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Abstract

Purpose To establish parameters during mouse extended embryo culture that accurately predict fetal developmental potential of a
blastocyst without performing embryo transfer.

Methods Embryos of three varying qualities were produced: poor quality embryos produced from in vitro matured oocytes
(IVM), intermediate quality embryos produced from in vivo matured oocytes followed by in vitro fertilization and embryo
culture (IVF); high quality embryos developed in vivo (VIVO). Embryonic day (E) 3.5 embryos from each group with similar
morphologies were used for surgical embryo transfer to assess implantation and fetal developmental potential, in addition to
placing these embryos into extended culture until E 8.5 to examine outgrowth area, egg cylinder volume, epiblast cell number,
and outgrowth morphologies by immunofluorescence and 3D confocal microscopy.

Results The proportional differences in epiblast cell number are strikingly similar to fetal development following embryo
transfer, suggesting that this parameter may be indicative of the potential of an embryo to successfully develop into a fetus.
Conclusion Extended embryo culture provides more accurate information regarding developmental potential than blastocyst
morphological assessment. Specifically, epiblast cell number is an accurate and valuable predictor of fetal developmental
potential. This work sets the stage for routine evaluation of embryo quality past the time embryos would normally be transferred.
The ability to determine post implantation potential without embryo transfer may greatly improve efforts to culture higher quality
embryos in vitro for human IVF, as well as reducing animal use and eliminating confounding maternal factors associated with
embryo transfer experiments in research.
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Introduction

Identifying parameters indicative of a blastocyst’s develop-
mental potential is highly desirable for human in vitro fertili-
zation (IVF), agricultural production, and biomedical re-
search. Human IVF requires the selection of the most viable
embryo prior to transfer to improve clinical outcomes.
Numerous approaches developed to assess embryo viability
have had varying degrees of success in clinical application.
These include morphological assessment by standard and
novel optical methods, preimplantation genetic testing
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(PGT), morphokinetics, metabolomics, and proteomics profil-
ing of embryo culture media, gene expression in the cumulus
cells, and even the oxygen consumption of individual embry-
os (reviewed in [1-3]). For basic research, additional methods
of assessment are available since embryo transfer and preg-
nancy is not the goal. These include analysis of blastocyst cell
number, analysis of inner cell mass (ICM), and trophectoderm
(TE) cell allocation, mitochondrial DNA content, mitochon-
drial activity, levels of reactive oxygen species, and examina-
tion of the expression of competence-related genes at the blas-
tocyst stage. Some of these parameters, such as mtDNA, PGT,
and blastocyst gene expression, can also be assessed clinically
with an embryo biopsy. However, it is generally accepted that
current methods for evaluating blastocyst quality for clinical
use may not accurately reflect an embryo’s likelihood of pro-
ducing a live birth [1]. Currently, morphological assessment
remains the most frequently used method for selection of an
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embryo for transfer in the clinical setting. In the research set-
ting, embryo transfer is, of course, the most direct and accurate
approach to determine the ability of a blastocyst to implant
and give rise to a fetus; however, this method is technically
demanding, time consuming, and the results may be con-
founded with maternal effects. Furthermore, it is not possible
to use embryo transfer to examine the developmental potential
of a human embryo outside of a clinical treatment cycle.

More recently, an extended in vitro embryo culture sys-
tem has been developed in both mouse and human that
supports embryo self-organization and key developmental
milestones beyond the blastocyst stage without any mater-
nal communication [4—6]. This system allows us to moni-
tor development during peri- and even post-implantation
periods and offers an opportunity to find new parameters
that may be useful in predicting embryo developmental
potential more accurately. Thus, our aim was to establish
parameters during mouse extended embryo culture that ac-
curately predict fetal developmental potential of a blasto-
cyst without the complications of performing ET.

