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Rapid cooling of rabbit embryos in a synthetic medium

Embryo cryopreservation media usually contain animal-derived products, such as bovine serum albumin (BSA). These products present two major disadvantages: an undefined variable composition and a risk of pathogen transmission. We aimed to evaluate the effect of replacing BSA in rabbit embryo rapid cooling "freezing" and warming media with a chemically defined medium with no animal-derived products: STEM ALPHA.Cryo3 ("Cryo3").

A total of 1540 rabbit morulae were divided into three cryopreservation groups (group 1: BSA, group 2: 20% Cryo3 and group 3: 100% Cryo3) and a fresh controls group. After rapid cooling, embryos were cultured (in vitro approach), or transferred into synchronized does (in vivo approach). In the in vitro approach, post-warm survival rates obtained with 100% Cryo3 (94.9 %) were superior to BSA (90.8%) and 20% Cryo3 (85.6 %). The blastocyst formation rate was similar between BSA, 20% Cryo3 and 100% Cryo3 groups (85.1, 77.9 and 83.3 %, respectively), as was the expansion / hatching rate (63.1, 63.4 and 58.0%, respectively) and embryo mitochondrial activity. In the in vivo approach, pregnancy (80.0, 68.0 and 95.2 %, respectively), implantation (40.5, 45.9 and 44.8%, respectively), and live-foetus rates (35.6, 35.5 and 38.1 %, respectively) were similar between the three groups. To conclude, Cryo3 can replace BSA in rabbit embryo rapid cooling "freezing" and warming media.

Introduction

Over the past few decades, embryo cryopreservation has become crucial to the long-term preservation of genetic material in biobanks. Along with embryo transfer (ET), this technology has contributed to the distribution of genetic materials worldwide, replacing animal exchange [START_REF] Tallec | Risks of transmissible diseases in relation to embryo transfer[END_REF]. The World Organisation for Animal Health assembled recommendations on risk management procedures concerning embryo collection and processing [74]. Even if these guidelines are the best way to reduce infectious disease transmission, embryo contamination is still of concern to health authorities [START_REF] Tallec | Risks of transmissible diseases in relation to embryo transfer[END_REF].

Animal-derived products, such as bovine serum albumin (BSA) or foetal calf serum, also referred to as foetal bovine serum, are commonly added to animal embryo cryopreservation media [START_REF] Bettencourt | Ultrastructural characterization of fresh and cryopreserved in vivo produced ovine embryos[END_REF][START_REF] Moreno | In vitro bovine embryo production in a synthetic medium: embryo development, cryosurvival, and establishment of pregnancy[END_REF][START_REF] Somfai | Live piglets derived from in vitro-produced zygotes vitrified at the pronuclear stage[END_REF][START_REF] Spate | High-throughput cryopreservation of in vivo-derived swine embryos[END_REF][START_REF] Zander-Fox | Slow freezing and vitrification of mouse morula and early blastocysts[END_REF]. Serum-derived product composition is poorly known. Media containing BSA or serum are classified as semi-defined or non-defined, respectively [START_REF] Vanroose | From co-culture to defined medium: state of the art and practical considerations[END_REF]. These products contain growth factors, cell attachment and spreading factors, hormones, carbohydrates, amino acids, proteins (such as albumin), vitamins and various undefined molecules [START_REF] Bryan | Elucidating the contribution of the elemental composition of fetal calf serum to antigenic expression of primary human umbilical-vein endothelial cells in vitro[END_REF][START_REF] Vanroose | From co-culture to defined medium: state of the art and practical considerations[END_REF].

Serum-derived products promote embryonic viability and development [START_REF] Bavister | Culture of preimplantation embryos: facts and artifacts[END_REF][START_REF] Bryan | Elucidating the contribution of the elemental composition of fetal calf serum to antigenic expression of primary human umbilical-vein endothelial cells in vitro[END_REF][START_REF] Sakurai | Effect of knockout serum replacement supplementation to culture medium on porcine blastocyst development and piglet production[END_REF][START_REF] Takagi | Development of bovine oocytes matured, fertilized and cultured in a serum-free, chemically defined medium[END_REF][START_REF] Thompson | In vitro culture and embryo metabolism of cattle and sheep embryos -a decade of achievement[END_REF][START_REF] Vanroose | From co-culture to defined medium: state of the art and practical considerations[END_REF] and have numerous advantageous properties in cryopreservation media, such as metal chelating activity, oncotic pressure regulation, pH regulation [START_REF] Hasler | Synthetic media for culture, freezing and vitrification of bovine embryos[END_REF] and toxin-scavenging [START_REF] Claassens | Optimizing sensitivity of the human sperm motility assay for embryo toxicity testing[END_REF]. Additionally, animal sera have surfactant properties, which reduce the surface tension in the media, preventing embryos from floating or sticking to glass and plastic surfaces [START_REF] Hasler | Synthetic media for culture, freezing and vitrification of bovine embryos[END_REF][START_REF] Witkowski | Influence of serum on attachment of tissue cells to glass surfaces[END_REF], and avoiding the adsorption of some media compounds (as hormones, growth factors and carrier proteins) to the material surfaces [START_REF] Palasz | Media alternatives for the collection, culture and freezing of mouse and cattle embryos[END_REF].

