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ABSTRACT

During the past 2 decades, intracytoplasmic sperm injection (ICSI) has become a routine
technique for clinical applications in humans. The widespread use among domestic
species, however, has been limited to horses. In horses, ICSI is used to reproduce elite
individuals and, as well as in humans, to mitigate or even circumvent reproductive
barriers. Failures in superovulation and conventional in vitro fertilization (IVF) have
been the main reason for the use of this technology in horses. In pigs, ICSI has been
successfully used to produce transgenic animals. A series of factors have resulted in
implementation of ICSI in pigs: need to use zygotes for numerous technologies,
complexity of collecting zygotes surgically, and problems of polyspermy when there is
utilization of IVF procedures. Nevertheless, there have been very few additional reports
confirming positive results with the use of ICSI in pigs. The ICSI procedure could be
important for use in cattle of high genetic value by maximizing semen utilization, as well
as for utilization of spermatozoa from prepubertal bulls, by providing the opportunity to
shorten the generation interval. When attempting to utilize 1CSI in ruminants, there are
some biological limitations that need to be overcome if this procedure is going to be
efficacious for making genetic improvements in livestock in the future. In this review
article, there is an overview and projection of the methodologies and applications that are

envisioned for ICSI utilization in these species in the future.
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1. Introduction



Intracytoplasmic sperm injection (ICSI) is a micromanipulation technique that
allows the injection of one spermatozoon into the ooplasm of a metaphase Il oocyte
(Palermo et al., 1992). In humans, ICSI has been utilized for more than a quarter of a
century and has become one of the most widely used assisted reproductive technologies
for reproduction in humans. The widespread use of ICSI is the result of the capacity for
this procedure to be utilized in addressing many reproductive problems, such as lack of
sperm motility and globozoospermia, which are mainly related to male infertility
(Palermo et al., 1995, 1999; Wallach et al., 1996). Furthermore, ICSI has been utilized to
overcome some problems when there is female infertility, such as less-than-optimal
quality oocytes and/or when it is only possible to collect a small number of oocytes.
Other reproductive problems can be addressed, by utilizing the ICSI procedures, such as
premature exocytosis of cortical granules that occurs when utilizing cryopreserved
oocytes which have hardening of the zona as a result of utilizing this technique for
oocyte preservation (Porcu et al., 1997) and perturbations of cortical granule exocytosis
that can result when aged oocytes are used when conducting in vitro fertilization
procedures leading to polyspermy or fertilization failure (Schalkoff et al., 1989, Vincent
et al.,1990).

In addition, results of several reports indicate that with the utilization of ICSI there is
a reduction in the transmission of diseases such as hepatitis B virus (HBV), hepatitis C
virus (HCV), and human immunodeficiency virus (HIV), among others (reviewed by
Palermo et al., 2017). The use of this technique has also been extended to domestic and
non-domesticated species, (reviewed by Salamone et al., 2017; Unnikrishnan et al.,
2021). Similar to humans, ICSI is an efficacious technique for addressing reproductive
problems in horses and mainly to reproduce genetically and/or phenotypically elite
individuals. In horses, failures when imposing techniques to induce superovulation and
in conventional IVF have been the impetus for the use of ICSI. In cattle, due to the
inherent biological characteristics of the sperm, when there is utilization of ICSI, there
are associated failures of chromatin decondensation and oocyte activation. Regardless of
these issues, increasing the efficacy of ICSI techniques in cattle could facilitate the use
this methodology to decrease the generation interval. In pigs, there is the use of ICSI
because zygotes are needed for genetic modification, as well as because of the
complexity of collecting zygotes surgically or the frequent polyspermy problems when

using IVF procedures (reviewed by Coy and Romar 2002). For this reason, the focus of
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this review article is on analyzing the application of ICSI in livestock species, identifying
biological limitations and assessing potential improvements for conducting this

technique.
1.1.General technique overview

The ICSI technique is performed using different procedural regimens and subtle
variations in utilization among laboratories (Choi et al., 2011; Rodriguez et al., 2019;
Lazzari et al., 2020). To perform ICSI, it is essential to use an inverted microscope with a
dual-arm micromanipulation system. One of the arms is used for the holding pipette and

the other for a beveled and spiked tip injection pipette.