During extended culture in vitro, the distal trophectoderm
(TE) of the mouse blastocyst attaches to the bottom of the
plate, the blastocoel collapses, and the TE begins to differen-
tiate into trophoblast giant cells. The inner cell mass (ICM)
and remaining TE form an emerging egg cylinder with a dis-
tinctive cluster of epiblast cells that express the pluripotency
marker POUSF1. These epiblast cells become polarized into a
rosette structure and upon the formation of a nascent lumen,
create the pro-amniotic cavity lined by a cup-shaped layer of
columnar epithelial epiblast cells [4, 5]. We hypothesized that
an embryo with increased developmental potential would not
only attach and form TE outgrowth, but would also form a
more organized fetus proper and extra embryonic structures
during this peri-implantation period.

Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise stated.

Animals

All procedures were approved by the Fertility Laboratories of
Colorado Ethics in Research Committee and followed animal
care and use guidelines, as described by the Guide for the Care
and Use of Laboratory Animals [7]. Healthy female outbred
mice (CF1; Envigo, Indianapolis, IN) were selected between 4
and 8 weeks of age for superovulation. Mice were kept in
14:10 light:dark group housing for females or individual hous-
ing for males (BDF1 strain; Envigo, Indianapolis, IN), and
were offered food and water ad libitum.
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Blastocyst production

Embryos of varying quality inferred by the duration of their
time in vitro were produced. For the in vitro maturation (IVM)
group, immature oocytes were collected from mouse ovaries
in 3-(N-morpholino)-propanesulfonic acid (MOPS)-buffered
medium with 5% (v/v) fetal calf serum (FCS) (Hyclone,
Waltham, MA) 48 h post intraperitoneal injection of 5 I.U.
pregnant mare serum gonadotropin (PMSG) (Calbiochem,
Billerica, MA). Oocytes with even layers of unexpanded cu-
mulus cells were matured in an in-house prepared maturation
medium [8] for 18 h in 50 pl drops under mineral oil (OvOil,
Vitrolife, Englewood, CO). For the in vitro fertilization (IVF)
group, in vivo matured oocytes were collected from the am-
pulla in MOPS-buffered medium with 5% FCS 18 h post 5
[.U. human chorionic gonadotropin (hCG) (Calbiochem,
Billerica, MA) administration and 66 h post PMSG stimula-
tion. All IVM and IVF oocytes were moved to fertilization
medium [8] and co-cultured with 1 x 10° spermatozoa/ml col-
lected from a BDF1 male (10 oocytes/50 pl drop) for 6 h.
Prospective zygotes with two pronuclei were selected and
cultured in a sequential culture system for 84 h (D 3.5) before
extended culture or embryo transfer, and embryos were cul-
tured for 115 h (D 5) before fixation for blastocyst cell num-
ber. In vitro culture was performed under 37 °C in 6.5% O,
and 7.5% CO, to compensate for the high altitude of our
laboratory (equivalent to 5% O, and 6% CO, at sea level)
and maintain a pH between 7.2 and 7.3.

For the in vivo produced (VIVO) group, embryonic day (E)
3.5 blastocysts were flushed directly from the uterine horns in
MOPS-buffered medium approximately 138 h post PMSG
and 90 h post hCG administration/mating. All females were
checked for mating plugs 16 h post mating with an intact
BDF1 male (> 10 weeks old).

Blastocyst cell number analysis

Hatching or hatched blastocysts from each group were fixed
using 4% paraformaldehyde (PFA, Electron Microscopy
Sciences, Hatfield, PA) and stained for antibodies against
CDX2 (1:200; MU392A-UC, Biogenex, Freemont, CA) for
TE and SOX2 (1:200; AN579, Biogenex, Freemont, CA) for
ICM, as described previously [9]. Blastocysts were imaged
under x 400 magnification on an Olympus BX52 microscope
with the Photometrics CoolSnap HQ camera (Fig. 1a). Images
were analyzed using the hand-count tool on Metamorph
Advanced software version 7.7.0.0.

