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STUDY QUESTION: Does the oxygen concentration in the culture medium [either physiologic (5%) or atmospheric (20%)] affect mito-
chondrial ultrastructure and function in preimplantation mouse embryos generated by IVF?

SUMMARY ANSWER: Embryos cultured in 20% oxygen show increased mitochondrial abnormalities compared to embryos cultured in
5% oxygen.

WHAT IS KNOWN ALREADY: ART are widely used and have resulted in the birth of more than 8 million children. A variety of media
and oxygen concentrations are used to culture embryos. Embryos cultured under physiological O, tension (5%) reach the blastocyst stage
faster and have fewer alterations in gene expression when compared with embryos cultured under atmospheric oxygen conditions (20%).
The mechanisms by which oxygen tension affects preimplantation development remain unclear, but mitochondria are believed to play an
important role. The aim of this study was to evaluate how mitochondrial ultrastructure and function in [IVF embryos were affected by culture
under physiologic (5%) or atmospheric (20%) oxygen concentrations.

STUDY DESIGN, SIZE, DURATION: Zygotes, 2-cell, 4-cell, morula and blastocyst were flushed out of the uterus after natural fertiliza-
tion and used as controls. IVF was performed in CFl x B6D2F| mice and embryos were cultured in Potassium simplex optimized medium
(KSOM) with amino acids (KAA) under 5% and 20% O, until the blastocyst stage. Embryo development with the addition of antioxidants was
also tested.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Mitochondrial function was assessed by measuring mitochondrial membrane
potential, reactive oxygen species (ROS) production, ATP levels, and the expression of selected genes involved in mitochondrial function.
Mitochondria ultrastructure was evaluated by transmission electron microscopy (TEM).

MAIN RESULTS AND THE ROLE OF CHANCE: Embryos cultured under 20% O, had fewer mitochondria and more vacuoles and
hooded (abnormal) mitochondria compared to the other groups (P < 0.05). At the blastocyst stage the mitochondria of IVF embryos cultured
in 20% O, had lower mtDNA copy number, a denser matrix and more lamellar cristae than controls. Overall IVF-generated blastocysts had
lower mitochondrial membrane potential, higher ROS levels, together with changes in the expression of selected mitochondrial genes (P <
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0.05). ATP levels were significantly lower than controls only under 5% O,, with the 20% O, IVF group having intermediate levels.
Unexpectedly, adding antioxidant to the culture medium did not improve development.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: Findings in mice embryos might be different from human embryos.

WIDER IMPLICATIONS OF THE FINDINGS: This study suggests that changes in the mitochondria may be part of the mechanism by
which lower oxygen concentration leads to better embryo development and further emphasize the importance of mitochondria as a locus of

reprogramming.

STUDY FUNDING/COMPETING INTEREST(S): This study was funded by ROl HD 082039 to PFR, the Department of Life, Health
and Environmental Sciences, University of L’Aquila, Italy (RIA 2016-2018) and the Department of Anatomy, Histology, Forensic Medicine

and Orthopaedics, La Sapienza University of Rome, Italy (University grants 2016-2017). The authors declare no competing interests.
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Introduction

The protocols used for human IVF involve the utilization of different
culture media and different oxygen concentrations (Chronopoulou
and Harper, 2015). The O, concentration used for human in vitro fer-
tilization and culture has been either 5% (physiologic) or 20% (atmos-
pheric). The use of atmospheric oxygen to culture human embryos
has decreased over time, although a sizable percentage of clinics still
use 20% O, (Christianson et al., 2014). In fact, numerous studies in dif-
ferent species show that embryo development is improved by cultur-
ing embryos under low O, tension (Adam et al., 2004), (Preis et dl.,
2007; Morin, 2017). Overall, embryos cultured under a lower O, ten-
sion (5%) have higher cleavage, implantation, pregnancy, and birth
rates in humans (Ciray et al, 2009; Waldenstrém et al., 2009).
Interestingly, in several mammalian species, there is a decreasing oxygen
gradient from the fallopian tubes (~5-8.7%), to the uterus (~1.5-8%)
(Yedwab et al., 1976; Fischer and Bavister, 1993).

The mechanism underlying the improved development of embryos
cultured under low oxygen is not known, but mitochondria are likely
mediators of this effect. Mitochondria are the most abundant organelle
in the mammalian oocyte and preimplantation embryo. They play a
fundamental role in O, utilization and the generation of ATP
(Ramalho-Santos et al., 2009) importantly, several studies have corre-
lated mitochondrial function with developmental competence (Van
Blerkom, 201 1).