Moreover, the addition of serum-derived products to the cryopreservation media seems to protect embryos from possible toxic effects of cryoprotectants during the cryopreservation process [START_REF] Hubálek | Protectants used in the cryopreservation of microorganisms[END_REF][START_REF] Pessoa | Decontamination of naturally contaminated liquid nitrogen storage tanks[END_REF].
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Despite the numerous beneficial effects of serum on embryos during and after cryopreservation, negative effects have also been suspected. Ruminant embryos cultured with serum before blastocyst formation may present increased incidence of unusual development, accompanied by "large offspring syndrome": high birth weight, prolonged gestation, frequent dystocia, elevated abortion rates and organ defects [START_REF] Lazzari | Cellular and molecular deviations in bovine in vitro-produced embryos are related to the large offspring syndrome[END_REF][START_REF] Young | Large offspring syndrome in cattle and sheep[END_REF].

Sera can be contaminated with pathogenic agents such as bacteria, viruses [START_REF] Guérin | Sanitary risks related to embryo transfer in domestic species[END_REF][START_REF] Rossi | Viral contamination of bovine fetal lung cultures and bovine fetal serum[END_REF], yeast, fungi, and mollicutes such as mycoplasmas [START_REF] Dussurgel | Polymerase chain reaction-based diagnosis of mollicture infection of commercial animal sera[END_REF], or prions [START_REF] Matthews | Thoughts on risk management for in vitro production of bovine embryos[END_REF], even if the risk of prion contamination seems to be low [START_REF] Wrathall | Risks of transmission of spongiform encephalopathies by reproductive technologies in domesticated ruminants[END_REF]. Although commercial sera are usually declared to be pathogen-free, treatments like heat inactivation and gamma irradiation don't always seem to be efficient [START_REF] Rossi | Viral contamination of bovine fetal lung cultures and bovine fetal serum[END_REF].

The advantages of using synthetic medium, in cryopreservation media are widely recognized as providing more defined, more consistent and more reproducible conditions, in addition to avoiding animal welfare and ethical concerns.

Numerous studies have aimed to replace animal products in cryopreservation media with media free of animal-derived products, such as silk protein sericin [START_REF] Isobe | Cryopreservation for bovine embryos in serum-free freezing medium containing silk protein sericin[END_REF], vegetal peptones [START_REF] George | Freezing of in vitro produced bovine embryos in animal protein-free medium containing vegetal peptones[END_REF], HA [START_REF] Joly | Cryopreservation of Genetic Diversity in Rabbit Species (Oryctolagus cuniculus)[END_REF][START_REF] Palasz | Substitution of chemically defined macromolecules for protein in murine embryo freezing medium (abstract)[END_REF], and non-organic macromolecules such as polyvinyl alcohol [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF][START_REF] Leoni | Defined media for vitrification, warming, and rehydration: effects on post-thaw protein synthesis and viability of in vitro derived ovine embryos[END_REF][START_REF] Nowshari | The protective action of polyvinyl alcohol during rapid-freezing of mouse embryos[END_REF][START_REF] Sanchez-Osorio | Vitrification and warming of in vivo-derived porcine embryos in a chemically defined medium[END_REF], polyvinylpyrrolidone [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF][START_REF] Kuleshova | Studies on replacing most of the penetrating cryoprotectant by polymers for embryo cryopreservation[END_REF][START_REF] Seidel | Cryopreservation of bovine embryos in media with chemically defined macromolecules[END_REF] and Ficoll [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF][START_REF] Kuleshova | Studies on replacing most of the penetrating cryoprotectant by polymers for embryo cryopreservation[END_REF]. Hyaluronic acid (HA) is a glycosaminoglycan that can be synthetized in its pure form [START_REF] Gardner | Culture of viable human blastocysts in defined sequential serum-free media[END_REF] and can be found in follicular, oviduct and uterine fluids [START_REF] Lee | Concentrations and composition of glycosaminoglycans in the female bovine reproductive tract[END_REF] and its concentration increases in the uterus by the time of implantation [START_REF] Zorn | Biosynthesis of glycosaminoglycans in the endometrium during the initial stages of pregnancy of the mouse[END_REF]. After successfully replacing albumin in embryo culture [START_REF] Gardner | Fetal development after transfer is increased by replacing protein with the glycosaminoglycan hyaluronan for mouse embryo culture and transfer[END_REF][START_REF] Mahani | Hyaluronic acid versus albumin in human embryo transfer medium, East[END_REF], HA became an interesting candidate to replace animal products during cryopreservation.