Surgical embryo transfers and analysis
On D 3.5, expanded blastocysts from each treatment group

(IVM, IVF, and VIVO) were surgically transferred as previ-
ously described [10] to pseudo-pregnant recipient Swiss
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Egg cylinder volume

IVM
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Fig. 1 a A representative immunofluorescence image of blastocyst cell
number and allocation. Embryos were stained with SOX2 (red) for ICM
and CDX2 (green) for TE. Scale bar, 100 uM. b A representative image
of E 3.5 expanded embryos of similar quality prior to zona removal and
embryo extended culture. Scale bar, 100 pM. ¢ Representative 3D

Webster mice approximately 82 h post coitum. Pseudo-
pregnancy was induced by mating females in estrus or proes-
trus with vasectomized CF1 males (Envigo, Indianapolis, IN)
and was confirmed by the identification of a vaginal plug after
mating [11]. Following ET, on E 17.5, females were eutha-
nized and the number of fetuses and resorptions were noted.
Implantation (sum of resorptions and viable fetuses) and fetal
development were assessed, and the fetus and the placenta
were weighed. Fetal crown-rump-lengths and placental diam-
eters were measured using a Whitworth digital caliper.

Blastocyst extended culture

Blastocyst extended culture was performed as described
earlier [4, 5] with minor modifications. The zona

Epiblast cell number TE outgrowth area

confocal images, images for egg cylinder volume analyses, epiblast cell
number analysis, and TE outgrowth area for IVM (top row), IVF (center
row), and VIVO (bottom row) embryos. Embryos were stained with
DAPI for nuclei (blue), rhodamine phalloidin for F-actin (red), and anti-
body against POUSF1 (green). Scale bars, 100 uM

pellucida of E 3.5 expanded blastocysts was removed
using acidic Tyrode’s solution and cultured in IVC1 me-
dium (Cell Guidance Systems, Cambridge, UK) in p-
Slide 8 Well chambered coverslips (Ibidi, Martinsried,
Germany) coated with 30 pg/cm? fibronectin. After
72 h, 50% of the IVC1 medium was replaced by the same
volume of IVC2 medium (Cell Guidance Systems,
Cambridge UK) and embryos were cultured for an addi-
tional 48 h until E 8.5. All extended culture was carried
out at 37 °C in 7.5% CO, and atmospheric O,.

Extended culture immunofluorescence staining

Embryos were washed once with sterile PBS and fixed in 4%
PFA in PBS for 30 min. Fixed embryos were permeabilized
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with 0.5% (v/v) Triton X-100 in PBS for 30 min and blocked
in blocking buffer containing 10% (v/v) FCS (Hyclone), 3%
BSA (MP Biomedicals, Solon, Ohio) and 0.1% Tween 20
(Fisher Scientific, Fair Lawn, NJ) in PBS overnight at 4 °C.
Embryos were then stained with a primary antibody against
POUSF1 (1:200; Santa Cruz Biotechnology, Dallas, TX) in
the blocking buffer overnight in 4 °C. After three washes in
0.1% (v/v) Tween 20 in PBS (PBST), embryos were incubated
with secondary antibody Alexa Fluor 488 (1:200; Invitrogen),
NucBlue (Hoechst33342, R37605, Life Technologies,
Carlsbad, CA) and rhodamine phalloidin (1:200;
Cytoskeleton, Denver, CO) in the blocking buffer overnight
in 4 °C. Embryos were washed three times in PBST and then
coated in ProLong Gold Antifade with DAPI (Life
Technologies) before confocal imaging.

3D confocal imaging and analysis

Confocal images were obtained using the 3i Marianas
inverted spinning disk confocal microscope at the
Advanced Light Microscopy Core Facility at the
University of Colorado Anschutz Medical Campus
(https://lightmicroscopy.ucdenver.edu/). Egg cylinders
were captured in a 3D montage with 0.75 uM Z steps
on Slidebook software version 6.0.16 (Fig.lc). The
entire outgrowth area was not imaged with confocal
microscopy. Egg cylinder volume included any
embryonic tissues above a height of approximately
10 uM from the bottom of the well. Each image was
deconvoluted using Slidebook before further quantitative
and qualitative analysis.