During oogenesis and the early preimplantation period, mitochon-
dria undergo spatial rearrangements (Van Blerkom, 2009).
Mitochondria undergo an active selection process throughout oogen-
esis and early embryogenesis that involves multiple stage-specific bot-
tlenecks and different patterns of mitochondrial segregation that shift
from being homogeneous (i.e. uniformly distributed in the cytoplasm)
to heterogeneous (localized in selected areas, e.g. perinuclear)
(Howell et al., 2000). The mitochondria of oocytes and developing
embryos appear to be in an immature state with a spherical shape,
dense matrix and few cristae (Van Blerkom and Motta, 1979; Makabe
and Blerkom, 2004). This phenotype persists through the late morula
stages, when the mitochondria show a gradual transition to an elon-
gated form and the matrix becomes less dense. Mitochondria at the
blastocyst stage show an increased number of lamellar cristae, which
completely cross the inner mitochondrial matrix. These morphological

changes reflect the fact that by the late morula stage, embryonic meta-
bolism changes (Van Blerkom, 201 1). While during the cleavage stage
there is a prevalent utilization of pyruvate via the Krebs cycle, at the
morula blastocyst stage there is an increase in glucose utilization and
an increase in oxidative phosphorylation (Schatten et al., 2014).

Indeed, mitochondrial function and efficiency are linked to the orga-
nelle’s morphology, which changes with the organism, the tissue and
environmental conditions (Ma et al., 2017). However, up to now, a
detailed morphological analysis of how different oxygen levels affect
the structure and function of mitochondria in mouse embryos was not
available.

In this paper, we aimed to describe the morphological alterations
occurring in mitochondria following culture in vitro under different
oxygen concentrations and using in vivo embryos as control at the zyg-
ote, 2-cell, 4 cell, morula and blastocyst stage. Further, we assessed
mitochondrial function at the blastocyst stage by measuring ATP pro-
duction, mitochondrial membrane potential, reactive oxygen species
(ROS) production and gene expression of a selected groups of genes
known to affect preimplantation embryo development.

Materials and Methods

Chemicals

All materials were purchased from Sigma Chemical Co. (St. Louis, MO,
USA), unless stated otherwise.

Embryo collection, in vitro fertilization and
embryo culture

All experiments were approved by the Institutional Animal Care and Use
Committee of the University of California, San Francisco. In vitro fertiliza-
tion was performed as previously described (Feuer et al., 2014). Briefly, for
each experiment, 5 CF| female mice (8—9 weeks) were super ovulated by
injecting 5 1U pregnant mare serum gonadotrophin (PMSG) and 48 h later
5 IU HCG. Oocytes were collected and incubated with sperm obtained
from the cauda epididymis of male B6D2FI /) mice (8-9 weeks). The ferti-
lized oocytes were washed and cultured to the blastocyst stage at 37°C
under Ovoil™ (Vitrolife, #10029) using potassium simplex optimization
medium with amino acids (KAA; Millipore, MR-106-D) in 5% CO, in
humidified air (20% oxygen: IVF 20% group) or 5% CO, and 5% oxygen at
37°C, (IVF 5% group).
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Control (called FB for flushed blastocysts) embryos at different stages of
development were flushed out of the uterus. For each experiment, 5 CF|
female mice (8-9 weeks) were superovulated by injecting 5 IU PMSG and
42-46 h later 5 IU HCG. The CFI females were then mated to B6D2F| /]
males. The following morning the vaginal plug was checked (the presence
and was considered Day 0.5).

To assess the effect of antioxidants on development, a group of zygotes (4
replicates, ~50 embryos per replicate) were cultured under 5% oxygen in the
presence of a combination of antioxidants: a-lipoic acid (ALA; 10 pM) and N-
acetyl cysteine (NAC; | mM), as described (Silva et al., 2015) for the entire
duration of the culture period. The collections of various developmental
stages from the IVF and control groups were based on the morphology of
the embryos and was approximately as follows, following HCG injection:
Zygote: FB- 12—15 hours (h), IVF 18 h; 2-cell: FB- 24-28 h, IVF 38 h; 4-cell:
FB- 36-40 h, IVF 48-50 h; 8-cell, FB-45-50 hours (h), IVF 65-70 h; Morula,
FB- 60-70h, IVF 75-85h; Blastocyst, FB-88-92h, IVF 108-110h. Five
embryos per stage in three biological replicates were collected. Of note, 4-
cell and 8-cell embryos showed a varied developmental timing (both stages
of embryos were found at different collection times). Hence, the two groups
were merged in a single group, hereafter named 4-8 cell.

Quantitation of ATP

Individual blastocyst (n = 63 in FB group, n = 63 in 5% IVF and n = 35 in
20% IVF) were rapidly frozen to — 80°C in about 2 pl KSOM and ATP was
measured using the bioluminescent somatic cell assay kit (FLASC, Sigma
Chemical Co., St Louis, MO, USA). Further detail is given in
Supplementary methods.