Animal derived sera composition not only changes between batches but is also extremely variable [START_REF] Bryan | Elucidating the contribution of the elemental composition of fetal calf serum to antigenic expression of primary human umbilical-vein endothelial cells in vitro[END_REF]. This variation can occur as a result of physiological and biochemical differences between donors [START_REF] Lutz | Factors influencing the generation of murine dendritic cells from bone marrow: the special role of fetal calf serum[END_REF], and more generally with gender [START_REF] Banks | Measurement of cytokines in clinical samples using immunoassays: problems and pitfalls[END_REF], age [START_REF] Kratzsch | Reference intervals for TSH and thyroid hormones are mainly affected by age, body mass index and number of blood leucocytes, but hardly by gender and thyroid autoantibodies during the first decades of life[END_REF], diet [START_REF] Ma | Association between dietary fiber and serum C-reactive protein[END_REF], photoperiod [START_REF] Schlatt | Age-related changes in diurnal rhythms and levels of gonadotropins, testosterone, and inhibin B in male rhesus monkeys (Macaca mulatta)[END_REF] and preparation methods [START_REF] Kurita | Differential effects of three preparations of human serum on expansion of various types of human cells[END_REF]. Regarding embryotrophic properties of BSA, some authors observed considerable variations between suppliers and even between distinct lots from the same supplier [START_REF] Bavister | Culture of preimplantation embryos: facts and artifacts[END_REF][START_REF] Kane | Variability in different lots of commercial bovine serum albumin affects cell multiplication and hatching of rabbit blastocysts in culture[END_REF][START_REF] Mckiernan | Different lots of bovine serum albumin inhibit or stimulate in vitro development of hamster embryos[END_REF]. STEM ALPHA.Cryo3 (referred to as "Cryo3", Stem-Alpha, Saint-Genis-l'Argentière, France), is a patented serum-free, protein-free and dextran-free medium (manufactured according to good manufacturing practices [cGMP-annex 1] in compliance with 2001/83/EC). CRYO3 is composed of synthetic HA of high molecular weight (> 106 D), glucose, carbohydrates, amino acids, mineral salts, vitamins, fatty acids esters and buffers. This product was originally created for clinical applications, as a serum substituent in somatic and human adult stem cell freezing medium. Bruyère (2013) investigated foetal calf serum thermodynamic properties of three different suppliers and compared them to the synthetic medium Cryo3 (used at 18% v/v). All the solutions presented similar thermodynamic characteristics, but media containing foetal bovine serum presented more variable results, as well as aberrant values, unlike 18% Cryo3 medium, whose results appeared to be more stable.

The impossibility of characterizing animal-derived product composition and its variability lead to unpredictable development rates and to experimental results that might not be reproducible.
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Consequently, all serum-derived products seem to be unsuitable when the goal of a study is to obtain defined media and standardized cryopreservation methods.

Bruyère observed that Cryo3 can successfully replace animal products in rabbit embryo and bovine embryo slow-cooling "freezing" media [START_REF] Bruyère | Improved cryopreservation of in vitro-produced bovine embryos using a chemically defined freezing medium[END_REF][START_REF] Bruyère | A chemically defined medium for rabbit embryo cryopreservation[END_REF]. Rapid-cooling "freezing" procedures comprise the use of higher solute concentrations than slowcooling "freezing". These solutions, combined with a rapid cooling technique (such as direct plunging in liquid nitrogen), allow the formation of an amorphous state during cooling, avoiding the danger of ice crystal formation that occurs during slow-cooling "freezing". However, unlike vitrification media, the formation of ice crystals during rapid-cooling "freezing" procedures is possible, especially during warming, if (i) warming rates are not quick enough [START_REF] Tan | Optimization of cryopreservation of stem cells cultured as neurospheres: comparison between vitrification, slow-cooling and rapid cooling freezing protocols[END_REF], (ii) insufficient high total solute concentration or (iii) exposure to cryopreservation solution was too brief.