Confocal images were analyzed using Imaris x 64 9.20.
Using the surface tool, surfaces were created for F-actin,
DAPI, and POUS5F1 channels. Total surface volume for both
actin and DAPI channels were summed to represent total egg
cylinder volume (Fig. 1¢). The POUSF1 channel surface was
specified to identify objects approximately 5—10 uM in diam-
eter within the positively stained surface for a total epiblast
cell number (Fig. lc).

Egg cylinder morphology was qualitatively noted for each
embryo upon visual confirmation of advanced structures in-
cluding the ectoplacental cone, proamniotic cavity, and the
morphological characterization of epiblast cells to a columnar
shape surrounding the proamniotic cavity [5].

TE outgrowth area measurement
Before fixation on E 8.5, embryos were imaged using the
Olympus DP22 camera on a stereomicroscope. ImagelJ2 [12]

was used to outline and quantify TE outgrowth area, as indi-
cated in pink in Fig. 1c (right panel).
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Statistical analysis

Results for ICM/TE cell number, epiblast cell number, egg cyl-
inder volume, outgrowth area, and outgrowth morphologies were
analyzed using one-way ANOVA by Graphpad Prism 8.2.0 and
significance was noted at P <0.05. Statistical significance for
surgical embryo transfers was determined using Pearson’s chi
square analysis and significance was noted at P <0.05.

Results and discussion

The amount of time spent in vivo during the preimplantation
period directly correlates with embryo quality. Poor quality
mouse blastocysts were produced from in vitro matured (IVM)
oocytes followed by IVF and in vitro culture (IVC), and were
defined as the “TVM” group in this study. Intermediate quality
blastocysts were produced from in vivo matured oocytes follow-
ed by IVF/IVC, defined as the “TVF” group. High quality blas-
tocysts developed in vivo were flushed directly from the uterine
horns and defined as the “VIVO” group. At embryonic day (E)
3.5, embryos from these three experimental groups were mor-
phologically similar (Fig. 1b). When fixed to examine ICM and
TE cell distribution at E 5, [IVM embryos had significantly less
ICM and TE cells compared with the other groups, suggesting
their compromised developmental potential. IVF embryos had
similar numbers of ICM cells but significantly more TE cells
compared with the VIVO embryos (Fig. 2a).

At E 17.5 after embryo transfer, the IVM group had signifi-
cantly reduced implantation compared with the VIVO group,
and both IVM and IVF groups had significantly reduced fetal
development compared with the VIVO group (Fig. 2b, left
panel). For the embryos that developed into fetuses, the [IVM
embryos again had reduced fetal length, fetal weight, and pla-
cental weight, suggesting that the health of the fetuses resulting
from IVM embryos may have also been compromised (Fig. 2b,
middle and right panels). In humans, low fetal weight for gesta-
tional age, often defined as the intrauterine growth restriction, is
associated with increased morbidity and mortality [13]. IVF
embryos had normal fetal weight, but increased placenta weight
(Fig. 2b, right panel). The overgrowth of placenta is a phenom-
enon that was observed in maternally aged mice and has been
associated with developmental abnormalities [14]. It may be
also correlated with the higher number of TE cells found in
the IVF blastocysts. These results confirmed that mouse blasto-
cysts from IVM, IVF, and VIVO groups had distinct implanta-
tion and fetal developmental potential, which cannot be accu-
rately predicted by morphology alone. We then used the same
model to study parameters during extended embryo culture that
could be indicative of blastocyst developmental potential.

Embryos at E 3.5 from each group were placed into extend-
ed culture until E 8.5. The surface area covered by TE was
obtained and defined as the outgrowth area (Fig. 1c) [15].
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Fig. 2 a ICM, TE, and total cell number in hatching or hatched
blastocysts produced from in vitro matured oocytes (IVM) and in vivo
matured oocytes (IVF) after 115 h in culture, and in vivo flushed blasto-
cysts (VIVO) at E 4. This experiment was replicated three times with 116
embryos. b Implantation and fetal development after surgical embryo
transfer (left), fetal and placental length and diameter, respectively (cen-
ter), and fetal and placental weights for IVM, IVF, and VIVO fetuses. A