Mitochondrial membrane potential

Mitochondrial membrane potential was measured in living blastocysts (n = 45
in FB group, n = 61 in 5% IVF and n = 32 in 20% IVF) using the JC-1 assay kit
(Abcam, Cambridge MA) according to the manufacturer’s instructions.
Further detail is given in Supplementary methods.

ROS levels

Embryo ROS was assessed with CellRox green reagent (Thermo Fischer
Scientific, Waltham MA).

For a positive control, morulae were treated with 5pM menadione
(which generates ROS) for an hour (de Assis et al., 2015). Images were
captured with a confocal microscope (Leica SP5, Germany) and quantified
using Image | software. Further detail is given in Supplementary methods.

Light microscopy (LM) and transmission
electron microscopy (TEM) and assessment
of mitochondria numerical density

Five embryos for each developmental stage in triplicate were analyzed as
previously described (Palmerini et al., 2014). Briefly, embryos were recov-
ered, washed in PBS and immediately fixed in 2.5% glutaraldehyde (Agar
Scientific, Cambridge Road Stansted Essex, UK) in phosphate buffered
saline (PBS). Fixed specimens were stored at 4°C for 2-5 days, and then
processed as previously described (Nottola et al.,, 201 I; Palmerini et al.,
2014). Briefly, samples were rinsed and postfixed with |9% osmium tetroxide
(Agar Scientific, Stansted, UK) in PBS and rinsed again in PBS. Each embryo
was then embedded in small blocks of % agar of about 5 X 5 X | mm in
size, dehydrated in an ascending series of ethanol, immersed in propylene
oxide for solvent substitution, embedded in epoxy resin EMbed-812
(Electron Microscopy Sciences, 1560 Industry Road, Hatfield, PA, USA) and
sectioned by means of a Reichert-Jung Ultracut E ultramicrotome. Semi-thin
sections (I mm thick) were stained with Toluidine Blue, examined using LM

(Zeiss Axioskop) and photographed using a digital camera (Leica DFC230).
Ultrathin sections (60-80 nm) were cut with a diamond knife, mounted on
copper grids and contrasted with saturated uranyl acetate and lead citrate
(SIC, Rome, ltaly). They were examined and photographed using Zeiss
EM10 and Philips TEM CM100 Electron Microscopes operating at 80 kV.

Mitochondrial numerical density was evaluated as previously reported
(Leoni et al., 2015). Detailed description available in Supplemental method
section.

MtDNA copy humber

MtDNA copy number was assessed in single blastocyst as described
(Gonzalez-Hunt et al., 2016). Further detail is given in Supplementary methods.

RT qPCR of selected genes

Blastocysts developed in vivo or in vitro (KAA with 5% oxygen or KAA with
20% oxygen) were collected as described above for detection of mtDNA,
and quantitative real-time PCR was conducted on four independent bio-
logical replicates containing ten pooled blastocysts. Total RNA was
extracted using a PicoPure RNA isolation kit (Arcturus, Sunnyvale, CA,
USA), cDNA was synthesized (iScript cDNA synthesis kit, Bio-Rad) and
was normalized to the expression of the histone variant H2A. Data was
analyzed within the log linear phase of the amplification curve obtained for
each primer using the comparative threshold cycle method (Bio-Rad
Laboratories, Hercules, CA, USA). Primer sequence is provided in
Supplementary Table SI. Further detail is given in Supplementary methods.

Statistical analysis

All data were expressed as means + standard deviation (SD). Statistical com-
parisons were performed using one-way or two-way ANOVA with Tukey’s
HSD tests for post-hoc analysis (GraphPad InStat or Prism 5, La Jolla CA).
Differences in values were considered significant if P < 0.05. Variance
between the groups was calculated using the Levene test for equal variance.

Results

IVF embryos had more vacuoles and fewer
morphologically normal mitochondria

Morphological analysis of embryos generated after spontaneous mat-
ing (FB) or after IVF (IVF-5%, IVF-20%) revealed some important find-
ings. First, total mitochondrial numerical density changed over the
course of preimplantation development. Compared to zygotes,
embryos of all three groups showed an increase in the density of mito-
chondria at the 2- and 4-8 cell stages and then a decrease at the mor-
ula and blastocyst stages (both in ICM and TE cells) (Fig. | A).

Secondly, IVF embryos had fewer total as well as normal mitochondria
(Figs |A and C) compared to control embryos. This trend was particu-
larly evident in IVF-20% embryos. The decrease in total mitochondrial
density within blastocysts in IVF group was confirmed by an independent
parameter, mtDNA copy number (Fig. 2). Two-way analysis of variance
showed significant effects of both the stage of development and concep-
tion/culture conditions on the number of mitochondria.

