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ABSTRACT
The increase in demand for in vitro produced horse embryos is fostering the development of commercial laboratories for this purpose. Nevertheless, blastocyst production after intracytoplasmic sperm injection (ICSI) is still not as great as desired in most of these laboratories. In relation to horse oocyte classification, both expanded and compact cumulus-oocyte-complexes (COCs) are used for in vitro embryo production. The aim of this study was to compare in vitro embryo developmental capacity of COCs from horses including those with only the corona radiata, frequently collected after aspiration procedures. Horse oocytes were collected by follicular aspiration of abattoir-derived ovaries. After classification as expanded, compact or corona radiata COCs, these were in vitro matured, fertilized by ICSI and in vitro cultured for 7.5 days. Maturation rate, cleavage rate and morula/blastocyst rates were recorded. No significant differences (P>0.05) were detected among groups in maturation rate. Cleavage rate was less (P<0.05) for embryos derived from oocytes with a corona radiata as compared to compact-derived embryos, but embryo development after 7.5 days of culture was similar among groups (P>0.05). In conclusion, even if embryos derived from oocytes with corona radiata had a lesser cleavage rate after ICSI, the developmental capacity was similar to embryos derived from oocytes with a compact and expanded cumulus morphology, indicating these can be an useful source of embryos in horses.
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1. Introduction
In vitro production of horse embryos by intracytoplasmic sperm injection (ICSI) is gaining interest, because both commercial and research applications has rapidly increased worldwide. As a consequence of the client demand, commercial ICSI laboratories are increasing for horse embryo development. Few laboratories, however, have reported blastocyst rates of > 20% (Hinrichs et al., 2005; Galli et al., 2007; Matsukawa et al., 2007; Foss et al., 2013).
Even with the efforts for identifying oocyte characteristics associated with meiotic and developmental competence and the respective assessment of in vitro maturation of the oocyte to metaphase II (MII) and blastocyst developmental stages, there are many non-intrinsic factors affecting the competence of horse oocytes for embryo development that are not fully elucidated. Meiotic competence of horse oocytes is dependent upon initial cumulus configuration, size of the follicle from which the oocyte was recovered, and the period of time the oocyte is in the ovary before recovery, explaining the variation in rates of oocyte maturation among laboratories where horse embryo development is occurring (Hinrichs, 2010).
Research on horse in vitro embryo production has been limited by the availability of oocytes. The cumulus-oocyte complex (COC) of horses is tightly attached to the follicular wall, consequently, the recovery rate from immature follicles in vivo or from excised ovaries is relatively less than what occurs with many other species, and many oocytes are also collected from atretic follicles which is a common problem in many species. 
Oocyte collection from excised ovaries is generally conducted using two methods: aspiration and scraping. Aspiration has been found to result in lesser recovery rate (Hinrichs, 1991) and the oocytes collected using this procedure are largely denuded of cumulus cells as compared with use of the scraping technique (Alm et al., 1997). When aspirating oocytes, the most common cumulus morphology (63% and 48% of oocytes from viable and atretic follicles, respectively) was the presence of only the corona radiata (Hinrichs, 1991). For commercial programs, oocytes are typically recovered from mares using the transvaginal ultrasonic-guided aspiration (TUGA), including flushing of each follicle with medium via a double-lumen aspiration needle with separate in- and out-flow channels, to improve the recovery rate (Galli et al., 2014). 
In other species, such as cattle, classification of oocytes is well defined and strict selection of oocytes is performed before maturation techniques are used. In contrast, in horses, the small numbers of available oocytes tends to lead to the culturing of all oocytes that appear to be viable (Hinrichs, 2010). Although a large number of oocytes with only the corona radiata are collected by aspiration, most studies classify horse oocytes as simply having a compact or expanded cumulus, without considering oocytes with only corona radiata. In the only study (Dell’Aquila et al., 2001) classifying horse oocytes as having compact, expanded, or partial cumulus cell attachments, no data on embryo production were reported. The aim of the present study, therefore, was to investigate the embryo developmental capacity after ICSI of horse COCs with only corona radiata cells attached as compared with those that were classified to have compact and expanded COCs.

