaging parameters, such as the time to polar body extrusion or first cleavage
division, were identified with some success in predicting embryo competency (Payne et al.
1997; Lundin et a/. 2001; Hardarson et a/. 2002; Lemmen et a/. 2008). The first
morphokinetic studies, or those that measured the duration or intervals between cell cycles,
then arose and the first three mitotic divisions were shown to be highly prognostic of which
embryos will likely arrest versus those that form blastocysts (Wong et al. 2010; Meseguer et
al. 2011). By combining mitotic timing with assessment of cellular fragmentation dynamics
during early cleavage divisions, it was also demonstrated that blastomere behaviour is
directly correlated with overall embryo chromosomal composition (Chavez et al. 2012;
Daughtry et al. 2019). Additional imaging parameters, including the time to the appearance
of the fifth cell, reverse or multipolar cleavage, the initiation of compaction and the
completion of blastulation (Meseguer et al. 2011; Azzarello et al. 2012; Cruz et al. 2012,
Dal Canto et al. 2012; Hlinka et al. 2012; Rubio et al. 2012; Athayde Wirka et al. 2014; Liu
et al. 2014b), have also been used to differentiate between human embryos of low and high
quality, as well as ploidy status (Campbell et a/. 2013; Basile et al. 2014; Yang et al. 2014;
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Chawla et al. 2015; Balakier et al. 2016; Minasi et al. 2016; Del Carmen Nogales et al.
2017; Desai et al. 2018).

Although there are several reports of TLM in other mammalian species besides human
(Pribenszky et al. 2010; Sugimura et al. 2010, 2012; Weinerman et al. 2016), only recently
was TLM used to evaluate equine preimplantation development to the blastocyst stage
(Marzano et al. 2019). However, the primary focus of that study was on the effects of a
specific toxic chemical present in ovarian follicular fluid and VM media on embryo
morphokinetics. In addition, the authors used oocytes from abattoir obtained ovaries, only
those from draft breeds and the time of intracytoplasmic sperm injection (ICSI) for
assessment of certain imaging parameters (Marzano et al. 2019). This can have confounding
effects on the measurement of other overlapping cell cycle-related characteristics, as shown
previously by a report that implemented a biological start point instead of a procedure such
as ICSI (Liu et al. 2014a). Thus, a close examination of morphokinetics in non-abattoir-
derived oocytes collected by ovum pick-up (OPU) from the more common breeds of mares
that serve as oocyte donors and surrogates for embryo transfer is still needed. In the present
study, oocytes were obtained by OPU and the first three mitotic divisions evaluated by TLM
following fertilisation based on high blastocyst prediction capabilities in other mammals
(Pribenszky et al. 2010; Sugimura et al. 2010, 2012; Wong et al. 2010; Chen et al. 2013;
Weinerman et al. 2016). A comparison of mitotictiming between arrested embryos and
blastocysts was also correlated to identify morphological criteria that should be considered
for equine embryo classification and potential ranking.

Materials and methods

Experimental design

To comprehensively examine early equine embryogenesis under normal culture conditions,
we designed an experimental approach using OPU for oocyte collection and TLM to non-
invasively assess equine embryos throughout preimplantation development to the blastocyst
stage (Fig. 1). Cumulus—oocyte complexes (COCs) obtained by transvaginal aspiration
(TVA) from reproductive-age mares were matured /n vitro and mature MIl oocytes
underwent ICSI. Presumed zygotes were analysed by TLM to evaluate mitotic divisions, the
absence or presence of cellular fragmentation and other imaging parameters and/or
morphological features indicative of embryo competency. After 3—10 days in culture,
zygotes that did not divide, arrested cleavage stage embryos and blastocysts were removed
and fixed for assessment of nuclear structure and DNA damage by multicolour confocal
imaging. The effects of chromosome-containing micronuclei, cellular fragmentation and
double-stranded DNA breaks on embryo arrest versus successful progression to the
blastocyst stage were evaluated by correlating the imaging parameters to embryo
immunostaining and developmental outcome (Fig. 1).