Embryos from the IVM and IVF groups had significantly
smaller outgrowth area compared with those from the VIVO
group (Fig. 2c, left panel). When we examined the average
epiblast cell number, again, VIVO embryos had significantly
more epiblast cells (Fig. 2c right panel). More interestingly,
the proportional differences in epiblast cell number are strik-
ingly similar to fetal development following embryo transfer,
suggesting that this parameter may be indicative of the poten-
tial of an embryo to successfully develop into a fetus (Fig. 2b,
left panel). The measurement of other advanced morphologi-
cal structures (egg cylinder volume, formation of proamniotic
cavity, ectoplacental cone, and epiblast cell polarization) also
suggested that VIVO embryos had higher developmental po-
tential than both IVM and IVF embryos (Fig. 2¢, d, Fig. 3),
although the proportional differences do not closely approxi-
mate fetal development.

Our results demonstrate that extended embryo culture pro-
vides more accurate information regarding developmental po-
tential than blastocyst morphological assessment. Specifically,
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total of 279 embryos and 31 recipient animals were used. ¢ Outgrowth
areas (left), egg cylinder volume (center), epiblast cell number (right), and
d incidences of proamniotic cavity, ectoplacental cone formation, epiblast
cell polarization, and presence of epiblast cells in IVM, IVF, and VIVO
embryos during in vitro extended culture. Experiments in ¢ and d were
replicated three times with 109 embryos. Different letters (a, b, and ¢)
indicate significant different (P < 0.05) value between treatment groups

epiblast cell number is valuable in predicting fetal developmen-
tal potential. Outgrowth area, formation of the proamniotic cav-
ity, ectoplacental cone, and epiblast cell polarization may also
provide valuable information about embryo quality, although
they are not as predictive of fetal developmental potential as is
epiblast cell number. Both the presence of an organized egg
cylinder with a proliferative epiblast cell population in conjunc-
tion with a proliferative TE during extended embryo culture
reflects blastocyst viability. Thus, extended embryo culture of-
fers a means to sensitively and accurately measure embryo
viability without the use of embryo transfer.

Obviously, extended embryo culture cannot be used in clinical
assisted reproductive technology (ART) “to predict implantation
and fetal developmental potential prior to transfer to produce a
pregnancy. However, this technique can still prove quite valuable
for research assessment of human embryos and improvement of
ART methodology. Either abnormally fertilized 3PN zygotes that
would normally be discarded, or blastocysts donated for research,
could be cultured in novel media or culture environments prior to
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Fig. 3 Representative
morphological (top) and confocal
immunofluorescence (bottom)
images for IVM (left), IVF (cen-
ter), and VIVO (right) embryos.
The white box on top panels de-
lineates the area of the confocal
image below. Black arrows indi-
cate an emerging ectoplacental
cone. White arrows indicate for-
mation of a proamniotic cavity.
The dashed white line in bottom
right image indicates polarized
epiblast cells. Embryos were
stained with DAPI for nuclei
(blue), rhodamine phalloidin for
F-actin (red), and antibody
against POUSF1 (green), and the
maximum intensity projection of
the 3D montage images are pre-
sented. Scale bars, 100 uM

extended embryo culture. Currently, after treatment, such embry-
os would be assessed morphologically and possibly for cell num-
ber and allocation or gene expression, as a means to decipher the
effectiveness of the novel culture method. Using extended em-
bryo culture, these embryos can be evaluated in a manner that
accurately predicts embryo quality. Thus, decisions about new
culture medium, supplements, or devices can be based on out-
comes known to correlate with post transfer success. These new
treatments can then be applied in clinical trials with a higher
degree of confidence, less risk, and a better chance of success,
leading to faster implementation of innovative culture techniques
for human embryos and better clinical outcomes for ART
patients.

Compliance with ethical standards

Ethical approval All procedures were approved by the Fertility
Laboratories of Colorado Ethics in Research Committee and followed
animal care and use guidelines, as described by the Guide for the Care
and Use of Laboratory Animals.
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