Thirdly there was an increase in abnormal mitochondria (Fig. |B).

Finally, while vacuoles were noted at every stage of development,
their number tended to decrease as development proceeded (Fig. |D)
in both the FB and IVF groups. The IVF-20% embryos always had more
vacuoles than control and IVF 5% embryos. This was statistically signifi-
cant at all stages except 2-cells.
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Figure | Mitochondrial density by developmental stage. The numerical density (mitochondria per 3800 pm?) of total (A), abnormal (B) and
normal (€) mitochondria, as well as vacuoles (D) varies with developmental stage. IVF embryos have more abnormal mitochondria and vacuoles and
fewer normal mitochondria. Bars with a different letter superscript (within a stage) are statistically different. The absence of superscript letter indicates
that there were no statistically significant differences between any of the treatment groups. TE, trophectoderm; ICM, inner cell mass; FB, in vivo ferti-
lized embryos flushed from the uterus; IVF 5%/20%, IVF embryos cultured under 5 / 20% oxygen.
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Figure 2 Numerical density of mitochondria and mtDNA content. The numerical density (mitochondria per 3800 um?) of total mitochon-
dria in blastocysts tended to decline from in vivo fertilized embryos flushed from the uterus (FB) to [IVF embryos cultured under-5% group and again to
those cultured under 20% oxygen (IVF5%/20% groups) (A). The mtDNA copy number (B) reflects the pattern seen morphologically. Bars with a dif-
ferent letter superscript are statistically different. The absence of superscript letter indicates that there were no statistically significant differences
between any of the treatment groups.
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Specific morphological findings for each stage of development are
described in Table | and illustrated in Fig. 3. Briefly, mitochondria in all
groups had a round to ovoid shape up to the morula stage, at which
point they started to acquire a tubular shape. The tubular shape was
predominant at the blastocyst stage. The IVF20% group showed a
higher incidence of branching mitochondria compared to other groups
(Fig. 3P). The electron-density of the mitochondrial matrix increased
from the zygote to the blastocyst stage. IVF groups had higher mito-
chondrial electron-density at the two cell stage (Fig. 3D). While mito-
chondrial distribution was uniform throughout the cytoplasm, starting at
the two cell stage mitochondria were often found associated with
vacuoles (Fig. 3D). Hooded mitochondria were more common in the IVF
20% group than in other groups starting at the 4-8 cell stage (Fig. 3E).

Three additional observations are relevant: IVF20% embryos
appeared to undergo compaction earlier than FB embryos (Fig. 3G).
IVF embryos had more glycogen at the blastocyst stage (Fig. 3Q).
Further, multivesicular bodies were present only in the two IVF
groups, and absent in the in vivo group (Figure 3L)

Mitochondria in IVF blastocysts showed
functional alterations

Mitochondrial membrane potential

Mitochondrial membrane potential (A¥m) was examined by staining
blastocysts with the fluorescent probe, JC-1. The A¥m (i.e. ratio of
red to green fluorescence) of FB blastocysts (0.16 + 0.028, n = 45)
was higher than those of IVF-5% (0.10 + 0.025, n=61; P < 0.01) and
IVF-20% (0.07 = 0.016, n =32; P < 0.01) (Fig. 4A). The variance in the
FB group was greater than in the IVF-groups (P < 0.05).

Reactive oxygen species

The level of ROS, measured with Cell ROx Green, in FB blastocysts
(12.1 +£2.37, n = 28) was significantly lower than those in the IVF-20%
group (14.0 + 1.13,n=27; P < 0.01). Embryos in the IVF-5%0O group
had intermediate, and not significantly different, levels of ROS

Table | Mitochondrial morphology

compared to the other two groups. (13.6 + 3.74, n = 32 Fig. 4B). The
variance in the FB group was greater than in the IVF groups (P < 0.05).

ATP levels

In order to assess net metabolic output, we measured the concentra-
tion of ATP in the lysates of individual blastocysts (Fig. 4C). We found
that the concentration of ATP in FB blastocysts (169 + 52 fmol, n = 63)
was significantly higher than that in [VF-5% blastocysts, (127 + 52 fmol,
n=63; P <0.0l). Blastocysts in the IVF-20% group had ATP levels that
were intermediate (148 + 69 fmol, n = 35), and not statistically different
from the FB or IVF 5% blastocysts. The variance in the FB group was
greater than in the IVF-groups (P < 0.05).

Selected mitochondrial genes were down-
regulated

The levels of a selected a group of genes known to play important
roles in mitochondrial physiology were measured. Among the genes
tested (Gclc, Glul, Polg2, Gpx4, Clpp, DNAja3, Hspd !, Hspel, mtND2),
two genes (Gpx4, Clpp) were downregulated (P < 0.05) and one
(mtND2) showed a trend for lower levels (P = 0.054) in IVF groups
compared to control (Fig. 5).