Equine oocyte collection and embryo culture

The oocyte donors were nine non-pregnant mares, one of which was aspirated twice, aged
between 4 and 11 years, of multiple breeds (both draft and non-draft) and residing in an
embryo transfer recipient herd. An additional five mares of similar age and breed were used
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to test the prediction model. Between one and three mares were aspirated per day for an
average of four oocytes obtained per mare. Equine COCs were collected by ultrasound-
guided TVA using a sterile needle guide attached to an 8- to 5-MHz human transvaginal
ultrasound probe (Fujifilm Sonsite). The guide was carefully placed intravaginally next to
thecervix ipsilateral totheovary to be aspirated and the contents of each follicle were scraped
and lavaged with heparinised (51UmL™1) Complete Flush Solution (Vigro Vetriquinol USA)
using a 12-gauge double-lumen collection needle (Mila International). Oocytes were
identified in aspirates and placed in equilibrated holding medium (Emcare; ICPbio
Reproduction) until overnight shipment in equilibrated medium (all SigmaAldrich),
consisting 0f40% M199 with Hanks’ salts, 40% M199 with Earle’s salts and 20% newborn
calf serum (NCS), in a portable incubator (Micro QTechnologies) at 228C as previously
described (Foss et al. 2013). COCs recovered from dominant gonadotropin-stimulated
follicles were placed in equilibrated transport medium, consisting of 45% M199 with Earle’s
salts, 45% Dulbecco’s modified Eagle’s medium (DMEM)/F12, 10% NCS, 0.01% pyruvate,
and 25ugmL~1 gentamycin (all Sigma Aldrich) and shipped overnight in another incubator
at 38.28C. Immature oocytes underwent incubation at 38.58C in equilibrated maturation
medium consisting of 49.5% DMEM/F12 with 15mM HEPES and 25pugmL 1 gentamicin,
32.5% Global Medium (LifeGlobal), 4.5% NCS, 4.5% serum substitute (Life Global),0.1
mM sodium pyruvate, 5 mUmL 1 FSH(Sioux Biochemical), iImUmL~1 somatotropin (Sioux
Biochemical), 10uLmL 1 insulin-transferrin-selenium solution (Sigma Aldrich) and 9%
frozen—thawed pooled equine follicular fluid from dominant stimulated preovulatory
follicles for 28-32 h, as described by Foss et a/. (2013). Mature MII oocytes were denuded
following exposure to 801U hyaluronidase (Sage; Cooper Surgical) and fertilised by ICSI in
the afternoon or early evening using thawed spermatozoa from one of two stallions with
proven fertility. Immediately following ICSI, each fertilised oocyte was placed in an
alphanumeric-labelled microwell Petri dish that holds up to 12 samples (Progyny) to help
with embryo tracking. Embryos were incubated at 38.58C with 5% CO,, 5% O, and 90% N,
for up to 10 days in 100uL culture medium (54% DMEM/F12 with 15 mM HEPES and
25ugmL =1 gentamicin, 36% Global Medium, 5% NCS, 5% serum substitute and 0.1mM
sodium pyruvate) under mineral oil, as described previously (Foss ef a/. 2013).

All animal procedures used in this study adhered to the Principles of Veterinary Medical
Ethics of the American Veterinary Medical Association (AVMA).

Time-lapse imaging
Embryos underwent time-lapse imaging until they arrested or reached the blastocyst stage
using an Eeva darkfield or bimodal (brightfield-darkfield) microscope system from Progyny,
and were collected the morning after arrest or blastocyst formation. Images were taken every
5min and compiled into a movie with well identification labels and time stamps for the
measurement of imaging parameters using FIJI software version 2.0.0 (NIH, Bethesda, MD;
Schindelin et al. 2012). The timing intervals of the first three mitotic divisions and other
imaging parameters predictive of successful development and/or ploidy status, such as the
timing, degree and pattern of cellular fragmentation, were measured manually by two
independent reviewers (K. E. B. and S. L. C.) based on previous findings of intra- and
interobserver variability (Sundvall et a/. 2013). For those that formed blastocysts, we also
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determined whether the embryo exhibited imaging behaviours indicative of potential
aneuploidy correction, including, but not limited to, multipolar divisions, resorption or
exclusion of cellular fragments and blastomere exclusion, as per previously published results
in other mammalian species(Chavez et a/. 2012; Daughtry and Chavez 2018; Daughtry et al.
2019).