The aim of our study was to evaluate the effect of replacing BSA with Cryo3 in rapid cooling "freezing" and warming solutions on the in vitro and in vivo development of rabbit morulae.

Materials and methods

The Ethical and Animal Welfare Committee of VetAgro Sup approved this study (Permit Number: 05/26). All animals were handled according to the EU Directive 2010/63/EU for animal experiment guidelines. Unless specified otherwise, all chemicals were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).

Embryo production and recovery

A total of 62 rabbit New Zealand does (SARL HYCOLE, Marcoing, France) were housed in groups of five and fed a commercial diet. Does received five doses of a pFSH:LH (ratio 5:1, 31.5 µg total, Stimufol, Reprobiol, Belgium) preparation (administered twice-daily, subcutaneously). Eight hours after the last injection, does were inseminated with sperm from multiple males (pooled ejaculates), and an intramuscular injection of buserelin (2.0 µg Receptal, MSD Animal Health, Beaucouzé, France) was administered.

Rabbit does were euthanized 65 to 68 h after the buserelin administration by cervical dislocation.

The oviducts and uteri were flushed using Euroflush (IMV Technologies, L'Aigle, France) at room temperature. Embryos were recovered at the morula stage and classified according to the

International Embryo Transfer Society (IETS) manual, [6][5][48]Bó and Mapletoft 2013)

and quality 1 embryos [START_REF] Bó | Evaluation and classification of bovine embryos[END_REF] were pooled. Embryos (n = 1540) were randomly divided into three cryopreservation groups and two control groups.

A group of embryos (n = 40) was cultured without cryopreservation (in vitro fresh control), and a group of embryos (n = 59) was transferred without cryopreservation (in vivo fresh control).

Embryo rapid cooling

Unless specified otherwise, all percentages are expressed as volume/volume.
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Prior to rapid cooling, embryos (n = 1441) were randomly divided into three cryopreservation groups. All media contained the same cryoprotectant composition and the following base media: 

In vitro embryo culture and morphology assessment

Embryos (n = 40) from the in vitro in vitro fresh control group were cultured (38.5 °C, 5 % CO 2 ) to the expanded blastocyst stage in Medium 199 (without glutamate) supplemented with 10% foetal calf serum and antibiotics (67 UI/mL penicillin and 67 µg/mL streptomycin, Dutscher, Brumath, France). In vitro development was assessed after 24 h and 48 h of culture and classified according to their development stage as morula, blastocyst, expanded and hatching embryos. Slightly expanded blastocysts with herniation of embryonic cells (Figure 1) were included in the expanded / hatching embryo group.

In vivo embryo transfer

Fresh embryos (n = 59) and warmed vitrified (total = 905; group 1 n = 358, group 2 n = 270, group 3 n = 277) embryos were transferred to synchronized New Zealand recipient does (n = 84), according to the protocol described by Salvetti [START_REF] Salvetti | Effect of the luteinizing hormone on embryo production in superovulated rabbit does[END_REF]. Briefly, recipient does were synchronized with a buserelin injection (0.8 µg, intramuscular, Receptal), 50 to 60 h before transfer. After anaesthesia, a midventral laparotomy was performed, and 4 to 7 embryos (mean = 5.4) were transferred to each uterine horn. Pregnancy diagnosis was realized by palpation 20 days after embryo transfer.

Mitochondrial activity assessment with JC-1

The cationic dye JC-1 (5,5'6,6'-tetrachloro-1,1,3,3'tetraethylbenzimidazolycarbocyanine iodide; Thermofisher Scientific, Illkirch, France) exhibits different fluorescent properties, based on its accumulation within mitochondria. J-aggregates accumulate in mitochondria with high mitochondrial membrane potential (MMP), showing red fluorescence, while J monomers accumulate in low MMP mitochondria, presenting green fluorescence [START_REF] Perry | Mitochondrial membrane potential probes and the proton gradient: a practical usage guide[END_REF]. Consequently, embryos with more active mitochondria exhibit higher red to green ratios than less active or inactive observed using an Olympus IX71 epifluorescence microscope, with an excitation wavelength of 488 nm. JC-1 aggregates were detected with a red filter (590 nm wavelength), whereas JC-1 monomers were detected with a green filter (530 nm wavelength). To evaluate embryo mitochondrial activity, the staining intensity (by pixel) was measured, from both channels, in two randomly defined areas on each embryo, using the Fiji package [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] of ImageJ software (National Institute of Health, Bethesda, Maryland, USA), and the red to green ratio was quantified.