Antioxidant treatment of embryos did not
affect development
There were no statistically significant differences between the rate of

development of embryos in the IVF 5% group cultured with or without
antioxidants (Supplementary Table SlI).

Discussion

While mitochondrial dysfunction following in vitro culture has been
described before (Crosier et al., 2000), this is the first publication that
describes mitochondrial morphology using electron microscopy during

Stage Shape Cristae density

Zygote Round ovoid Intensely stained

2-cell Round ovoid IVF groups denser than
in vivo group

4/8-cell Round ovoid Denser than prior
developmental stages

Morula Some round ovoid but Denser than in prior

also tubular shape developmental stages
ICM Prevalent elongated and Highest density
TE tubular shape;

occasionally branching
mitochondria

Distribution

Throughout cytoplasm

Often close to vacuoles
and similar among the
groups

Association to tubular
elements of smooth
endoplasmic reticulum

Close to vacuoles

More mitochondria in
ICM than TE

Vacuoles are present;
inclusions of glycogen;
hooded mitochondria
are first identified

Abundant glycogen
more so in IVF 20%

Conclusion

No differences among
the groups

IVF mitochondria are
denser than vivo

Hooded mitochondria
more common in IVF
20%

IVF 20% showed
compacted blastomere
more than other
groups. Multivesicular
bodies present only in
IVF groups

IVF 20% show higher
incidence of branching
mitochondria
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Figure 3 Mitochondrial ultrastructure. (A and B): Ultrastructure of mitochondria in in vivo fertilized embryos flushed from the uterus (FB)
2-cell and 4-8 cell embryos. A—2-cell embryo mitochondria with cristae (m) and vacuoles (V). *: granules of mono-particulate form of glycogen
(Transmission electron microscopy [TEM] Bar: 0.6 pm). B—ultrastructure of 4-8 cell embryo hooded mitochondria (hm) and normal mitochondria
(m) with cristae. *: granules of glycogen (TEM. Bar: 0.8 um). (€ and D): ultrastructure of round/ovoid mitochondria in a 2-cell and a 4-8 cell IVF
embryo cultured under 20% oxygen (IVF20%). C—IVF 20% 2-cell embryo mitochondria (m) and hooded mitochondria (hm). V: vacuoles; ZP: zona
pellucida. (TEM. Bar: | pm). D—IVF 20% 4-8 cell embryo mitochondria (m), hooded mitochondria (hm) and vacuoles (V) (TEM. Bar: | pm). E—FB
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Figure 4 Mitochondrial functional tests. Mitochondrial membrane potential, as measured by JC-| staining was significantly less in embryos cul-
tured under 20% oxygen (IVF-20%) (A) and ROS levels were greater in IVF-20% embryos (B). ATP levels were lower in IVF embryos than FB, but the
group of embryos cultured under 5% oxygen (IVF-5%) was the only group for which the difference reached statistical significance (C).

preimplantation development in mouse embryos generated in vivo or
by IVF under physiologic or atmospheric oxygen concentration.
Overall, we found that IVF and embryo culture result in a decrease in
total number of mitochondria with an increase of abnormally shaped
mitochondria. Further, analysis of mitochondrial function at the blasto-
cyst stage revealed that IVF embryos had increased ROS levels,
decreased mitochondrial membrane potential, changes in ATP levels
and decreased expression of selected genes, suggesting an alteration in
mitochondrial function. Importantly, the majority of these effects were
more evident in the IVF-20% group, suggesting that the stresses
induced by IVF and culture, combined with higher oxygen concentra-
tions are more detrimental to embryo well-being.

First and foremost, we found that in vitro fertilization and culture
affects, in a profound way, mitochondrial morphology and number.
IVF embryos (in particular IVF-20% group) showed earlier compaction
at the morula stage and an increase in visible cristae at the blastocyst
stage compared to in vivo flushed (FB) embryos at the same stage. In
addition, IVF embryos had a lower numerical density of normal,
healthy mitochondria and higher numerical density of abnormal (i.e.
hooded) mitochondria, with the IVF-20% group at the 4-8 cell stage
showing a greater numerical density of hooded mitochondria com-
pared to both the IVF-5% group and the FB group. At the same time,
the IVF-20% embryos showed lower numerical density of normal
mitochondria compared to the IVF-5% or FB group. This alteration in
number was associated with a greater number of vacuoles in IVF
embryos, a phenomenon particularly evident in the IVF-20% group.