Immunofluorescence confocal imaging

The zona pellucida (ZP) was removed by a 1- to 2-min incubation in EmbryoMax Acidic
Tyrode’s Solution (EMD Millipore) and ZP-free embryos were washed in phosphate-
buffered saline (PBS; AlfaAesar)containing 0.1% bovine serum albumin (BSA; Sigma
Aldrich) plus 0.1% Tween 20 (Sigma-Aldrich) termed PBST. Each embryo was fixed with
4% para formaldehyde in PBS for 20 min at room temperature. Once fixed, the embryos
were washed three times with gentle shaking in PBST for a total of 15min to remove
residual fixative. Embryos were permeabilised in 1% Triton-X (Calbiochem) for 1 h at room
temperature and washed in PBST as described above. To block non-specific binding,
embryos were transferred to a solution of 7% donkey serum (Jackson ImmunoResearch
Laboratories) in PBST overnight at 48C. Antibodies against lamin B1 (LMNB1; rabbit;
Catalogue no. ab16048; Abcam), a nuclear envelope marker, and the histone variant H2AX
phosphorylated at serine 139 (yH2AX; mouse; Clone no. JBW301; EMD Millipore), a
marker of double-stranded DNA breaks, were diluted 1:1000 and 1:100 respectively in
PBST with 1% donkey serum, and embryos were sequentially stained over two nights at
48C. Primary antibodies were detected using Alexa Fluor 488- or 647-conjugated donkey
anti-rabbit LMNB1 or antimouse -yH2AX secondary antibodies (Thermo Fisher Scientific)
respectively at a dilution of 1 : 250 in 1% donkey serum in PBST at room temperature for 1
h in the dark. Between antibody incubations, embryos were washed in PBST and the DNA
was stained with 1 ugmL=1 4”,6”-diamidino-2-phenylindole (DAPI) for 15min.
Immunofluorescence was visualised using glass-bottomed Petri dishes (Mattek) and a Leica
SP5 AOBS spectral confocal system. Z-stacks, 1-5mM apart, were imaged one fluorophore
at a time to avoid spectral overlap between channels. Stacked images and individual
channels for each colour were combined into composite images using FIJI software version
2.0.0 (NIH, Bethesda, MD; Schindelin et al. 2012).

Statistical analysis

The time intervals for each imaging parameter are given as the median interquartile range
(IQR) calculated by /QR5 Q32 Q;, where the first quartile (Q;) is the median of the smallest
values and third quartile (Q3) is the median of the largest values. Median values for mitotic
timing were compared between arrested embryos and those that formed blastocysts using a
Mann-Whitney— Wilcoxon test. Variations in the time intervals between the two embryo
groups were evaluated using Levene’s test. Two-sided £,0.05 was considered significant. All
statistical analyses were performed using R version s3.5.1 (R Foundation for Statistical
Computing).

Pruned decision tree

To predict the probability of an embryo reaching the blastocyst stage using mitotic timing,
we built a pruned tree using the ‘tree’ package in R. Briefly, the number of mis
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classifications was used as the measure of node heterogeneity to guide cost-complexity
pruning using 10-fold cross-validation. The optimal cost-complexity parameter determined
was then used to build the final classification tree using all data. Prediction accuracy was
calculated as a proportion of correctly classified observations.

Comparison of early mitotic timing between equine blastocysts and arrested embryos