An MMP disruptor (CCCP, carbonyl cyanide 3-chlorophenylhydrazone; Thermofisher scientific, Illkirch, France) was used as a control to confirm that directional changes in the dye signal were correctly interpreted.

Statistical analysis

In vitro and in vivo development rates were analysed with the chi-square test, whereas JC-1 red/green ratios were analysed by one-way analysis of variance. All tests were performed with R-Studio software [START_REF]R: A Language and Environment for Statistical Computing[END_REF]. Groups were considered significantly different at p < 0.05.

Results

In vitro and in vivo embryo development after cryopreservation

The in vitro blastocyst formation and expansion/hatching rates and in vivo development rates (pregnancy rate, implantation live-birth rates) after rapid cooling with media containing animal products or chemically defined products (group 2 and group 3) are summarized in Table 1. In vitro fresh control embryos expressed significantly superior blastocyst and expansion / hatching rates.

The group 3 medium appeared significantly superior in in vitro post-warm survival rates than group 1 and group 2 media. No significant differences were observed regarding the other in vitro and in vivo development rates.

Mitochondrial activity assessment with JC-1

Ratios of J-aggregate to J-monomer of cryopreserved expanded or hatching embryos, cryopreserved with media containing animal products (group 1) or chemically defined products (groups 2 and 3) are represented in Figure 2 and summarized in Figure 3. No significant differences were observed between the three groups. After incubation with the CCCP control, images showed no red fluorescence.

Discussion

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7

Over the last few decades, there have been important efforts to replace animal serum with defined media containing no animal products for embryo cryopreservation. Numerous natural or synthetic molecules have been used in slow cooling, as in rapid cooling media, to replace the biological and the physical properties of animal albumin. Studies demonstrate that animal products can be successfully replaced with products such as the silk protein sericin [START_REF] Isobe | Cryopreservation for bovine embryos in serum-free freezing medium containing silk protein sericin[END_REF] and vegetal peptones [START_REF] George | Freezing of in vitro produced bovine embryos in animal protein-free medium containing vegetal peptones[END_REF] during bovine embryo slow-freezing, or HA during murine [START_REF] Joly | Hyaluronic acid as a substitute for proteins in the deepfreezing of embryos from mice and sheep: An in vitro investigation[END_REF][START_REF] Palasz | Substitution of chemically defined macromolecules for protein in murine embryo freezing medium (abstract)[END_REF], bovine [START_REF] Palasz | The use of sodium hyaluronate in freezing media for bovine and murine embryos[END_REF], and ovine [START_REF] Joly | Hyaluronic acid as a substitute for proteins in the deepfreezing of embryos from mice and sheep: An in vitro investigation[END_REF] slow freezing.

The non-organic macromolecule polyvinyl alcohol has been used to slow-freeze and vitrify embryos from different species, obtaining equivalent post-thaw development rates for murine [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF][START_REF] Nowshari | The protective action of polyvinyl alcohol during rapid-freezing of mouse embryos[END_REF][START_REF] Palasz | The use of sodium hyaluronate in freezing media for bovine and murine embryos[END_REF] and porcine [START_REF] Sanchez-Osorio | Vitrification and warming of in vivo-derived porcine embryos in a chemically defined medium[END_REF] embryos. However, inferior development rates were also obtained for murine [START_REF] Creighton | Effect of polyvinyl alcohol on in vitro survival of frozen-thawed mouse embryos[END_REF], bovine [START_REF] Palasz | The use of sodium hyaluronate in freezing media for bovine and murine embryos[END_REF][START_REF] Seidel | Cryopreservation of bovine embryos in media with chemically defined macromolecules[END_REF][START_REF] Sommerfeld | Cryopreservation of bovine in vitro produced embryos using ethylene glycol in controlled freezing or vitrification[END_REF] and ovine [START_REF] Leoni | Defined media for vitrification, warming, and rehydration: effects on post-thaw protein synthesis and viability of in vitro derived ovine embryos[END_REF] embryos. Studies using polyvinylpyrrolidone tend to demonstrate a negative effect on cryopreservation media [START_REF] Seidel | Cryopreservation of bovine embryos in media with chemically defined macromolecules[END_REF], as well as inferior surfactant properties [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF][START_REF] Seidel | Cryopreservation of bovine embryos in media with chemically defined macromolecules[END_REF] and toxicity to embryos [START_REF] Dumoulin | The protective effects of polymers in the cryopreservation of human and mouse zonae pellucidae and embryos[END_REF][START_REF] Kuleshova | Studies on replacing most of the penetrating cryoprotectant by polymers for embryo cryopreservation[END_REF]. Kuleshova et al. cryopreserved mouse embryos by rapid-cooling, using animal product free media containing 35 % polymers (dextran or Ficoll) and 25 % of penetrating cryoprotectants (EG), using a double straw arrangement to diminish contamination risk, obtaining in vitro development rates of 100 % blastocyst expansion and in vivo foetuses rates of 76 % [START_REF] Kuleshova | A strategy for rapid cooling of mouse embryos within a double straw to eliminate the risk of contamination during storage in liquid nitrogen[END_REF]. One year later, these authors obtained development rates (96 -100% blastocyst expansion and 62 -76 % live foetuses) after vitrifying mouse embryos with 34 to 49 % (w/v) of macromolecules (Ficoll or dextran) and 11 to 27% (w/v) EG, in protein-free media [START_REF] Kuleshova | Studies on replacing most of the penetrating cryoprotectant by polymers for embryo cryopreservation[END_REF]. However, these authors did not compare these proteinfree media with media containing animal products [START_REF] Kuleshova | Studies on replacing most of the penetrating cryoprotectant by polymers for embryo cryopreservation[END_REF]. Another author evaluated the substitution of foetal calf serum with Ficoll, on mouse embryo quick freezing, obtaining equivalent development rates [START_REF] Gutiérrez | In vitro survival of murine morulae after quick freezing in the presence of chemically defined macromolecules and different cryoprotectants[END_REF]. These studies suggest that these two molecules may be good candidates for replacement of animal products.

