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Ovum Pick Up and In Vitro Production in the bovine after use in several generations: A 2005 status A.M. van Wagtendonk-de Leeuw * Livestock Improvement Corporation, Private Bag 3016, Hamilton, New Zealand



Abstract The first In Vitro Produced (IVP) calf was born in 1981 and the non-surgical Ovum Pick Up (OPU) technique for the bovine was adapted from the human in 1987. Since then, considerable research has been aimed at improving both technologies in the bovine. Both OPU and IVP can now be seen as mature technologies. It can be estimated that more than 200,000 IVP calves have been born world wide to date, and when the two technologies are combined they are capable of producing over 50 calves per donor cow per year, albeit with a large variation between donors. Not many new breakthroughs are expected for OPU. For IVP however, automation and miniaturization as well as a greater understanding of the embryo through the application of gene based technologies such as micro-arrays, may provide an in vitro environment that is more in vivolike than traditional micro drop/well systems. This improved environment should result in higher embryo developmental rates as well as improved quality and welfare of subsequent offspring. The application of OPU/IVP has progressed from treating infertile high genetic multiple ovulation and embryo transfer (MOET) cows in commercial situations to enhancing breeding scheme designs. With the bovine genome being rapidly sequenced and bovine genes for traits of economic interest becoming available in the coming years, OPU/IVP will prove invaluable in rapidly multiplying rare genes or Quantitative Trait Loci (QTL) of high value. In due course, it is anticipated that Marker Assisted Selection or Gene Assisted Selection (MAS/GAS) schemes will be more widely implemented. In addition, OPU, and particularly IVP, provide the basis for more advanced technologies such as cloning and transgenics.



* Present address: Fonterra Co-operative Group Ltd., Dairy Farm Road, Private Bag 11029, Palmerston North, New Zealand. Tel.: +64 7 856 0813, +64 6 350 4656; fax: +64 7 856 0640, +64 6 350 4676. E-mail address: [email protected]. 0093-691X/$ – see front matter # 2005 Elsevier Inc. All rights reserved. doi:10.1016/j.theriogenology.2005.09.007
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This paper is dedicated to celebrate and recognize the significant contributions made by Theo Kruip (1939–2003) to the wide area of bovine OPU and IVP. # 2005 Elsevier Inc. All rights reserved. Keywords: In Vitro Produced; Ovum Pick Up; Breeding scheme; Bovine



1. Introduction After its introduction in the 1950s, Artificial Insemination (AI) became more and more popular in the 1960–1970s, once the advantages of the technology became clear. Bull stations and herd-based systems for genetic evaluation were established. Prevention of venereal diseases and more importantly, the possibility to generate multiple offspring per bull in a short time frame allowed genetic evaluation of bulls through the performance of their daughters and the first breeding schemes were developed. Once genetically superior bulls were identified and selected, AI contributed once more to the rapid dissemination of the superior genes of bulls into the national and later also international cow populations. In the early 1970s, superovulation or multiple ovulation and embryo transfer (MOET) was developed, which involves administration of hormones to donor cows to induce multiple rather than a natural single ovulation. Ovulated oocytes are fertilized after routine AI and zygotes are allowed to develop into embryos and migrate through the oviduct into the uterus. At Day 7 after insemination, the embryos are in the uterine horns and can be flushed from the uterus and recovered from the flushing fluid. Initially all embryo recoveries and transfers were performed surgically although by the late 1970s non-surgical techniques for both embryo collection and transfer were developed and have become mainstream procedures. Some advantages of MOET include higher selection intensity on the female side in breeding schemes (fewer donor cows could produce more offspring or bulls per time unit, cow to bull selection pathway) and increased selection accuracy (more full and half sib information). However, MOET results still vary highly among donor cows and MOET is not effective in generating multiple offspring within a limited time span for all donor cows. Following the birth in 1978 of Louise Brown, the first IVF baby [1], research efforts into developing similar techniques for the bovine increased. Initially, mature human oocytes were recovered percutaneously through the abdomen under local anesthesia in the late 1970s to early 1980s [2]. Similarly, mature oocytes were surgically recovered from the ovaries or oviducts of hormone-stimulated cows and subsequently were fertilized and cultured in vitro before transfer and resulted in 1981 in the birth of Virgil, the first IVF calf [3]. Subsequently, ultrasound-guided transvaginal oocyte aspiration was developed in the human [4,5] and then adopted in the bovine in 1987 in Denmark [6], to collect oocytes transcutaneously after hormonal pre-stimulation of heifers, and at the University of Utrecht, where Theo Kruip was part of the team [7], to collect them transvaginally from cows without hormonal stimulation. The current technology of OPU/IVP aims at harvesting (immature) oocytes from preselected genetically superior living cows by ultrasound guided transvaginal aspiration, followed by in vitro maturation, fertilization and culture until embryos have reached the morula or blastocyst stage and can be transferred
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non-surgically into recipients or frozen. OPU/IVP has distinct advantages and disadvantages compared to MOET, which will be addressed below. This paper will address the major breakthroughs in the OPU and IVP technologies in the past 15 years, the current state of the art and expected future improvements. Secondly, the efficiency, efficacy and limitations of OPU and IVP will be reviewed and finally the past, current and future applications of OPU/IVP will be described.