The first objective of this study was to determine whether the time intervals between the first
three mitotic divisions are prognostic of blastocyst formation in equine embryos. From the
TVA COCs, 56 fertilised oocytes identified by polar body extrusion were obtained, of which
35 embryos underwent mitosis and 11 successfully reached the blastocyst stage (Table 1).
Note that blastocyst formation was more easily recognised by visualising the blastocoel(see
Fig. 2a) in embryos with dark field time lapse imaging, but bright field imaging was more
suitable for assessing early mitotic timing (Fig. 2b). Rather than measuring the time to the
first cleavage division, we measured the duration of the first cytokinesis, or the time between
the appearance of cleavage furrows and the completion of division as determined by the
appearance of two distinct blastomeres with ‘pinched’ membranes as 30.0 £ 17.5min (Q; =
25.0 min; Q3= 42.5min), the time between the first and second mitotic division as 8.8 + 1.7
h (Q;=28.02 h; @3=9.75 h) and the time between the second and third mitotic division as
0.6 +1.4h(Q;=0.33h; @3=1.77 h) in those embryos that formed blastocysts (Table 2).
Blastocyst formation was typically observed within 8 days of culture and no differences in
morphological characteristics or mitotic timing were detected in the two blastocysts that
reached this stage by the morning of Day 10. The time intervals between the first three
mitotic divisions in equine embryos that arrested before reaching the blastocyst stage were
43.8 £ 30.6min (@; = 30.0min; Q3= 60.6min), 4.67.8 h (Q;=2.44 h; Q3=10.2h)and 8.1 +
11.8 h (Q;=1.71 h; Q3= 13.5 h) respectively. Thus, embryos that reached the blastocyst
stage tended to exhibit more similar mitotic timing than the arrested embryos, with the
exception of one outlier that was the same embryo for the first two divisions and two
different embryo outliers for the third division(Fig. 3a). Althoughthe firstembryo underwent
a 1:4 multipolar division at the zygote stage to completely bypass the 2- and 3-cell stages,
which explains the reasoning behind its isolation, the two other embryos exhibited normal
bipolar divisions but a longer time interval between the second and third mitosis. Statistical
analyses showed that the median and variance of the first cytokinesis duration were not
significantly different between embryo groups, likely due to the large range in mitotic timing
observed in the arrested embryos and/or the primary outlier in the blastocyst group (Table 2;
Fig. 3b). However, the variance (P= 0.015, Levene’s test) in time between the first and
second mitotic divisions (Fig. 3c) and both the median (P = 0.004, Mann-Whitney—
Wilcoxon test)and variance (£,0.001) in time between the second and third mitosis were
significantly different between embryo groups (Fig. 3d).

Early mitotic timing as a predictor of blastocyst development in equine embryos

Because the combination of multiple imaging parameters, rather than individual cell cycle
timing, is predictive of blastocyst formation in human embryos (Wong et a/. 2010; Chen et
al. 2013), we next sought to determine whether there was a pairwise relationship between
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the first three mitotic divisions in equine embryos. As shown in Fig. 4a, there was no clear
separation of embryo groups in two-dimensional scatter plots due to some overlap in mitotic
timing between blastocysts and arrested embryos. When the time intervals of all three
mitotic divisions were graphed in a three-dimensional (3D) parameter plot, with the
exception of the one outlier embryo, the blastocysts tended to cluster together in a similar
region of mitotic timing (Fig. 4b). In contrast, most (91.7%; n = 22/24) equine embryos that
did not reach the blastocyst stage exhibited highly variable mitotic timing and did not cluster
with the blastocysts in the 3D plot. Initial observations using a pruned decision tree
suggested (with 85.7% accuracy) that if the time between the second and third division was
less than 4.75 h and the time between the first and second division was less than 10.02 h,
then the embryo had a high probability of progressing to the blastocyst stage (Fig. 4c). To
test these preliminary findings, we examined five additional embryosthat formed blastocysts
with oocytes obtained from five new mares and determined that four of the five embryos
exhibited mitotic timing that was predictive of blastocyst formation (i.e. time between first
and second division = 8.12.6 h; time between second and third division = 2.11.2 h). Similar
to the outlier embryo described above, the one blastocyst that would have not been predicted
to reach this stage also underwent a multipolar first division, but from one to three cells.
Although these abnormal divisions are discernible by time-lapse imaging for embryo de-
selection, further analyses with an independent dataset using embryos cultured under
different conditions are required to validate this prediction model.

Imaging features indicative of equine embryo aneuploidy generation and/or resolution