In 1990, Palasz obtained equivalent post-thaw murine and bovine embryo development rates after embryo slow-frezing with synthetic HA and with NCS (n = 206) [START_REF] Palasz | Substitution of chemically defined macromolecules for protein in murine embryo freezing medium (abstract)[END_REF]. Joly observed equivalent postthaw murine (n = 443) and ovine embryo (n = 120) in vitro development rates, after embryo slowfreezing in media containing HA and BSA [START_REF] Joly | Hyaluronic acid as a substitute for proteins in the deepfreezing of embryos from mice and sheep: An in vitro investigation[END_REF].

Bioniche Life Sciences Inc. developed synthetic holding and freezing media (SYNGRO ® ) for bovine, equine, sheep and goat embryos, based on synthetic HA. However, few studies regarding cryopreservation were published with these commercial products [START_REF] Hasler | Synthetic media for culture, freezing and vitrification of bovine embryos[END_REF]. Some authors used these media to slow-freeze equine embryos [START_REF] Barfield | Effect of Dehydration Prior to Cryopreservation of Large Equine Embryos[END_REF] and to slow-freeze and vitrify bovine embryos [START_REF] Kruse | Vitrification of in vitro-and in vivo-produced bovine embryos for direct transfer[END_REF], but these studies didn't aim to compare with animal derived product based media.

In our previous work, we showed that animal products could be successfully replaced with 20 % Cryo3 in bovine [START_REF] Bruyère | Improved cryopreservation of in vitro-produced bovine embryos using a chemically defined freezing medium[END_REF] and rabbit embryo slow-freezing [START_REF] Bruyère | A chemically defined medium for rabbit embryo cryopreservation[END_REF], where better in vivo development rates were obtained with 20% Cryo3, compared to foetal calf serum [START_REF] Bruyère | A chemically defined medium for rabbit embryo cryopreservation[END_REF].

In the present study, we evaluated the effect of replacing BSA in rapid-cooling solutions and in warming solutions, using the same synthetic product as in our previous studies: Cryo3.

In in vitro experiments, significantly superior survival rates were observed in the 100% Cryo3 (group 3) compared to BSA (group 1) or 20% Cryo3 (group 2). No differences were found
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regarding blastocyst formation, blastocyst expansion or blastocyst hatching development rates between groups. In the literature, quite variable post-warm in vitro development can be found (survival: 95.3 -95.6 %, blastocyst formation: 56 -91.7 %, hatching or expansion: 45 -91.7 %) [START_REF] Lin | Open-pulled straw vitrification differentiates cryotolerance of in vitro cultured rabbit embryos at the eight-cell stage[END_REF][START_REF] Marco-Jiménez | Development of Cheaper Embryo Vitrification Device Using the Minimum Volume Method[END_REF][START_REF] Meshreky | Effect of vitrification and cryostorage length on viability of rabbit embryos after thawing[END_REF][START_REF] Popelková | Effect of vitrification technique and assisted hatching on rabbit embryo developmental rate[END_REF]. This variability may depend on several factors, such as donor genetics, the housing conditions of the animals and the embryo culture medium.

Our post-warm development rates were in the range of values found in the literature.