Because sperm size varies among species, injection pipettes of different inner
diameters are required, which are usually 9 um inner diameter pipettes for bulls and pigs
and 7 pm for horses. This procedure is typically performed by using the upturned lid of a
150-mm petri dish with 50-uL droplets of oocyte-holding media, frequently Hepes-
buffered Tyrode’s medium containing albumin, lactate and pyruvate (TALP-H, Bavister
et al., 1977), under mineral oil. Spermatozoa must be placed in another 3-uL droplet of
polyvinylpyrrolidone (PVP), as the considerable viscosity of PVP results in a reduction
of sperm motility (Hyakutake et al., 2015). The spermatozoon tail is cut, pushing it
against the petri dish with the microinjection pipette, to immobilize the gamete. The
spermatozoon is subsequently aspirated by the tail keeping the head close to the tip. The
pipette is moved into the TALP-H droplet containing the denuded MII oocytes attached
to the holding pipette. Both pipettes are placed in aligned opposite sides, and the first
polar body must be in the 6 or 12 o’clock position to avoid the spindle area during the
time when spermatozoon injection is occurring. Firstly, the injection pipette is pressed
against the zona pellucida and subsequently through the oolemma. A subtle aspiration of
the ooplasm is necessary to perforate the plasma membrane, producing a change in
resistance that rapidly increases the speed and the entry of the ooplasm material into the
injection pipette. During this time, the spermatozoon is released into the cytoplasm. The
ICSI pipette is gently removed from the ooplasm. In large species, presumptive zygotes
are cultured in vitro to the blastocyst stage for subsequently conducting non-surgical

embryo transfer.



In previous reports there is a description of the surgical transfer of presumptive ICSI-
zygotes into the mare (Cochran et al., 1998, McKinnon et al., 2000, Galli et al., 2002;
Carnevale et al., 2004) and into the sheep (Lazzari et al., 2000) oviduct as a common
practice for the development to the blastocyst stage. Recent improvements in the in vitro
culture conditions, however, have resulted in this practice being unnecessary (Hinrichs et
al.,, 2005; Choi et al., 2006; Stout, 2020, Lazzari, 2020). Furthermore, there are
disadvantages of surgical embryo transfer such as the complexity in conducting the
procedure, economic costs, and the detrimental effects on animal welfare (Stout et al.,
2006).

1.2. Use of the piezo drill for ICSI

The ICSI technique can also be performed using the piezo drill (PD) system. With this
technique, a blunt injection micropipette with piezo-driven micro-vibration capacity is
used to penetrate the zona pellucida and rupture the plasma membrane (Kimura et al.,
1995), resulting in the procedure being easier to conduct. Based on results in some
studies this is a more efficacious procedure than other approaches for conducting the
ICSI procedures (Huang et al., 1996, Wei and Fukui, 2002; Choi et al., 2002; Lazzari et
al., 2002; Yoshida and Perry, 2007). This could be extremely useful in some species,
such as cattle, in which plasma membranes are a greater resistance barrier to the
microinjection pipette, as well as in sheep oocytes, which are more sensitive to
micromanipulation with there being greater lysis rates after sperm injection (Salamone et
al., 2017). It has been suggested that utilization of the PD device could cause sperm
membrane integrity disruption with the subsequent release of the equine isoform of
phospholipase C (PLCg), a sperm protein that induces oocyte activation (Yanagida et al.,
2001; Morozumi et al., 2006). The lack of the integrity of the plasma membrane after
immobilization with the PD was evident when there was staining with membrane-
impermeable compounds in human and pig sperm. Furthermore, in sheep, 46% of sperm
had acrosomal disruption when there was use of a PD, facilitating embryo development
(Anzalone et al., 2016). There is breakdown of the acrosomal membrane before ICSI is
performed for oocyte fertilization and embryonic development in several species
(Kimura and Yanagimachi, 1995; Morozumi et al., 2006; Seita et al., 2009; Zambrano et
al., 2016). In humans, results from some studies indicated use of the PD led to an
improvement in the formation of pronuclei (PN) (Hiraoka et al., 2015) and there were



resulting greater pregnancy or live birth rates (Yanagida et al.,1998; Takeuchi et al.,
2001). The equipment with piezo-devices included is expensive, and effective utilization
requires training. The performance of the PD technique is with greater efficacy when
liquid mercury is used in the pipette tip; however, this is an environmental pollutant and
is neurotoxic. Fluorinert, a perfluorinated oil, has been used to replace the mercury

(Smits et al., 2018), however, this compound is also a toxic and environmental pollutant.

In horses, the simple sperm injection into a matured oocyte results in activation and
development of the embryo (Dell’Aquila et al., 2001; Tremoleda et al., 2003; Lewis et
al., 2016). In fact, the PLCg¢ has the greatest activity among the mammalian species that
have been evaluated (Sato et al., 2013). While with utilization of ICSI procedures there is
production of the same proportion of blastocysts with or without utilization of a PD,
there is greater embryonic quality in terms of cell number and nuclear fragmentation

rates in blastocysts produced when using PD ICSI procedures (Salgado et al., 2018).