Given that mitotic timing in conjunction with assessment of cellular fragmentation dynamics
is indicative of chromosomal composition during early cleavage divisions in other
mammalian species (Chavez et al. 2012; Daughtry et al. 2019), another aim of the present
study was to evaluate the incidence of fragmentation and other cellular events that may be
reflective of overall embryo ploidy. As indicated in Table 1, cellular fragmentation was
observed in most (60.7%; 7= 34) equine embryos at the zygote stage, including several(n=
5)that fragmented but never actually divided. Although we did not directly assess
aneuploidy, we suspect that these embryos inherited a meiotic error based on previous
observations that most embryos with meiotic chromosomal missegregation, including those
that are polyploid, begin fragmenting at the zygote stage (Chavez ef a/. 2012). This was
supported by findings of micronuclei formation around presumably missegregated
chromosomes in certain fragmented zygotes by TLM (Fig. 5a). The remaining embryos (7=
29) underwent fragmentation during or after the first cleavage division, which suggests that
they had incurred mitotic errors (Fig. 5b). As mentioned above, we also detected a relatively
high frequency (14.3%; n = 5) of multipolar divisions identified by more than two cleavage
furrows in zygotes (Fig. 5c), four of which arrested following the abnormal division. It is
important to note that the one multipolar embryo that did progress to the blastocyst stage
was the same outlier described above in Fig. 4b and exhibited a 1:4 cell division without
fragmentation, which we have shown is often associated with blastomere exclusion in
primate embryos (Daughtry and Chavez 2018; Daughtry et a/. 2019). Indeed, the exclusion
of a large non-dividing blastomere (Fig. 5d) from the early cleavage stage was observed in
this embryo and at least one other upon blastocyst formation and hatching (Table 1).
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Prevalence of chromosome-containing micronuclei from the zygote to blastocyst stage

Because aneuploidy is often, but not always, associated with cellular fragmentation and the
formation of micronuclei tends to precede the appearance of fragments (Chavez et al. 2012,;
Daughtry et al. 2019), we examined nuclear structure and DNA integrity in the embryos.
Immunolabelling with the nuclear envelope marker LMNBL1 revealed micronuclei (Fig. 6a,
top panel) and multinuclei (Fig. 6a, middle panel) in arrested cleavage-stage embryos
stained with DAPI. Based on several reports of DNA fragility in the micronuclei of both
somatic and embryo cells (Crasta et a/. 2012; Hatch et al. 2013; Liu et al. 2018; Daughtry et
al. 2019), we evaluated whether the micronuclei were susceptible to DNA damage. This was
accomplished by immunostaining the embryos for y-H2AX phosphorylated at Serl39, a
marker commonly used to assess double-stranded DNA breaks (Rogakou et a/. 1998).
Indeed, y-H2AX-positive foci were associated with micronuclei formation and extensive
DNA degradation, which was likely due to embryo arrest. We also observed that blastocysts
tended to retain micronuclei (Fig. 6b) but, because it is difficult to distinguish the ICM from
the TE of /n vitro-produced equine embryos (Hinrichs et al. 2007; Choi et al. 2009), whether
there was preferential allocation of micronuclei to one of the two lineages could not be
determined. Most blastocysts contained multiple micronuclei with y-H2AX-positive
immunolabels (Fig. 6¢), and these structures often lacked or exhibited a defective nuclear
envelope (Fig. 6d) that predisposed the DNA to increased and rapid damage, as shown
previously (Hatch et al. 2013; Liu et al. 2018).

Discussion

Time-lapse image analysis of human oocyte maturation, fertilisation and preimplantation
embryogenesis was initially reported several years ago (Payne et al. 1997; Hardarson et al.
2002) but only recently used to evaluate embryos from other mammalian species
(Pribenszky et al. 2010; Sugimura et al. 2010, 2012; Weinerman et al. 2016). Using abattoir-
derived equine ovaries from draft mares, Marzano et a/. (2019) showed differences in the
time of second polar body extrusion and duration of the second cell cycle between control
and di-(2ethylhexyl)phthalate (DEHP)-treated oocytes. To thebest of our knowledge, the
present study is the first to closely examine equine preimplantation development to the
blastocyst stage via TLM with oocytes obtained by OPU from mares of various breeds (both
draft and non-draft) that are commonly used as oocyte donors and surrogates for embryo
transfer. Marzano et al. (2019) also determined that the duration of the second cell cycle, or
the time between the first and second mitosis, as reported here, was, 17 h in controls,
whereas the time between second and third mitotic division was, 6 h, both of which had
large standard deviations. In the present study we demonstrated that the time intervals
between the first and second, as well as the second and third, divisions in those equine
embryos that formed blastocysts was, 7-10 h and, 1-3 h respectively, with significantly less
variation and closer to that observed in human embryos (Wong et al. 2010; Chen et al.
2013). This discrepancy is most likely the result of differences in mitotic timing between
embryos from diverse breeds of horses, but could also be due to the origins of OPU versus
abattoir-obtained oocytes, culture media conditions and/or the stallions used for fertilisation.
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In addition to the approximate time between early mitotic divisions, equine embryos appear
to undergo cellular fragmentation at a frequency more comparable to humans than ruminants
such as cows, which typically exhibit approximately 15-25% fragmentation during
preimplantation development (Somfai et a/. 2010; Sugimura et a/. 2012). We also identified
a similar incidence of multipolar divisions in equine embryos as in humans (Kalatova et al.
2015) and, given the association between this cellular event and chromosome sequestration
by cellular fragments (Daughtry et a/. 2019), it will be important to assess whether the
fragments from multipolar equine embryos contain missegregated chromosomes lost from
blastomeres. Although aneuploidy was not directly evaluated in the present study, we did
examine nuclear structure and DNA integrity and determined that chromosome-containing
micronuclei are prevalent throughout early equine embryogenesis, which suggests frequent
chromosome missegregation. However, because these oocytes underwent 1\VM, we suspect
that they have increased chromosomal instability over /nvivo-matured oocytes based on
comparisons between these two groups in other mammals (Treff et a/. 2016). Current work
is focused on determining the incidence of aneuploidy in cleavage stage equine embryos
using high-resolution techniques, with plans to apply this technology to the assessment of
chromosome missegregation in equine blastocysts at the single-cell level.