2. OPU technology, history, present and future After the initial development of the OPU technique [8], many studies were undertaken to investigate incremental improvements. They can be divided into technical and biological factors. Technical factors that were investigated included needle geometry and vacuum pressure [9–11]. Results have improved the overall quality of recovered oocytes by reducing the number of nude oocytes (which fail to produce any embryos) but have not significantly improved the total number of oocytes harvested per session. Nonetheless, the most significant technical improvement has been the substitution of the original 50 cm stainless steel needle with short, disposable, standard hypodermic needles that are sterile and easily replaceable between different donor cows, thus reducing the risk of contamination in terms of pathogen transfer from one cow to the next [12]. An additional advantage is that the disposable needles are cheap, do not need cleaning, do not dull easily, are easy to manipulate and have a small dead volume thereby minimizing the time that the cumulusoocyte-complexes (COCs) are exposed to an unfavorable environment. In addition, the small dead volume allows aspiration of follicular fluid from individual follicles for research purposes. Biological factors investigated include the donor animal herself, hormonal prestimulation, timing and frequency of OPU and the experience of the OPU operator(s). As with MOET embryo yield, the donor cow explains approximately 20% of the variation observed in terms of OPU oocyte and embryo yield ([13]; personal observation from statistical analyses throughout the years). Aside from selecting animals for OPU/IVP performance, which is often a luxury we cannot permit because of genetic traits of economic importance, it has proven hard to decrease the between-donor variation. Theo Kruip dedicated significant efforts into investigating the relationship between follicle and oocyte quality as well as factors impacting oocytes (pre)maturation [14–17], and thus progressed the understanding of optimal OPU schemes and in vitro maturation systems. The most significant improvement with respect to improved oocyte yield and quality and thus subsequent embryo production was hormonal pre-stimulation prior to OPU [18] using gonadotropins. Oocyte competence was increased when the period between p-FSH administration and OPU was extended for 48 h, so-called ‘coasting’ of the follicular wave, to provide a more favorable follicular microenvironment for the oocytes to complete final maturation [19–23]. The disadvantage of using pre-stimulation is that it involves the reintroduction of hormones whereas the lack of requirements for hormones in the case of OPU has been generally considered an advantage compared to MOET. In the case of OPU,
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there is no need for multiple injections and extra animal handling (an advantage from a welfare point of view) and no risk of hyperstimulation syndrome as may occur in stimulated humans. However, there is no guarantee that the animal’s physiology is not upset even by repeated twice a week non-stimulated OPU because the cow does not cycle, does not form a corpus luteum, and does not produce high levels of estrogen as she would normally. In addition, although hormonal pre-stimulation schemes may result in higher embryo yields per cow per OPU collection, the embryo yields per unit time per cow may not be higher, since hormonal pre-stimulation can only be done once a week [24]. However, combining a stimulated OPU session with a non-stimulated in the same week will result in higher embryo yield per unit time per cow (unpublished results of AgResearch/LIC trials. Anne Pugh, personal communication). OPU without hormonal pre-stimulation is routinely done twice a week. Twice a week OPU can be done for an extended period of time without any long-term detrimental effects on the donor cow’s fertility [25]. Twice a week OPU will result in a higher number of embryos produced per cow per time unit compared to once a week OPU and best results are obtained when a 3 and 4-day or 2 and 5-day interval is maintained between OPU sessions [24,26]. Since a dominant follicle emerges approximately 3 days after OPU, the 2 and 3day intervals particularly will prevent a dominant follicle from impacting negatively on developmental competence of oocytes from smaller follicles. This was confirmed by Matchovka [27] who showed that utilization of the growth phase of the first follicular wave before dominant follicle selection in cattle improved OPU/IVP efficiency. It has been suggested [24] that three times a week OPU schemes may prove even more productive from an embryo yield per cow per unit time point of view, although cost benefit analyses will have to show if such a scheme would be cost effective, and animal welfare implications of such a regime would request careful evaluation. Last but not least the experience of the operator (in a one-person system) or the operator and the assistant (in a two-person system) has significant effect on number and quality of oocytes harvested [24] and to some extent (additional) training in combination with selection of operators and/or assistants can help improve results. Current oocyte yield per OPU session in a twice-weekly scheme without hormonal prestimulation vary significantly and repetitively between donor cows, ranging from 0 to 26 oocytes per collection and from 0.5 to 15 per cow with usually 20% of oocytes nude or degenerated [28]. OPU can be considered a mature technique and no major improvements should be expected in the technology and its results in the near future.