2. Materials and methods
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

2.1. Collection and in vitro maturation of cumulus oocyte complexes 
Mare ovaries were collected, at a slaughterhouse during October-June, and transported to the laboratory within 2 to 3 h at 25 °C in a thermos case (Cell Incubator, IMV Technologies, Italy). After transport to the laboratory where culturing occurred, the ovaries were dissected free from connective tissue, washed with 30 °C demineralized water and transferred to 0.9% (w/v) saline solution supplemented with 0.1% (v/v) penicillin/streptomycin. The cumulus-oocyte complexes (COCs) were recovered by aspirating the contents of 10 to 30 mm follicles, using a 19-gauge butterfly infusion set connected to a vacuum pump (about 100 mmHg). The fluid containing the COCs was collected into 250 ml glass flasks (Duran Group, Germany) and filtered through a 65 µm mesh nylon filter (EmSafe, Minitube, Germany). The COCs with at least 3 to 5 layers of cumulus cells attached were classified as compact (having a tight, complete compact cumulus with a distinct, smooth hillock), expanded (having a granular or expanded cumulus), corona radiata (having only corona radiata present). For IVM, different COCs groups were cultured for 26 h in 500 µl maturation medium in four-well plates (Scientific Plastic Labware, EuroClone, Italy) at 38.5 °C, in a humidified atmosphere of 5% CO2 in air. Maturation medium consisted of Dulbecco Modified Eagle Medium Nutrient Mixture F-12 (DMEM-F12, Gibco, Life Technologies, Italy) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; Gibco, Life Technologies, Italy), 50 ng/ml epidermal growth factor, 100 ng/ml insulin-like growth factor 1, 0.1 IU/mL porcine FSH-LH (Pluset, Calier, Italy).
At the end of the maturation period oocytes were denuded by incubating the oocytes for 1.5 min in a 0.25% (w/v) solution of trypsin in HSOF before transfer to HSOF (HEPES Synthetic Oviductal Fluid) supplemented with 10% FCS and repeated aspirations were conducted through a fine glass pipette. Denuded oocytes with a normal MII appearance, including an extruded first polar body (PB), were considered suitable for ICSI. Oocyte with a damaged oolemma were considered degenerate, while oocytes with an intact oolemma but no PB were considered immature.

2.2. Intracytoplasmic sperm injection and in vitro embryo culture
Frozen-thawed semen from a stallion of proven fertility was used. After thawing in a water bath at 37 °C for 30 sec, motile spermatozoa were separated on a Percoll discontinuous density gradient (45%-90%) and sperm pellet was rinsed in 4 ml calcium free Tyrode’s albumen lactate pyruvate (TALP) centrifuging at 400 g for 10 min before further re-suspension to a final concentration of 1 x 106/ml and diluted in SOF-IVF (SOF supplemented with 6 mg/ml fatty-acid-free BSA (FAF-BSA), modified Eagle’s medium (MEM) amino acids, 1 mg/ml heparin, 20 mM penicillamine, 1 mM epinephrine, and 10 mM hypothaurine) to a final concentration of 4 x 106 spermatozoa/ml. The sperm suspension was subsequently diluted 1:1 (v/v) with a 12% solution of polyvinylpyrrolidone (PVP) in PBS. Pipettes produced using a glass micropipette puller (Model P-87, Sutter Instruments, Novato, CA, USA) were used for holding oocytes and for sperm injection. ICSI was performed at 37 °C using a micromanipulator (Narishige Co. Ltd, Tokyo, Japan) equipped with a Piezo micropipette-driving unit (Prima Tech, Ibaraki, Japan) and mounted on an inverted microscope (Nikon TE 300: Nikon, Kawasaki, Japan). A motile sperm was immobilized by applying two or three piezo-pulses to its tail-midpiece region, and it was then aspirated into the tip of the injection needle. The oocyte for injection was immobilized using the holding pipette and orientated with its polar body at 06:00 or 12:00 h. The ICSI needle was then used to penetrate through the zona pellucida and oolemma at the 15:00 h position using the piezo-drilling motion, and the spermatozoon was released into the ooplasm. 
Following ICSI, oocytes were cultured in 20 µl droplets of SOF supplemented with MEM amino acids and 16 mg/ml FAF-BSA (SOF-IVC) under mineral oil at 38.5 °C in an atmosphere of 5% CO2, 7% O2, and 88% N2 for 60 h, before cleavage assessment. Cleaved embryos were further cultured until day 7.5 after ICSI, culture medium was refreshed every 3 days and on day 6 of IVC 5% FBS was added.
At the conclusion of culture (7.5 days), embryos were stained with 1 µg/mL bisbenzimide fluorescent dye (Hoechst 33342) in PBS (Phosphate Buffered Solution) for 30 min at room temperature, washed in PBS and observed using a fluorescent microscope (Nikon Eclipse E 400, Japan) to assess the number of nuclei. Embryos were classified as morulae if they contained more than 32 cells but did not have an organized outer rim of cells and as blastocysts if the embryo contained more than 64 cells and there was initiation of development of an outer presumptive trophoblast layer (Choi et al., 2004b). 
2.3. Statistical analysis
Data were analyzed using a Chi Square test (IBM SPSS Statistics 23, IBM Corporation, Milan, Italy). Significance was assessed for P<0.05.