Although the precise effect resulting from use of the PD remains to be determined, the
use of this device seems to allow for a greater release of PLCg in the ooplasm, justifying
utilization in several laboratories and potentially explaining the repeatability when ICSI
procedures are conducted in horses (Galli et al., 2002; Choi et al., 2003; Foss et al.,
2013). The localization and relatively greater activity of PLCg in horses may explain, at
least in part, the repeatability of results when ICSI procedures are conducted using the
(Galli et al., 2002; Choi et al., 2003; Bedford-Guaus et al., 2008, 2011; Foss et al., 2013,
Sato et al., 2013). In cattle, the efficacy of ICSI is markably less than in horses (Katayose
et al., 1999; Horiuchi et al., 2002; Devito et al., 2010); nonetheless, it is important to
highlight that the PD was used for production of most of the ICSI calves (Horiuchi et al.,
2002; Galli et al., 2003, Oikawa et al., 2005).

In pigs, the utilization of the PD was associated with greater alteration of the sperm
plasma membrane, and the rate of formation pronuclei was markedly greater when the
PD was used than with utilization of conventional ICSI (Katayama et al., 2006). The
results from this study also indicated that microinjected matured oocytes had the capacity
for full-term development when the PD was used to conduct ICSI without there being

imposing of additional oocyte activation treatments.



Foals can be produced using ICSI procedures without using the PD (Rodriguez et al.,
2019), and there have been no reports that this system is essential for ICSI to be an
efficacious procedure. However, in most large-scale commercial horse ICSI enterprises
use PD (Galli et al., 2002; Choi et al., 2002, 2004; Hinrichs et al., 2005; Foss et al.,
2013).

2. ICSI Applications

The following analysis will focus on horses, a species for which ICSI is already
feasible with excellent results and is being used increasingly by breeders in the horse
industry. There will subsequently be a focus on use of ICSI in cattle. Although the
current use is almost nonexistent in cattle due to the biological incompatibilities with use
of ICSI, applications of ICSI have significant potential for valuable individuals. There
will also be a brief description of the outcomes when there has been use of ICSI with

pigs and small ruminants, for which the use of this technique has been limited.
2.1. Maximizing sperm use in animals with genetic value

Because the utilization of ICSI in horses requires a small number of spermatozoa, it
has become a technique of interest to some owners who have a small number of frozen
semen straws in inventory where the semen was collected from either older stallions or
those that have died. There can, therefore, be proportioning of the semen contained in the
straws into several aliquots in liquid nitrogen, and the reproportioned straw contents can
subsequently be individually thawed, diluted at 1:200 and utilized for conducting ICSI
procedures (Choi et al., 2006, 2011; Altermatt et al., 2009, Rader et al., 2016). Another
interesting option that ICSI provides is the possibility of thawing the semen contents in a
straw, using a portion of the contents, and then re-freezing the remaining contents in
multiple straws containing semen doses that can be used for ICSI (Hamano et al., 1999;
Rader et al., 2016; Canel et al., 2017).

With use of the ICSI procedure, there is also the possibility of using epididymal
sperm. In humans, not only epididymal but also testicular sperm have been successfully
used for ICSI as an alternative from ejaculated sperm in patients with cryptozoospermia
(Silber et al., 1995; Kang et al., 2018). There has been birth of viable human neonates

when using these procedures for conducting ICSI (Jin et al., 2020). In livestock species,



after an injury or death of a valuable male, recovery of epididymal spermatozoa could be
the only option for ensuring gamete preservation. In horses, ICSI-derived embryos have
been produced by using epididymal stallion semen that was previously cryopreserved
(Vieira et al., 2013). Interestingly, results from a recent study indicated epididymal
sperm of a zebra could also be utilized for activation of oocytes of domestic horses with

there being embryo development to the blastocyst stage (Gambini et al., 2020).

With cattle, commercial bull semen processing enterprises have a priority to utilize
semen from bull calves at the earliest possible age. It, therefore, Is necessary to use
semen from peripubertal bulls, which have a relatively lesser quantity and quality of
sperm than reproductively mature bulls, thus both the semen quality and quantity
problems when attempting to use semen from these bull calves can be solved with use of
ICSI (Unnikrishnan et al., 2021). Furthermore, semen subjected to technological
procedures that lead to a reduction in spermatozoa viability, such as freezing, re-freezing,
or sorting by sex procedures, could be effectively utilized by conducting ICSI. For
example, frozen thawed and refrozen bull sperm was used for ICSI without there being a
detrimental effect on blastocyst production (Canel et al., 2017).