Embryos were not subjected to a pronase treatment to remove the mucin coat prior to culture.

Kasai compared the in vitro development with and without mucin coat digestion and observed that approximately half of the non-treated embryos did not expand to a diameter more than twice that of the morula (46 % non-treated vs 92 % treated embryos) [START_REF] Kasai | High survival of rabbit morulae after vitrification in an ethylene glycol-based solution by a simple method[END_REF]. Fischer observed that uterine components are vital in the transformation of the extracellular coverings in the rabbit embryo. In rabbit culture media lacking uterine components, the zona pellucida does not dissolve and loses elasticity, leading to herniation of embryonic cells into the mucin coat, instead of expansion and hatching [START_REF] Fischer | The dynamic structure of rabbit blastocyst coverings. III. Transformation of coverings under non-physiological developmental conditions[END_REF]. Indeed, we observed slightly expanded embryos with embryonic cell herniation (Figure 1) in cryopreserved and in non-cryopreserved groups. Considering these findings, we pooled slightly expanded herniated blastocysts with expanded and hatching blastocysts.

To evaluate mitochondrial activity between cryopreservation groups, we only used developed embryos. If we had randomly picked embryos from all developmental stages, the development rates would have influenced the total mitochondrial activity and, therefore, confound our results.

We obtained equivalent mitochondrial activity between the three groups, suggesting that all the developed embryos had the same energetic capacity of continuing further development. The obtained JC-1 ratios are equivalent to ratios found in the literature for fresh mouse blastocysts (approx. 1.35) [START_REF] Acton | Alterations in mitochondrial membrane potential during preimplantation stages of mouse and human embryo development[END_REF]. Images obtained with the CCCP control demonstrated the JC-1 ratio is dependent on mitochondrial potential variations.

In our in vivo experiments, no statistically significant difference was observed between fresh and cryopreserved embryos. No difference was found regarding pregnancy rates of the three rapid cooling groups, even if group 3 rates tended to be superior. Equivalent implantation rates and livebirth rates were obtained with the three rapid cooling media groups. As in in vitro development studies, post-transfer in vivo development rates found in the literature can considerably vary (pregnancy: 56 -100%, implantation: 8.7 -65 %, live foetuses: 6.4 -57.1 %) [START_REF] Joly | Cryopreservation of Genetic Diversity in Rabbit Species (Oryctolagus cuniculus)[END_REF][START_REF] Kasai | High survival of rabbit morulae after vitrification in an ethylene glycol-based solution by a simple method[END_REF][START_REF] Marco-Jiménez | Development of Cheaper Embryo Vitrification Device Using the Minimum Volume Method[END_REF][START_REF] Mocé | In vivo development of vitrified rabbit embryos: effects on prenatal survival and placental development[END_REF][START_REF] Saenz-De-Juano | Direct comparison of the effects of slow freezing and vitrification on late blastocyst gene expression, development, implantation and offspring of rabbit morulae[END_REF]. In vivo development rates may depend on the cryopreservation medium, cooling device and technique, transfer conditions (laparotomy / endoscopy, surgeon), and the housing conditions of the animals. The in vivo development rates obtained in our study were in the range and close to the superior limit for pregnancy and implantation rates.

Regarding cryopreservation effects on embryos, a difference was found between fresh (expansion or hatching rate 97.5 %) and cryopreserved embryos during in vitro development, but this difference was no longer observed after in vivo transfers. A possible explanation would be that cryopreservation partially impairs embryos, and this damage can be reversible if embryos return to physiological conditions after cryopreservation. Both in vitro and in vivo experiments in this study indicate that animal products can be replaced by both concentrations (20% and 100%) of Cryo3.
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Ménézo and Khatchadourian observed that non-defined peptides could bond to albumin, with subsequent deleterious effects on embryo post-thaw survival [START_REF] Ménézo | Peptides bound to albumin[END_REF]. When using cryopreservation media entirely composed of synthetic chemically defined products, such as Cryo3, these interactions are avoided.

Moreover, the use of a commercial synthetic medium for embryo cryopreservation, prepared industrially under rigorous quality control instead of laboratory-made media, avoids preparation variability, and increases reproducibility and standardization of the cryopreservation process.

Conclusion

The results from this study seem to demonstrate that a chemically defined substitute (STEM ALPHA.Cryo3) can successfully replace BSA in rabbit embryo rapid-cooling and warming media.

The elimination of animal products of embryo cryopreservation media may improve procedure standardisation, by avoiding variability in media composition and, consequently, more variable results. Additionally, it would avoid sanitary concerns inherent to animal-derived products.