3. Results
Experiment was performed in 14 replicates. A total of 611 oocytes were used. Overall maturation rate was 60.2%. Metaphase II, immature and degenerate oocyte classification rates were not different (P>0.05) among in vitro matured oocytes with a different COC morphology rate (Table 1). Cleavage rate was less for corona radiata COCs as compared to compact COCs (P<0.05), but embryo development after 7.5 days of culture was similar among groups (P>0.05) (Table 2).

4. Discussion
The ICSI procedure is becoming a common clinical procedure for use in horses. When collecting oocytes in vivo, many recovered oocytes are partially denuded of cumulus cells because of the collection technique. The results of this study confirm that oocytes with only corona radiata have the capacity of contributing to development of a blastocyst after fertilization and in vitro maturation with use of ICSI in horses. This is the first study in the horse specifically assessing the capacity of oocytes surrounded with only the corona radiata to develop until the blastocyst stage. Maturation and fertilization capacities of horse oocytes with expanded, compact and a partial cumulus cell layer recovered by using the aspiration or scraping technique, were analyzed only in one study (Dell’Aquila et al., 2001), but embryo development was not assessed. In most of the studies, horse oocytes are typically classified as having a compact or an expanded cumulus, so data on blastocyst production after ICSI are available only for these categories of COCs (Hinrichs et al., 2005; Matsukawa et al., 2007).
In the present study the overall maturation rate was 60.2% and there was no differences related to cumulus morphology. These findings are consistent with those in a previous study, observing that absence of the cumulus in itself does not appear to affect maturation rate, because when aspirated oocytes with a partial cumulus were used there was no significant reduction in embryo maturation rate (Dell’Aquila et al., 2001). It is not clear whether the lack of cumulus directly affects the developmental capacity of the oocyte or whether this morphology is a characteristic of oocyte degeneration (Hinrichs, 1991). Use of the aspiration technique of follicles resulted in a lesser oocyte recovery rate and greater prevalence of oocytes having only a partial cumulus than did use of follicle scraping to collect oocytes.  Furthermore, oocytes with a partial cumulus cell attachment have a lesser maturation rates if recovered by using the scraping than with use of the aspiration technique (Dell’Aquila et al., 2001).Furthermore, oocytes with a partial cumulus recovered using aspiration may be denuded due to the friction during the long and narrow passage in the needle or in the tubing after aspiration from the ovarian follicle, but these embryos can be derived from oocytes  collected from either healthy or atretic follicles and could have a compact, an expanded, or a partial cumulus layer at the time of collection (Dell’Aquila et al., 2001). 
In the present study, the cleavage rate after ICSI of embryos derived from using compact and expanded COCs was similar and these findings are similar to those from previous studies (Hinrichs et al., 2002, Choi et al., 2004a), while embryos derived from use of COCs with only corona radiata had a lesser cleavage rate as compared with embryos derived from COCs with compact cumulus cells. Dell’Aquila et al. (2001) reported that that here was a typical fertilization rate that was similar for oocytes surrounded by cumulus cells that were compact, expanded and that were only partially surrounding the oocytes collected by aspiration, but cleavage rate was not assessed in the previous study. Considering that in the present study the rate of embryo development at day 7.5 was similar among groups but the cleavage rate was less for embryos derived from oocytes with only a corona radiata present, it could be hypothesized that the number of cleaved embryos with normal nuclei was less for the other groups. In fact, it was observed that the number of horse embryos with normal nuclei at 96 h after ICSI was similar for expanded and compact COCs matured for 24 h (Hinrichs et al., 2002). In a subsequent study by the same research group it was observed that there was a lower number of normal nuclei in embryos derived from oocytes with compact COCs than expanded COCs after 24 h of culturing (Choi et al., 2004a). Such differences can also be related to the variability in the batches of ovaries collected at the slaughterhouse.
Focusing on embryo production, in the present study there were similar results independent of cumulus morphology of the oocytes used for ICSI. Also Hinrichs et al. (2005) observed that, when compared within treatment group, compact and expanded oocytes had similar rates of blastocyst formation after ICSI. Matsukawa et al. (2007), however, reported that there was a greater blastocyst development rate  when embryos were derived from oocytes with an expanded as compared with compact cumulus. When observing the total rate of embryos produced at 7.5 days after ICSI, data from the present study are similar to those of Matsukawa et al. (2007) only when oocytes with compact COCs (7.7% blastocyst rate) were used, but less if compared to the rates reported by Hinrichs et al. (2005) where there was a range of 16% to 42% for embryos derived from COCs matured for 24, 30 or 36 h. Different factors affect in vitro embryo production in horses because oocyte maturation, ICSI and embryo culture are complex systems for which both costly equipment and great personnel expertise is needed to effectively conduct the procedures. The finding that maturation rate, maturation kinetics, and oocyte developmental competence vary with initial cumulus morphology (which in itself may depend upon the criteria used for classification), time of collection of oocytes from the ovary, and duration of maturation make it difficult to compare maturation and developmental results among laboratories, or to interpret studies that examine the effects of specific technical factors, such as composition of maturation media, on developmental competence (Hinrichs, 2010). Even though, all COCs were matured for 26 h in the present study, and it is likely that a longer maturation period could improve embryo yield also in our laboratory. In fact, in other studies a longer period was used for culture assessments, such as 30 h for compact and 28 h for expanded oocytes (Matsukawa et al., 2007) or 36 h for compact and 30 h for expanded oocytes to obtain the most desirable results from both COCs types (Hinrichs et al., 2005). Another factor that could improve blastocyst production in the laboratory where the present study was conducted might be using medium with large amounts of glucose for in vitro culture, such as DMEM-F12 (Hinrichs et al., 2005). Further studies are needed to optimize blastocyst production using similar conditions as those utilized in the present study.