Since mitochondria play a key role in cellular metabolism, these
morphological and numerical findings indicate that the IVF process and
in particular high oxygen concentration alters significantly the metabol-
ism of the developing embryos (Crosier et al., 2000). The most likely
explanation of the findings is that the process of in vitro culture induces
mitochondrial stress with an increase in abnormal mitochondria, and a
decrease in normal mitochondrial number. Given that the vacuoles are
located in proximity of mitochondria and that multivesicular bodies are
observed only in the IVF group, we speculate the vacuoles represent
mitochondrial degeneration and mitophagy (Ding and Yin, 2012). Of
note, degenerating mitochondria have not been identified during the
preimplantation stage (Makabe and Blerkom, 2004).

Although the exact significance of hooded mitochondria is unknown,
some investigators suggest they represent immature mitochondria that
limit the production of reactive oxygen species (Makabe and Blerkom,
2004; Crocco et al., 201 ). Other studies suggest that the hooded
morphology is associated with increased functional surface area by
extending both outer and inner mitochondrial membranes (Dadarwal
et al., 2015). These morphological findings together with the decrease
in membrane potential (JC-1 ratio) found in IVF embryos would sug-
gest that the IVF mitochondria are less efficient.

Of note, mitochondrial distribution did not vary among the groups
and mitochondria appeared equally distributed in the cytoplasm. One
study (Wang et al., 2009) demonstrated that the population of mito-
chondria in the fully grown mammalian oocyte is morphologically
homogenous, undeveloped, and usually uniformly distributed within

morula with large round nucleus (N). Numerous blastomeres are visible. Arrows show the intercellular contacts. m: mitochondria; V: vacuole; nm:
nuclear membrane; mv: microvilli (TEM. Bar: 2 pm). F—ultrastructure of IVF-20% morula. TEM micrograph shows blastomeres in a compaction stage.
Arrows indicate the intercellular contacts. m: mitochondria; V: vacuoles; ZP: zona pellucida; mv: microvilli (TEM. Bar: 2 pm). (G-I): FB morula mito-
chondria. G—FB morula mitochondria (m) with visible cristae. Arrow shows intercellular contacts (TEM. Bar: 0.8 pm). H—high magnification of FB
morula isolated mitochondria (m) and hooded mitochondria (hm) (TEM. Bar: 0.8 pm). I—high magnification of group of mitochondria (m), hooded
mitochondria (hm) and vacuoles (V) (TEM. Bar: 0.6 pm). (J and K): IVF 20% morula. }—ultrastructure of high electron-density mitochondria (m) with
round shape. hm: hooded mitochondria (TEM. Bar: 0.8 pm). K—high magnification of a multivesicular body (mb) (TEM. Bar: 0.6 pm).(L and M): ultra-
structure of FB blastocyst. L—trophoblast cell with large nucleus. The blastomeres shows nuclear heterochromatin (He) and euchromatin (Eu). nm:
nuclear membrane (TEM. Bar: | pm). M—elongated mitochondria with visible cristae. *: monoparticulate form of glycogen (TEM. Bar: 0.6 um). (N-P:)
ultrastructure of IVF blastocyst cultured under 20% oxygen (IVF-20%). N—trophoblast cell with large nucleus with pacth of heterochromatin (He) and
euchromatin (Eu). Large vacuole (V) is visible. O—IVF 20% Trophectoderm (TE) branching mitochondria (m). (TEM. Bar: 0.4 pm). P—representative
TEM micrograph of IVF TE mitochondria (m) and monoparticulate form of glycogen (*) (TEM. Bar: 0.2 pm).
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the cytoplasm. An increased level of mitochondrial aggregation around
the nucleus indicates oocyte maturation. After fertilization, mitochon-
dria accumulate to form a relatively dense peri-pronuclear sphere
which normally disperses prior to the first cleavage division.
Mitochondrial distribution changed from being homogeneous to het-
erogeneous. Specifically, in the heterogeneous state, the mitochondrial
distribution changed from granulated aggregation to clustered aggrega-
tion. It is also observed that morphologically low quality embryos are
characterized by the homogenous distribution of mitochondria
(Wilding et al., 2001). By these criteria all of the embryos in the cur-
rent study would be categorized as low quality.

This murine study shows that all embryos generated in vitro or in vivo
showed mitochondrial number changes during preimplantation stage
with number of total mitochondria being higher in 2-cell and 4-8-cell
embryos than in zygotes, morula and blastocysts. This is an interesting
observation, given that it is normally thought that preimplantation
embryos do not undergo mitochondrial synthesis. It has been suggested
that 120,000-350,000 mitochondria are present in MIl human oocytes
and early embryos (Jansen, 2000; Cummins, 2002). Further, others have
found that mtDNA copy numbers in mouse embryos remained
unchanged (Wai et al., 2010), while the mtDNA copy numbers in cattle,
pigs and humans have been reported to decrease temporarily during
embryo development (Hashimoto et al., 2017).