One of the sexes is preferred for certain animal production systems with examples
being the preference for mares in polo and necessity for cows for dairy production.
Sorting sperm by flow cytometry to enhance the quantity of X- or Y-bearing sperm in
semen samples and utilization of these semen samples for artificial insemination (Al) has
resulted in pregnancy rates of approximately 50% when there is use of fresh stallion
semen samples that had been sex sorted for Al compared with only a 12% pregnancy rate
when sex-sorted frozen-thawed stallion semen samples were used for Al (Squires et al.,
2020). The ICSI procedure, therefore, is suitable for these types of samples where there
is a very small number of spermatozoa with relatively lesser sperm motility as compared
with semen samples for which sex sorting of sperm has not occurred (Iritani, 1991; Rath
et al., 1999; Probst and Rath, 2003). Interestingly, with the use of ICSI there have been
viable offspring produced even when only sperm heads were used to perform the
technique (Hamano et al.,1999). With use of ICSI procedures, frozen, thawed, sex-

sorted, and refrozen sperm have been used to produce foals (Carnevale et al., 2008).

In pigs, there is not as much interest in utilizing 1CSI for maximizing the utilization of

sperm because swine are one of the species with the largest semen volume (Bortolozzo et
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al., 2015). Furthermore, boar sperm are extremely sensitive to cold temperatures, and,
thus, less than 1% of all Al procedures are performed using frozen-thawed sperm
(Thibier et al., 2002; Bailey et al., 2008;). When there is the use of frozen-thawed
spermatozoa or frozen-thawed and sex-sorted spermatozoa to perform ICSI, several
difficulties are incurred that are associated with slow rate of early embryonic
development with there being few embryos developing to the blastocyst stage (Klocke et
al.,1999). Only for boars with elite genetic value, therefore, for which only frozen
samples are available or boars for which there is a small percentage of sperm with post-
thaw motility, is ICSI a useful technique for producing offspring (Lai et al., 2001; Yong
et al., 2006).

2.2. Overcoming quantitative and qualitative problems with sperm factors

As indicated previously in this review article, for humans, ICSI was developed to
overcome pathologies that result in infertility as a result of sperm factors. The only
requirement for ICSI is a spermatozoon with DNA integrity to fertilize an oocyte
(Yanagimachi, 2005), but not acrosomal integrity and sperm motility. In humans, several
pathologies associated with sperm can be overcome with use of ICSI (Palermo et al.,
2017). One of these pathologies is globozoospermia, a structural abnormality associated
with PLCC deficiency and the absence of acrosomes, which can be overcome with
normal birth of offspring resulting with the use of ICSI combined with a calcium
ionophore treatment (Taylor et al., 2010; Fesahat et al., 2020). Furthermore, it has been
ascertained that PLCC is in lesser concentrations in spermatozoa of sub-fertile stallions
(Gradil et al., 2006; Bedford-Guaus et al., 2012) and there is also a markedly lesser
oocyte activation and embryo cleavage percentage when there is use of spermatozoa
from theses sub-fertile stallions when conducting ICSI (Gonzalez-Castro 2019). The
utilization of the ICSI procedure combined with artificial oocyte activation could be
effective for production of offspring from these sub-fertile stallions with sub-optimal

PLCC concentrations.

There are 20% to 40% of bulls that have lesser fertility because of sperm
abnormalities (Kastelic, 2013). In beef cattle, one of the main causes of abnormalities is
the increase of testicular temperature to greater than optimal for sperm viability (2-6 °C).
When there are these greater-than-optimal testicular temperatures, this lead to sperm

hypoxia and morphology alterations, reducing the sperm viability and, therefore,
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fertilization capacity. Common bull sperm compensable abnormalities (associated with
sperm viability measures such as motility, acrosome integrity, and cell membrane
integrity) can be overcome by increasing the semen dose (i.e., number of viable
spermatozoa) used for Al. This approach in not feasible, however, when there are non-
compensable spermatozoa defects (chromosomal abnormalities, protamine status, etc.).
With these non-compensable spermatozoa abnormalities, the sperm have the capacities
for fertilization and initiation of embryonic development, however, the spermatozoa do
not have the capacity to support embryogenesis (reviewed by Kastelic, 2013). The
utilization of ICSI when these circumstances prevail could be interesting, not necessarily
for use of these individuals with these defects for reproduction purposes, but for basic
research to elucidate which specific cellular processes that affect embryo development.
Unlike in humans, where the use of ICSI for having offspring from a male parent with
fertility problems is desirable, pursuing this objective in livestock species is not
recommended because it may allow for the transmission of possible genetic problems to

the offspring in the next generation (Steffen et al., 1997).
2.3. Increasing embryos from females with relatively greater genetic value