Analogous to previous findings with both human and nonhuman primate embryos (Daughtry
and Chavez 2018; Daughtry et al. 2019), we did identify at least two equine embryos that
exhibited the exclusion of large, non-dividing blastomeres from the early cleavage stage
during blastocyst formation. Although the first three mitotic divisions were normal in one of
these embryos, the other underwent a 1:4 multipolar division without cellular fragmentation
at the zygote stage, as recently described with rhesus monkeys (Daughtry et al. 2019).
Therefore, we suspect that blastomere exclusion is conserved across higher mammalian
species and likely represents one mechanism to overcome aneuploidy in certain instances,
but further work is required to confirm this hypothesis. Nevertheless, the findings of this
study suggest that time-lapse image analysis of early mitotic timing in conjunction with
morphological assessment may be used as a non-invasive method to effectively evaluate
equine embryo developmental competence to the blastocyst stage in future studies. This
information can be used to predict embryo developmental success, as well as help determine
the best embryo for transfer, especially when multiple blastocysts are obtained from a mare.
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Fig. 1.

Experimental approach to assess equine embryo developmental potential by time-lapse
monitoring. Equine oocytes were obtained by transvaginal aspiration from cross-bred mares
(n=9) undergoing ovum pick-up and matured /in vitro. Mature MII oocytes were fertilised
via intracytoplasmic sperm injection (ICSI) and presumed zygotes (/7= 56) were placed in
alphanumeric-labelled Petri dishes for embryo tracking and non-invasive time-lapse image
analysis of preimplantation development to the blastocyst stage. Early mitotic timing and
morphological criteria predictive of blastocyst formation were measured and correlated with
embryo developmental outcome. Confocal imaging was used to assess nuclear structure and
DNA integrity in arrested cleavage stage embryos versus those that reached the blastocyst
stage.
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Fig. 2.

Cgmparison of darkfield and brightfield imaging of equine preimplantation embryogenesis.
(a) Image frame of an equine blastocyst monitored by darkfield time-lapse imaging
throughout preimplantation development. The white arrow indicates the blastocoel of the
blastocyst. (6) A 4-cell equine embryo visualised using the bimodal microscope shows
brightfield imaging is more suitable for assessing early mitotic timing.
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Fig. 3.