The reason of the different total count of mitochondria during differ-
ent stages of development is intriguing, since it was observed inde-
pendently in all three groups of embryos. It is possible that
mitochondrial distribution might have changed during development,
with more mitochondria being distributed in the equatorial plane,
while being diminished in the periphery. However, observation under
low magnification seems to exclude this possibility. Alternatively, there
may indeed be an increase in mitochondrial numerical density during
selected stages in the present study. Harvey et al. suggest that changes
in mitochondrial number and morphology during the preimplantation
stages could reflect fusion or fission processes and these changes could
be associated with a different metabolic activity of the preimplantation
embryo (Harvey etal., 201 1).

Finally, it is possible that the stress of culture, especially in the pres-
ence of atmospheric oxygen, results in altered mitochondrial division
(forming shorter filaments), generating an abnormal morphology with
the net result that a lower number of total mitochondria is counted. It
is also interesting to note that the increase in mitochondrial number
starts at the 2-cell stage, the time of zygote genome activation in the
mouse.

Importantly, we need to clarify that our counting method provides a
numerical density and not a total number of mitochondria. This meth-
od is robust and reliable, since it allows to count inactive/abnormal
mitochondrial population (Reader et al., 2015). Various methods have
been developed to determine the mitochondrial quantity. For
example, mitochondria quantity has been measured with MitoTracker
dyes, which are strictly directed in active mitochondria. MitoTracker
Green is relatively insensitive to mitochondrial membrane potential
and therefore has been used as a means to quantify active mitochon-
drial mass or number. Inactive mitochondria are not stained by
MitoTracker Green and, in the case of the oocyte/embryo which is
thought to contain a high proportion of mitochondria that are rela-
tively inactive/abnormal, MitoTracker Green fluorescence intensity
may not provide an accurate estimation of overall mitochondrial mass

(Reader et al., 2015). Given these findings, we consider numerical
density as a reliable surrogate marker of total mitochondrial number.

Our data indicate that mtDNA copy number is lower in IVF
embryos, and this parallels the findings of lower mitochondria numer-
ical density in IVF embryos. Although others have described that the
mtDNA number declines significantly during cleavage stage (Takeo
et al., 2013), the literature on mtDNA copy number and embryo
implantation is controversial, given the high level of variation in
mtDNA levels in embryos (Hicks et al., 2012). In fact, some human
studies suggest that high mtDNA numbers are associated with
decreased implantation (Diez-Juan et al., 2015; Fragouli et al., 2015),
while others studies do not (Treff et al., 2017; Victor et al., 2017).

The second important finding of this study is that IVF embryos show
significant functional abnormalities that complement the morphological
findings. We limited the functional analysis to blastocysts, because this
stage of development represents the culmination of all the events of
preimplantation development, when embryos have increased oxida-
tive phosphorylation to generate ATP and because embryos are often
transferred at the blastocyst stage. IVF blastocysts showed altered
membrane potential, with decreased JC-1 ratio particularly evident in
IVF 20% group. The reduced membrane potential indicates that not
only do IVF blastocysts have fewer mitochondria, but these mitochon-
dria are less functional. Interestingly IVF embryos had an increase in
green fluorescence (an indication of viability) but decrease in red fluor-
escence (an indication of activation), suggesting that the mitochondria
were indeed activated but unable to create a proper membrane
potential. These findings would indicate that IVF embryos are farther
from the optimal or goldilocks zone, in agreement with the hypothesis
of Leese (Leese et al., 2016). It is further intriguing that the control
embryos had higher variance in membrane potential and ROS levels
compared to IVF embryos. While the significance of this finding is
unclear, it suggests that the IVF process exerts a restrictive effect on
functional mitochondrial parameters, limiting the number of outliers.
We are not aware of similar findings in the literature; however, de
Waal et al. found that mouse IVF concepti exhibited increased fre-
quency of stochastic epigenetic errors in the placenta (de Waal et dl.,
2014).

The Casper group (Acton et al., 2004) analyzed embryo mitochon-
drial membrane potential in IVF and in vivo mouse embryos from
zygotes to blastocysts. They found that the membrane potential
showed a progressive increase with development. The membrane
potential of FB blastocysts was higher (but non-statistically significant)
than IVF blastocysts, similarly to our results. Moreover, analysis of
mitochondrial gene expression by Ren et al. (Ren et al., 2015) also
showed down-regulation of genes involved in transmembrane trans-
port. Functional changes often result from structural ones. For
example Crosier et al. found that excess of lipids in cytoplasm are
associated with a reduction in the numerical density of mitochondria
(Crosier et al., 2000).