In horses, transvaginal ultrasonic-guided follicular aspiration (TVA) can be used for
the collection of several immature oocytes and, in combination with ICSI, can be used to
produce several in vitro-derived embryos per estrous cycle. Similar to embryo transfer
(ET) of in vivo-derived embryos, the use of TVA-ICSI procedures combined can allow
for the production of multiple foals from donor mares that are being used in competitive
events without these mares not being available for competition during the gestational
period, by transferring the embryos derived by using TVA-ICSI procedures into recipient
mares (Squires et al., 2020). Several limitations associated with ET of in vivo-derived
embryos were overcome with use of the combine TVA-ICSI procedures such as the
collection of single embryos, restricted reproductive season and inefficiency resulting
from the variable responses to treatment regimens for inducing multiple ovulations
(Squires et al., 2007).

Conversely, the TVA-ICSI procedures can be performed throughout the year, and also
during the period of reproductive transition into the breeding season. During this period
the follicles are smaller, and the oocyte recovery rate is greater from follicles smaller
than 10 mm because of the mechanical scraping of the follicle wall is more efficacious
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when oocytes are being collected from smaller follicles (Cuervo-Arango et al., 2019).
There also appears to be breed differences in follicle number (e.g., Arabian, Warmblood,
and Quarter horse mares) (Galli et al., 2014) that presumably explains why average
oocyte yield varies markedly from <5 to >12 oocytes for each TVA procedure (Jacobson
et al., 2010; Galli et al., 2014; Cuervo-Arango et al., 2019). The interest in utilization of
the TVA procedure increased markedly when Galli et al. (2016) reported recovering an

average of 8.4 oocytes per TVA procedure that was performed.

Considering the previously described circumstances for use of ICSI procedures,
breeders and trainers have a preference for the ICSI approach because the oocyte donor
mare does not have to be inseminated and monitored to the extent as an embryo donor
mare. The ICSI technology is used globally and an increasing number of veterinarians
have developed the expertise for conducting TVA and delivery of immature oocytes to
physical locations where ICSI procedures are conducted (Fig. 1). The commercial
development of TVA-ICSI enterprises has resulted because of the demand for these
procedures among sport horse breeders. Currently in Europe, the conducting of 60% of
the TVA-ICSI procedures results in a blastocyst yield ranging from of 1.7 to 2 per
procedural session and in 2019, there were about 5,000 embryos produced with use of
TVA-ICSI procedures with an average pregnancy rate of 70% per transferred embryo at
17 days of the gestational period and a foaling rate in excess of 50%. (Lazzari et al.,
2020). There was also an increase of the number of in vitro-derived embryos produced
globally, according to the Data Retrieval Committee of the International Embryo
Technology Society (2021). The data in these reports also indicated the number was
larger for in vitro-derived frozen embryos than in vivo-derived frozen embryos (Fig. 2).
The only limitation for further expansion is the cost of equipment and facilities and the
shortage of technicians trained to perform TVA and ICSI procedures (Squires et al.,
2020).

In cattle, the use of ICSI as a technique to obtain multiple embryos from females with
relatively greater genetic value has been of less interest, and therefore, the ICSI
procedure has not been extensively utilized (Oikawa et al., 2016), because IVF
procedures have been efficacious for producing calves with enhanced genetic merit

(Goto et al., 1990: Chung et al., 2000). There is also a lack of interest for developing
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ICSI procedures for producing piglets because of the polytocous reproduction in this

species.

2.4. Use of sub-fertile donors, prepubertal animals or females with sub-optimal oocyte

quality

In horses, the TVA-ICSI procedures are effective in those mares with subfertility
issues such as cervical, uterine or oviductal cancer, anatomical abnormalities,
reproductive diseases, or mares that need to be euthanized or those that die suddenly
(Hinrichs et al., 2005). One factor to consider is the age of the mares, with there being a
markedly lesser oocyte recovery rate when mares are older (Stout, 2020).

With cattle, the use of prepubertal heifers as oocyte donors in breeding programs
could decrease the generation interval and increase the genetic rate of gain when there is
use of embryo transfer (Gordon, 1982; Georges and Massey, 1991). Cleavage and
subsequent embryonic development rates are less after IVF using oocytes from
prepubertal heifers as compared with oocytes from reproductively mature cows because
in heifer calves there is an abnormal distribution of cortical granules resulting in a greater
occurrence of polyspermy that is associated with deficient ooplasmic maturation
(Levesque et al., 1996; Salamone et al., 2001). When there are these circumstances, ICSI
could be utilized with there being subsequent induction of assisted oocyte activation as a

possible alternative.