5. Conclusions
In conclusion, in the present study even though embryos derived from oocytes with only corona radiata cells attached had a lesser cleavage rate after ICSI , thee developmental capacity was similar to embryos derived from oocytes with compact and expanded cumulus cells which indicates that these oocytes can be an useful source for in vitro embryo production in the horse.
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Table 1 
In vitro maturation rates of embryos derived from horse oocytes with different cumulus-oocyte-complex (COC) morphology
	COC group
	N° oocytes
	MII (%)
	Imm (%)
	Deg (%)

	Expanded
	175
	108 (61.7)
	8 (4.6)
	59 (33.7)

	Compact
	264
	152 (57.6)
	19 (7.2)
	95 (36.0)

	Corona radiata
	172
	108 (59.3)
	13(7.1)
	62 (34.1)


MII = metaphase II, presenting an extruded polar body; Imm= immature; Deg = degenerate 


Table 2 
Cleavage and embryo development at 7.5 days after ICSI of embryos derived from using in vitro matured horse oocytes with different cumulus-oocyte-complex (COC) morphology
	COC group
	N° injected oocytes 
	Cleavage (%)
	Morulae (%)
	Blastocysts (%)
	Morulae+blastocysts (%)

	Expanded
	92
	50 (54.3)a,b
	8/92 (8.7)
	3/92 (3.3)
	11/92 (12.0)

	Compact
	135
	75 (55.6)a
	7/135 (5.1)
	5/7135 (3.7)
	12/135 (8.9)

	Corona radiata
	95
	40 (42.1)b
	10/95 (10.5)
	4/40 (4.2)
	14/95 (14.7)


a,bDifferent superscript letters within the same column differed at P<0.05
9