ROS levels and gene expression data provide some valuable infor-
mation. ROS levels showed a step-wise increase with increase oxygen
concentration in the culture condition (statistically increased in IVF cul-
tured under high oxygen). These data confirm the findings of others
that embryo culture induces an increase in ROS (Goto et al., 1993;
Cebral et al., 2007; Martin-Romero et al., 2008) and it was expected.
However, it was surprising to find that the addition of antioxidant to =
embryos cultured under 5% O, did not improve development. It is
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Figure 5 Expression of ten selected genes involved in mitochondrial function and cellular redox state. Top row genes involved in
mitochondrial protein quality control, middle row genes involved in glutathione antioxidant pathway, bottom row genes involved in mitochondrial
DNA synthesis and (mtND2) electron transport chain. Bars with no letter designation show no difference among the treatment groups. Bars with
different letter designations are statistically different. FB, in vivo fertilized embryos flushed from the uterus; IVF 5%/20%, IVF embryos cultured

under 5 / 20% oxygen.

unclear why this was so as others have shown an improved develop-
ment when antioxidant were added (Silva et al., 2015). It is possible
that the different culture media and the different strain of mice used in
our study can explain the findings. Given that ROS function as physio-
logic second messengers and have beneficial effects it is likely that
unique antioxidant compositions and levels need to be found for every
experimental condition. It is possible that a beneficial effect of antioxi-
dant could be observed in embryos cultured under 20% oxygen.
However, given the significant negative effects of 20% oxygen on
embryo development and gene expression (Rinaudo et al., 2006) and
that 5% oxygen is the preferred method of culture, we did not perform
these additional experiments.

The gene expression data showed that selected genes were altered
in IVF embryos. Gpx4 and Clpp and mtND2 were decreased in IVF

embryos. Gpx4 encodes a selenium-dependent glutathione peroxidase
whose main biological role is to protect the organism from oxidative
damage. Interestingly, Gpx4 was also misregulated according to the
study of Ren et al. (2015), although it was increased in IVF embryos.
This discrepancy in findings might signify that the glutathione peroxid-
ase (GPx) system is very sensitive to embryo manipulation and differ-
ent cultured conditions used in the studies might alter a normal
balance. The Clpp gene encodes ATP-dependent Clp protease pro-
teolytic subunit (CIpP), which is a major contributor for mitochondrial
protein quality control system whose function is to remove damaged
or misfolded proteins in mitochondria. Clpp down-regulation could
affect multiple aspects of normal mitochondria morphology and activ-
ity and it has been shown to be important for oocytes and embryo
development (Wang, 2008). Finally, mtND2 encodes the core subunit
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of NADH dehydrogenase, which is the first enzyme of the mitochon-
drial electron transport chain. Lower expression of mtND2 on could
lead to a reduction in NADH dehydrogenase activity, and subse-
quently a decrease of ATP generation.

Of note, we did not perform a comprehensive gene expression ana-
lysis of mitochondrial genes, since a comprehensive analysis of mito-
chondrial gene expression was performed by Ren et al. (Ren et dl.,
2015).

Finally, our ATP data offer a less univocal interpretation. We would
have expected that lower quantities of mitochondria and abnormal
membrane potential in IVF embryos would have resulted in reduced
generation of ATP, more significant in the IVF20% group. Instead, we
found that only the 5% IVF blastocysts (but not 20% IVF blastocysts)
showed a decrease in ATP levels. However, since ATP levels are a static
measure of metabolism in the cells it is difficult to comment if these
results can be explained by relative changes in ATP production versus
consumption or a combination of the two phenomena. One possible
explanation is that the IVF20% embryos might be producing more ATP
to compensate for their increased stress, as shown by higher ROS
levels, lower membrane potential and decreased in mitochondria num-
ber. The ability of mitochondria to balance ATP supply and demand is
considered the most critical factor with respect to fertilization compe-
tence for the oocyte and developmental competence for the embryo.
Although we were careful to select blastocysts of similar morphology at
time of analysis to decrease the variability existent in embryos at slightly
different stages of development, it is however possible that some of the
difference observed could be explained by different cell number existent
in blastocysts cultured under different oxygen concentrations.

In summary, our findings indicate that embryos generated in vitro
under physiologic or atmospheric oxygen show important changes in
mitochondrial number, morphology and function compared to in vivo
generated embryos; overall these changes were more severe in
embryos cultured under 20% O, This study confirms the need to cul-
ture embryos under physiologic oxygen and suggests that changes in
the mitochondria may be part of the mechanism by which lower oxy-
gen concentration leads to better embryo development and further
suggest to focus future studies on mitochondria as a locus of
reprogramming.
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