Oocytes from reproductively senescent cows have a disrupted distribution of cortical
granules and as a consequence the process of fertilization is abnormal with a resulting
lesser developmental competence of the oocytes when IVF procedures are conducted
(Magata et al., 2019). In this study, with the use of ICSI there was not production of a
larger percentage of blastocysts than with utilization of the IVF procedure, however,
there was a larger proportion of oocytes from reproductively senescent cows developing

into diploid blastocysts compared to when there was use of I\VVF for embryo production.
2.5. Facilitating the transport of oocytes and ICSI-derived embryos

In horses, ICSI allows for the use of oocytes that are maintained for a long period of
time at room temperature. This facilitates the use of the combination of ICSI with TVA,

which is usually performed at a physical location that is distant from the
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micromanipulation laboratory. Immature oocytes can be "held" at room temperature for
at least 24 h (Choi et al., 2006; Diaw et al., 2018) and transported while remaining viable
in commercial embryo-holding media (Foss et al., 2013; Carnevale et al., 2016; Diaw et
al., 2018) or in synthetic oviductal fluid (Galli et al., 2014). At room temperature,
meiotic arrest is maintained overnight if oocytes are stored in an appropriate holding
media. Temperatures between 4 and 10 °C, however, can have an effect on oocyte
maturation, and “holding” at a temperature of 37 °C overnight can have an effect on
embryo development, potentially because there is initiation of oocyte maturation when
there are in maturation medium (Foss et al., 2013). Although there is an estimate of the
optimal temperature range for maintenance of oocytes in the immature stage, there are
still differences between laboratories, and an optimal temperature for oocyte
maintenance in the immature state has not been firmly established. More research,
therefore, is needed to establish, not only the temperature but also specific formulations,
ensuring standardization of media and oocyte processing regimens (Metcalf et al., 2020)
and the limits for maintaining and transporting immature oocytes. Until this is
determined, it is probably prudent to transport oocytes at 20 to 22° C with there being
“holding” for no longer than 36 h before transferring of oocytes into maturation medium
(Stout, 2020).

As previously described in this review article, TVA-ICSI is frequently performed
outside the physiological breeding season for horses and there is routine production of
multiple embryos per TVA session. Cryopreservation of immature oocytes would allow
for these oocytes to be thawed and fertilized at the convenience of the horse owner.
Oocyte freezing, however, has been of limited efficacy, and vitrification of either horse
or cattle oocytes results in a lesser fertilization, transfer, and ultimately pregnancy
percentage relative to the number of vitrified oocytes on which ICSI was performed
(Maclellan et al., 2002, 2010). After conducting ICSI procedures, therefore, in vitro
embryo development must be conducted, and blastocysts can be cryopreserved until the
time of embryo transfer. The ICSI-derived blastocysts (typically <300 um diameter) can
be cryopreserved using vitrification procedures (Choi et al., 2017) or slow freezing (Galli
et al., 2007) with there being resulting pregnancy rates similar to those when there is
transfer of fresh in vitro-derived embryos. There can even be transfer of large-expanded
blastocysts (>300 um) in which the blastocoel can artificially collapse that were vitrified

using commercially available and economically affordable devices with there being very
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acceptable pregnancy percentages when these large blastocysts are transferred into
recipient females (Canesin et al., 2020). In vitro-derived embryos can be cryopreserved
without a marked reduction in viability. In addition, embryos can be shipped and stored
(preferable at temperatures from 15 to 18 °C for 12 to 24 h), until a recipient mare is
available for transfer (Squires et al., 2016; Hinrichs, 2020).

In cattle, ICSI-derived embryos have a similar embryonic survival as IVF-derived
embryos after freezing and thawing (Keskintepe and Brackett, 2000). Expanded ICSI-
derived embryos (> 200 um) are preferred for vitrification (Abdalla et al., 2010). In
buffalo, when there was cryopreservation of mature oocytes and subsequent conducting
of ICSI after oocyte thawing, there was embryo development to the blastocyst stage.
There was a lesser percentage of oocytes on which ICSI was conducted that had a second
PB formation, cleavage and that developed to the blastocyst stage compared to what
occurred when ICSI was performed with freshly collected oocytes (Liang et al., 2011a,
2012). Additionally, after conducting ICSI there was also a lesser embryonic
developmental competence of embryos derived from vitrified, as compared with freshly
derived oocytes, of sheep and prepubertal goats (Hosseini et al., 2015; Menéndez-Blanco
et al., 2020a). There, however, are no reports of cryopreserved ICSI-derived embryos

from buffalo or small ruminants.