Arrested equine embryos exhibit highly variable mitotic timing compared with blastocysts.
(a) Box and whisker plots of the time intervals between the first three mitotic divisions in
arrested cleavage stage embryos and blastocysts show stricter mitotic timing in embryos that
successfully developed to the blastocyst stage. The boxes show the interquartile range, with
the median value indicated by the horizontal line; whiskers show the range. Individual
symbols show outliers. (6-d) Analysis of the variance in the duration of the first cytokinesis
(b) and the time between the first and second mitotic division (¢) and the second and third
mitosis (a) revealed highly variable early mitotic timing in arrested embryos compared with
blastocysts. Columns show the density, with the solid lines indicating trends. Note that the
one outlier in the blastocyst group (black arrows in (6) and (¢)) was the same embryo for the
first two divisions.
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Combined assessment of mitotic timing is predictive of equine blastocyst development. (&)
Two-dimensional scatter plots showing the pairwise correlation between each mitotic
division in arrested embryos and blastocysts. The black dotted lines provide decision
boundaries for defining the time intervals of the second and third mitosis that predict embryo
arrest versus successful development to the blastocyst stage. (6) Three-dimensional scatter
plot of the time between the first three mitotic divisions demonstrates that, with the
exception of one embryo (black arrow), equine blastocysts tend to cluster together in a
similar region (indicated by the dotted circle). (¢) Pruned decision tree for determining the
likelihood than an embryo will form a blastocyst based on early mitotic timing. If the time
between the second and third mitosis is less than 4.75 h and the time between the first and
second mitosis is less than 10.02 h, then the embryo has a high probability of progressing to

the blastocyst stage (accuracy,

85.7%).
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Fig. 5.
Morphological criteria used to assess equine embryo developmental potential by time-lapse

monitoring. Image frames of the most common morphological features observed in equine
embryos, including (&) micronuclei formation (black arrow adjacent to pronuclei in this
zygote), (b) cellular fragmentation (white arrow) during or immediately after the first
cleavage division, (¢) multipolar division at the zygote stage (black arrows indicate three
cleavage furrows) and (d) blastomere exclusion (white arrow) upon blastocyst formation and
hatching. The inset in (d) shows isolation of the large excluded blastomere from the rest of
the embryo.
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LMNB1

Fig. 6.
Micronuclei are prevalent and susceptible to DNA damage in equine embryos. (4) Confocal

imaging of 4”,6”-diamidino-2-phenylindole (DAPI)-stained (blue) arrested cleavage stage
embryos immunolabelled with an antibody against the nuclear envelope marker lamin B1
(LMNB1; green) revealed chromosome-containing micronuclei (top panel) and multinuclei
(middle panel). Additional immunostaining with an antibody against the histone variant
H2AX phosphorylated at serine 139 (red), a marker of double-stranded DNA breaks, in
arrested embryos demonstrated that y-H2AX-positive foci are associated with micronuclei
formation (bottom panel). (6)Similar imaging of DAPI-stained blastocyst stage embryos
immunolabelled for LMNBL1 and y-H2AX demonstrated that blastocysts can retain
micronuclei. (¢) Micronuclei were detected in most blastocysts and exhibited DNA damage,
as indicated by the intensity of y-H2AX immunostaining. (d) The prevalence of DNA
breakage in blastocysts was likely due to the lack of, or a defect in, nuclear envelope
surrounding micronuclei (white arrows).
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Correlation between equine embryo developmental outcome and time-lapse monitoring

(TLM)

Data show the number and calculated percentage of equine embryos that initiated mitosis and arrested versus
those that reached the blastocyst stage, with the most common imaging behaviours observed. Note that there

were five embryos that began fragmenting at the zygote stage but never actually divided

TLM feature Total no. embryos  No. embryos exhibiting behaviour (%)
Initiated cleavage 56 35 (62.5)
Blastocyst formation 56 11 (19.6)
Cellular fragmentation 56 34 (60.7)
Multipolar divisions 35 5(14.3)
Blastomere exclusion 11 2(18.1)
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Table 2.

Comparison of mitotic timing between equine blastocysts and arrested embryos

Equineblastocysts (n=11)  Arrested equine embryos (n=24)

Duration of first cytokinesis (min) 30.0£17.5 43.8+30.6
Time between first and second mitosis (h) 8.8+1.7% 4.6+7.8
Time between second and third mitosis (h) 0.6+1 47‘¢ 8.1+11.8

Data show the medianzinterquartile range of time intervals between the first three mitotic divisions (see Fig. 3) of equine blastocysts and embryos
that arrested before reaching this stage. Significant differences in the variance in time between the first and second mitotic division (*P=0.015,

Levene’s test) and in both the median (TP=0.004, Mann-Whitney-Wilcoxon test) and variance (¢P<0.001) in time between the second and third
mitotic divisions indicated by different symbols
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