To improve sanitary conditions, we have replaced BSA with 100% Cryo3 medium in rabbit embryo rapid-cooling media in the French National CryoBank. 
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26

A, B, C) Embryo vitrified with a medium containing 0.4% BSA.

27

D, E, F) Embryo vitrified with a medium containing 20% CRYO3.

28

G, H, I) Embryo vitrified with a medium containing 100% CRYO3. • These products present an undefined variable composition and a contamination risk.

• We aimed to replace BSA with a synthetic medium in rapid cooling "freezing" media.

• Cryo3 can replace BSA in rabbit embryo rapid cooling "freezing" and warming media.

group 1

 1 cryopreservation medium: IMV Embryo holding medium (IMV Technologies, L'Aigle, France), containing 0.4 % (w/v) BSA (n = 543); group 2 cryopreservation medium: D-PBS supplemented with 20% of Cryo3 (n = 423); group 3 cryopreservation medium: 100% Cryo3 medium (n = 475). Embryos were transferred into a first equilibration solution composed of 5 % Me 2 SO and 5 % ethylene glycol (EG) (5 min), and a second equilibration solution composed of 10% Me 2 SO and 10% EG (2 to 3 min). Embryos were then exposed to the cryopreservation solution of the correspondent group (30 sec) containing 20% Me 2 SO (approx. 2.8 M) and 20% EG (approx. 3.6 M), before being loaded to a Fibreplug (CVM kit, Cryologic) and cryopreserved by solid surface vitrification (three to four embryos per Fibreplug). Warming was performed by immersing the end of the Fibreplug directly into a thawing solution (0.5 M sucrose in group 1, group 2, or group 3 base medium, respectively) at 38.5 °C for 5 min, followed by three successive dilution baths (0.3 M, 0.1 M and 0.0 M sucrose).

  the end of embryo culture, living embryos (n = 89) at the expanded / hatching stage from the three cryopreservation groups were subjected to a pretreatment of pronase (a protease, from Streptomyces griseus, 5 mg/mL) in Dulbecco's Phosphate-Buffered Saline medium (D-PBS) supplemented with D-glucose (5.56 mM), sodium pyruvate (0.33 mM) and bovine serum albumin (3 mg/mL), at 38.5 °C, until the mucin coat began to d issolve. Embryos were then washed in six drops of modified D-PBS. Embryos were incubated with JC-1 for 75 min (1.5 µM, 38.5 °C, 5 % CO2) and

Figure 1 .Figure 2 . 1 2

 121 Figure 1. Stereoscopic pictures of rabbit embryos.

24 B

 24 , E, H) Depolarized regions are indicated by green fluorescence (emission ~529 nm).

25 C

 25 , F, I) Merged images.

Figure 2b .Figure 3 .•

 2b3 Figure 2b. After CCCP control (merged images). No regions of high MMP are visible.

  

Table 1 .

 1 In vitro and in vivo rabbit embryo development rates after rapid cooling with media containing animal products (group 1) or chemically defined products (group 2 and group 3).

			Group 1 (0.4 % BSA)	Group 2 (20% Cryo3)	Group 3 (Cryo3)	Control (Fresh)
		% Survival	90.8% (168/185) a	85.6 % (131/153) a	b (188/198) 94.9 %
	In vitro development	% Blastocyst	85.1 % (143/168) a	77.9 % (102/131) a	83.3 % (156/188) a	b (39/40) 97.5 %
		% Expansion*,	63.1 %	a	63.4 %	a	58.0%	a	97.5 %	b
		or Hatching	(106/168)	(83/131)	(109/188)	(39/40)
		% Pregnancy	80.0%	NS	68.0%	NS	95.2 %	NS	83.3 %	NS
		rate	(24/31)	(17/24)	(20/23)	(5/6)
	In vivo development	% Implantation	40.5 % (117/303) NS	45.9 % (84/183) NS	44.8% (94/234) NS	NS (23/49) 46.9 %
		% Live birth	(103/303) 35.6 % NS	(65/183) 35.5 % NS	(80/234) 38.1 % NS	40.8%

NS

(20/49) 

Different letters in the same row indicate a statistically significant difference (p < 0.05). NS indicates no statistically significant difference was observed. % Survival: number of morphologically intact embryos after freezing per frozen embryos. % Pregnancy rate: number of does positive to pregnancy diagnosis per recipient % Implantation: number of born kits (alive and dead) per transferred embryos on pregnant females % Live birth: number of live-born kits per transferred embryos on pregnant females *Slightly expanded blastocysts with herniation of embryonic cells comprised in this group
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