In pigs, results when there was a comparison of IVF, ICSI and “physiological ICSI”
(PICSI, ICSI using hyaluronic acid) procedures resulted in percentage developments to
the blastocyst stage from vitrified immature oocytes of 14%, 9% and 25%, respectively
(Casillas et al., 2018). There are no reports of attempts to produce cryopreserved ICSI-
derived embryos in pigs. Viable offspring were produced from cryopreserved IVF-
derived embryos (Nagashima et al., 2007). Vitrification, therefore, is a potentially
feasible technique for utilization of ICSI and PICSI procedures for pig embryo

production.
2.6. Genome modification using ICSI

Intracytoplasmic sperm injection mediated-gene transfer (ICSI-MGT) has been used
for exogenous transfer of genes combined with the sperm, before PN formation. This
technique was used for production of transgenic embryos in livestock species such as

cattle (Pereyra-Bonnet et al., 2008; Bevacqua et al., 2010; Canel et al., 2017; Sanchez-
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Villalba et al., 2018; Sekhavati et al., 2018), ewes (Gou et al. 2002), goats (Shadanloo et
al., 2010), horses (Zaniboni et al., 2013) and pigs (Lai et al., 2001; Garcia-Vazquez et al.,
2010). With this technique, there is utilization of sperm attached to exogenous DNA
(transgen) and transport into the ooplasm when conducting the ICSI procedure, resulting
in production of transgenic embryos. This technique is effective for ICSI in species such
as pigs. There are more repeatable results for pigs, and several transgenic pigs have been
produced using this technology (Yong et al. 2006; Kurome et al., 2006; Watanabe et al.,
2012; Umeyama et al., 2012; Matsunari et al., 2014). Although advances were achieved
with use of this technique, interest began to wane with emergence of the gene editing
technique, CRISPR-Cas9 (Mojica et al., 2005; Barrangou et al., 2007; Jinek et al., 2012;
Cong et al., 2013; Doudna and Charpentier, 2014; reviewed by Lander, 2016).
Interestingly, it was reported by Ma et al. (2017) that when the CRISPR-Cas9 system
was used when conducting ICSI in human metaphase Il oocytes, there was a lesser
occurrence of mosaicism in the resulting embryos. This finding indicates the targeting
and efficiency of gene editing are associated with DNA synthesis and the phase of the
cell cycle when the procedure is conducted (Hashimoto et al., 2016). Although ICSI in
pigs is still a challenge to conduct, the excellent timing between zygote formation and
the delivery of DNA using CRISPR warrants further study and is a promising approach

for producing gene edited pig embryos.

3. The safety of ICSI

One aspect which should be considered regarding the safety of ICSI is the risk of
transmitting genetic diseases and transmitting infectious diseases to the offspring.
Similar to the concern in humans, one of the main concerns of ICSI in livestock species
is that by conducting this procedure there is ignoring of the physiological barriers that
allow for the elimination of defective sperm. This raises concerns about whether the use
of this technique will result in production of offspring in which there is an increase in the
incidence of disorders that are transmitted through the paternal genome. While ICSI is a
technique to overcome male factor infertility, when fertilization failure has a genetic
origin, with utilization of ICSI there may be transfer of the genetic basis for infertility to
subsequent generations. In horses, there were no detrimental effects that were detected
during the gestational period or in offspring when there were assessments by Valenzuela
et al. (2017). It, however, is still necessary to determine in large scale studies whether
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there are problems that occur as a result of using the ICSI procedure for producing

offspring in livestock species.

Another concern is the transmission of infectious diseases when conducting ICSI
procedures, which should be determined for each pathogen and species similar to what
has occurred with use of many other reproductive technologies. Some aspects that can
help in assessing the possible transmission is to determine if the pathogen is in the
female reproductive tract during aspiration or in semen. Pathogens need to permeate the
ZP to have effects at the oocyte membrane; and the pipette hole produced during ICSI
could increase the risk of contamination when compared to when there is use of standard
IVF procedures. For some pathogens the risks are significantly less, because the quantity
of sperm and volume of insemination fluid is small. In addition, seminal plasma can be
removed, and an antimicrobial treatment can be used when there is utilization of ICSI

procedures (Bielanski, 2007).

4. 1CSI in combination with other technologies

Several technologies that have been developed recently could be enhanced with the
use of ICSI. Two of these are: novel technologies to preserve germplasm by
lyophilization and the second involves production of offspring from germ cells produced

in vitro.