3. IVP technology, past, present and future The first IVP calf was born in 1981 [3] from oocytes recovered surgically from stimulated cows. The embryo was transferred at the 4-cell stage because reliable culture systems for animal embryos were not widely available with the major threshold in those early days being the 8–16 cell stage block in embryonic development. This was overcome for the first time in 1972 [29] by using Synthectic Oviductal Fluid (SOF) and a gas atmosphere with low oxygen tension (5% CO2, 5% O2 and 90% N2). In the 1980s and 1990s, many empirical attempts (trial and error) were undertaken to increase the efficiency
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of the IVP technique, reflected by the high number of IETS abstracts in this area in the 1990s, with no major breakthroughs reported. Many labs simply improved efficiencies by gaining experience, applying good quality control (testing new batches of media, disposables, oil, etc., before using them operationally) and testing bulls before routinely using them for in vitro fertilization. Theo Kruip investigated the relationship between the follicle and its oocyte intensively [16,17]. Most systems used serum and co-culture in the early 1990s and these were identified as part of the cause of the Large Offspring Syndrome (LOS; [30–36]). Although identified by many, Theo Kruip was the first to perform a large-scale worldwide inventory on LOS. LOS is characterized by more and irregular abortions, longer gestation length, higher birth weight, more dystocia, skewed sex ratio favorable to male calves, higher level of perinatal mortality and congenital malformations. Although only some offspring seem to be affected, the majority appear physically normal. Subsequent research re-discovered the original SOF [29], which as a semi-defined medium does not include the use of serum nor require co-culture with somatic cells. SOF is now part of most routine bovine IVP systems with/without serum. Although smaller initial studies have shown promising improvements in reducing LOS by substituting serum-co-culture systems by SOF in cattle [34] and sheep [37], SOF has not been conclusively proven to solve the entire LOS problem. E.g. Hasler did not find a detectable effect of serum restriction during the first 72 h of culture in B2BRL medium on embryo development and viability nor on normality of pregnancies and calves [36]. Jacobsen et al. [38] and Tricoir et al. [39] also reported no reduction in birth weight and gestation length in cattle after removal of serum and co-culture cells from SOF, but as Hasler [36] suggested, the small number of calves per treatment in those studies may contribute to the lack of significant differences between treatments. Obviously, the OPU/ IVP technology has still some animal welfare issues to overcome and Theo Kruip has signaled them at several points in his career [32,39,40]. IVP can be considered to be a mature technology. On average, 20–30% of OPU oocytes develop into transferable embryos at Day 7. Half of those embryos are considered to be freezable. IVP embryos differ morphologically and metabolically from MOET embryos [34,41]. Pregnancy rates typically are around 50% for fresh and around 40% for frozen embryos (highly variable results between IVP programs, depending on what selection pressure has been applied on embryos to be frozen) and calving rates are 5–10% lower than pregnancy rates [28,34,36]. IVP embryos tend to show more and irregular returns and abortions compared to MOET embryos [34]. Although some labs still use conventional freezing methods successfully [28,42] vitrification seems to be the cryopreservation methodology of choice, since it overcomes the increased chilling sensitivity of IVP embryos (compared to MOET embryos) more effectively [42–46]. One aspect of IVP that may still change in the future is automation and miniaturization of the IVP process, by better mimicking in vivo environment than achieved by conventional microdrops/well systems and reducing the damage/influence of handling, e.g., outside the incubator environment and in light. Promising first results have started to emerge from those studies in mice and pigs using ‘microfluidics’ techniques [47]. In addition, the application of gene-based techniques such as microarrays, mouse transgenics and mouse gene knockout models to embryo development will increase our knowledge about gene transcription and gene expression during early in vitro development of embryos [48] and
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will help understand and prevent the incorrect metabolic setting of embryos during their early days in vitro [49,50] and its effect on short and long-term calf health and welfare. Walker et al. [31] suggests that preferential allocation of embryonic cells to the trophectoderm, resulting in a larger than normal placenta and subsequent aberrant fetal growth may be due to environmentally induced changes in the regulation of early gene expression. It has been shown that imprinting errors during early embryonic development [35,51] may contribute to this. Longer-term effects of IVP on adult cow health have not been addressed to date in cattle. Van Wagtendonk-de Leeuw [34] reported no impact of IVP on semen production of 1-yearold IVP bulls or embryo production results in 1-year-old females in a highly managed situation. Cattle, in addition to pigs and mice, could be a good model for humans to study both short and longer-term problems and root causes on health and welfare of offspring generated by different reproductive technologies.



4. OPU/IVP, relative efficiency and efficacy Some advantages of OPU/IVP over MOET are that multiple offspring for nearly every donor cow can be produced within a limited time span, the number of offspring per unit time is significantly larger and the technology is less dependent on the reproductive status of the donor cow. Oocytes can be harvested from juvenile animals (surgically or nonsurgically) and from pregnant animals in the first 3 months of pregnancy. In addition, several bulls can be used for IVF on oocytes from one collection, rather than one bull as in MOET (without the need to do parentage testing) thus maximizing genetic gain and minimizing inbreeding. IVP however, requires a more sophisticated and expensive laboratory setting compared to MOET. However, the costs per OPU/IVP embryo are approximately twice those of MOET embryos (Holland Genetics, The Netherlands; Animal Breeding Services (ABS), New Zealand; personal communications). Although OPU/IVP has clear advantages over MOET and AI in terms of number of offspring that can be produced per cow per time span (on average for AI 1 calf per year, for MOET 20–25 calves per year, and for OPU/IVP 80–100 calves per year), Table 1 shows that efficiency of reproductive technologies in terms of number of offspring per 100



Table 1 Relative efficiencies (per 100 immature oocytes) of different reproductive technologies ([32,34], ABS unpublished data) Technology



AI



MOET



OPU/IVP



Cloning/ transgenesis



Fertilized/zygotes Viable embryo at D7 Number of pregnancies D60 Number of live calves on the ground 1 week after birth Estimated birth weight % Perinatal mortality



95 90 65 55



70 60 32 28



60 25 14 11



20 30 1



Normal Normal



+ +



++ ++



+++ +++
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immature oocytes declines significantly with increased levels of artifice of the technologies (from AI towards cloning/transgenesis). At the same time, problems associated with the calves in terms of birth weight, congenital abnormalities and perinatal mortality increases. This relative low efficiency in production of healthy calves together with the relative high cost of OPU/IVP compared to MOET in cattle make its use justifiable mainly for breeding companies and breeders, where the benefits in terms of semen sales from resulting high genetic bulls may outweigh the costs.



5. OPU/IVP technology applications, now and future Production of embryos through MOET or OPU/IVP and subsequent embryo cryopreservation has resulted in transport of (top) genetics throughout the world and thus globalization of breeding programs. Transportation of embryos is easier, cheaper and allows for improved risk management of disease transmission compared to transportation of live animals. Thibier [52] has summarized the regulations that are currently in place in the Animal Health code of the IOE, as well as the procedures described in the IETS operational manual, and now incorporated in the Animal Health Code of OIE. When adhered to, those regulations and procedures assist in minimizing risks of disease transmission between animals and countries. Current research is focused on developing and evaluating animal-product free culture media for embryo production. Worldwide, the numbers of bovine IVP embryos produced and transferred are still increasing, having reached over 100,000 in 2003 (with significant differences between countries, M. Thibier Data Retrieval Committee annual reports; cited in Embryo Transfer Newsletters, 1996–2003). The key economic drivers to apply reproductive technologies are different in different parts of the world:  In the mid 1990s, several breeding companies in Europe and North America, driven by high milk and semen price, started to use OPU/IVP on a large scale in their breeding schemes. These schemes use a mix of fresh and frozen embryos to maximize efficiency of recipient use. Because of the change in economic setting with milk prices in Europe under pressure and, through increasing competition between AI companies, semen prices under pressure as well, the high cost of the technology, the reduced expectations of an improvement in results with an accompanying reduction in costs and the shift in use of female reproductive technologies in breeding schemes (see below), those programs will tend to decrease the use of OPU/IVP in the future.  In Japan, large numbers of slaughterhouse IVP embryos were produced in the 1990s from Japanese black cattle driven by the extremely high meat price and transferred (mainly) fresh. Nowadays, cloning is applied as well to generate these high value animals.  Recently, China has started importing large amounts of frozen slaughterhouse IVP embryos from overseas ‘biosecure’ markets in order to grow its domestic dairy cow population. China is generally seen as one of the fastest growing dairy markets in the next 10 years.
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 In South America, specifically Brazil, which is now the largest meat exporting country worldwide, the cattle population is still growing and currently sits at approximately 180 million animals. To breed all this stock, high numbers of bulls are required and generated more and more by OPU/IVP. Bos indicus cattle have a larger number of follicles per follicular wave, and are more sensitive to FSH stimulation [53]. Large herd owners have specialized in producing recipients for large OPU/IVP programs and receive premium prices for crossbred females. The Nelore breed gains popularity, especially amongst affluent Brazilians and high prices are paid for top females. (Bo, personal communication). Most of the OPU/IVP embryos are transferred fresh to maximize pregnancy rates. Female reproductive technologies play a significant role in enhancing genetic gain in nucleus breeding schemes as well as reducing the lag between the breeding population (the nucleus) and the commercial production population in (dairy) cattle [54]. First commercial applications of OPU/IVP were to produce embryos and calves from high genetic cows that do not respond to superstimulation with hormones as part of MOET, that have blocked oviducts; or to produce offspring from pregnant and juvenile animals. Obviously, there is the associated risk of disseminating infertility haplotypes into the next generation by overcoming fertility problems with OPU/IVP. In addition, the main advantage of OPU/IVP over MOET is the much more consistent and higher production of offspring, in spite of the variation already mentioned, thus greatly enhancing the planning and efficacy of breeding schemes [54,55]. Application of OPU/IVP on juvenile animals (2–3 months of age) compared to mature animals (over 14 months of age) reduces the generation interval, but is counteracted by a decrease in selection accuracy since the information on parent performance is not yet available at the time of selection ([54]; Harris, unpublished results). From a technical point of view, juvenile oocytes are generally harvested using more invasive procedures than adult OPU with related animal welfare issues. Moreover, the embryo production rate from juvenile oocytes is significantly impaired compared to that from adult derived oocytes [56], making juvenile OPU/IVP even less attractive, and explains why it is not often used. In the last decade, the negative long-term effects of inbreeding have become more apparent, driving breeding schemes away from increasing selection intensity and sib testing back to progeny testing and thus maximizing genetic gain while restricting inbreeding. Van Arendonk [54] stated that future optimum breeding schemes can be characterized by decreased importance of sib information, increased selection accuracy at the expense of selection intensity (to restrict inbreeding) and a factorial mating strategy. The improved selection accuracy is likely to come from DNA markers for traits of economic interest (see below). In addition to enhancing genetic gain in (open) nucleus breeding schemes in cattle, female reproductive technologies reduce the lag between nucleus breeding population and the commercial production population compared to AI. Instead of inseminating commercial cows with semen from high-merit males, embryos of high genetic merit dams and sires from the nucleus could be used. It should be mentioned that this is a onceonly genetic lift and that the original lag will be restored as soon as embryo transfer with embryos from the nucleus is stopped [54]. Only breeders are likely to purchase expensive
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embryos, for reasons mentioned earlier. In addition, breeding companies tend to protect their competitive position by no longer selling embryos directly from their nucleus schemes to third parties. With the bovine genome being sequenced and bovine genes for traits of economic interest becoming available in the next few years, OPU/IVP will prove invaluable in rapidly multiplying rare genes or Quantitative Trait Loci (QTL) of high value. This will require (cost) effective and efficient methods for embryo biopsying and genotyping that allow Marker Assisted Selection or Gene Assisted Selection (MAS/GAS) at the embryo level [57]. Although those technologies can already be applied for single qualitative gene tests such as embryo sex and several lethal genes (BLAD, CVM) more work is needed to develop techniques that allow efficient and effective embryo selection based on sets of genetic markers coding for quantitative traits. The limited amount of DNA from an embryo biopsy provides the main challenge. OPU/IVP will be used for breeding of bulls with the desired genes/QTL that code for animal productivity traits such as health and fertility and more importantly for cow herd population in the case of genes for milk composition traits. Juvenile OPU/IVP will further accelerate gene dissemination as will sexed semen and (embryo) cloning. In due time, possibly a decade from now, it is anticipated that Marker Assisted Selection or Gene Assisted Selection schemes, in combination with sib testing, may (partially) replace conventional progeny testing schemes and provide opportunities for customizing animals to different markets. MAS/GAS is already applied at several places in the world. MAS/GAS can be applied to either reduce the size of the progeny testing scheme and maintain the same level of genetic gain or to increase genetic gain at the same level of progeny testing [58]. It is recognized that OPU, and particularly IVP, provide the basis for more advanced technologies such as cloning and transgenics, which are believed to have limited scope due to low efficiencies and animal welfare and public perception issues. This limited scope is likely to remain, until the first convincing examples of positive uses are presented, possibly first from areas outside the farming industry such as the medical or pharmaceutical industry.



6. Conclusion OPU and IVP can both be considered mature technologies by now. Although there will be a shift in application of OPU/IVP over the next years from increasing selection intensity to rapid and smart gene dissemination, this technology has and will continue to make a significant contribution to the (dairy) cattle industry. The main hurdles to overcome for OPU/IVP are efficiency and thus cost as well as the abnormality of pregnancies and calves. If efficiency were doubled, cost per embryo obviously halves, which would make OPU/ IVP economically more comparable to MOET. Future research should be directed into root causes of the LOS as well as technologies that will make MAS/GAS at the embryo level efficient and effective. Undoubtedly, Theo Kruip would have had an opinion on and great enthusiasm for taking the OPU/IVP technology further into the future. We will badly miss his stimulating and critical questions.
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