Lyophilization has been widely used for gamete preservation, especially for sperm
(Polge et al., 1949). The first reported ICSI with freeze-dried sperm was in the mouse
(Wakayama and Yanagimachi., 1998) and there has been production of viable offspring
with use of ICSI for deposition of freeze-dried sperm in oocytes (Wakayama and
Yanagimachi., 1998; Kusakabe et al., 2001; Kaneko et al., 2003). This preceded use in
large animals and, numerous authors have reported that there has been production of
viable blastocysts with use of ICSI to deposit lyophilized sperm in pig (Kwon et al.,
2004; Nakai et al., 2007), cattle (Lee et al., 2006), sheep (Olaciregui et al., 2017;
Palazzese et al., 2018, 2020), and horse (Choi et al., 2011) oocytes. In a futuristic
experiment by Wakayama et al. (2017), freeze-dried mouse sperm transported in a
spaceship to the International Space Station. Sperm were stored for 9 months at —95 °C
and exposed to space radiation, which is more than 100 times greater than that on earth.
After these sperm were transported back to earth, the lyophilized sperm were deposited

in mouse oocytes using ICSI procedures and there were viable offspring (similar to
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control) produced by utilization of the freeze-dried sperm that had been transported and
stored in the spaceship. Could freeze-dried sperm be the way to transport cattle genetics
to other planets? If this occurs ICSI will likely be necessary for these sperm to be used
for cattle production.

The ICSI procedure could be used to assist with use of new emerging technologies for
enhancing reproduction of livestock, such as germ cell derivation from stem cells, that
usually results in gametes with deficient characteristics, which do not have the capacity
for fertilization. The production of mouse offspring from germ cells derived from stem
cells (Hayashi et al., 2011, 2012) has resulted in the impetus for utilization of similar
methodologies in farm animals (Goszczynski et al., 2019). In domestic animals, in vitro
gametogenesis is still in early experimental stages of technique development; but
theoretically, intergenerational intervals can be decreased by gamete derivation from
stem cells and successive fertilization to accelerate genetic improvement. The production
of stem cells to produce cattle embryos has occurred (Bogliotti et al., 2018), and in
several studies there have been attempts to derive gametes from ovarian stem cells of
cattle (de Souza et al., 2017), pluripotent stem cells of cattle and pigs (Malaver-Ortega et
al., 2016; Wang et al., 2016, respectively) and embryonic stem cells of cattle (Shah et al.,
2017). It, therefore, is possible to produce entire in vitro generations associated with the
development of genomic technologies such as SNP arrays and next generation
sequencing which could allow for accelerated genetic progress (Goszczynski et al.,
2019).

5. ICSI challenges for livestock species
5.1. Horse oocyte cryopreservation

Currently, in horses, there is a focus on the vitrification of immature oocytes to
preserve valuable mare genetics. In general, for domestic species, oocyte vitrification is
not efficacious, potentially because of the large quantity of lipids within the oocytes. In
horses, after warming the immature oocytes, the maturation and development
percentages for embryos produced using ICSI remain small being 1% to 15% of sperm-
injected oocytes that develop into blastocysts (Tharasanit et al., 2006; Canesin et al.,
2017; Canesin et al., 2018). Pregnancy percentages are also small, with there having

been only three live foals produced (Maclellan et al., 2002; Ortiz-Escribano et al., 2018).
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In horses, as in other species, the intracellular oxidative state in sperm is affected by
the vitrification and warming process, which results in increased reactive oxygen species
(ROS) activity (Tatone et al., 2011; Zhao et al., 2015; Ren et al., 2015; Gutnisky et al.,
2020). This sub-optimal oxidative state may partially explain the relatively lesser
embryonic developmental percentages resulting when the vitrification and warming
processes that spermatozoa undergo were used for ICSI (Canesin et al., 2017; Canesin et
al., 2018; Ortiz-Escribano et al., 2018). Results from a recent study provide an impetus
for optimism regarding the efficacy of utilization of ICSI procedures for livestock
production (Clérico et al., 2021) after it was reported that when oocytes were
supplemented with melatonin during in vitro maturation (IVM), there was a marked
decrease in mitochondrial-specific ROS concentrations, both for vitrified and non-

vitrified oocytes, with there being results similar to those for other species.
5.2. Offspring production when using ICSI in ruminants

The number of offspring produced using ICSI remains very few for ruminants
(reviewed by Garcia-Rosello et al., 2009; Lopez-Saucedo et al., 2012), with only 48
calves (Hamano et al.,1999; Wei and Fukui., 2002; Horiuchi et al; 2002; Galli et al.,
2003; Oikawa et al.,2005;) 22 lambs (Catt et al., 1996; Gomez et al., 1998a, Porada et al.,
2010) and one kid goat (Wang et al., 2003) having been reported. To the best of our
knowledge, there have been no buffalo offspring produced using the 1CSI procedure.

The ICSI procedure, therefore, has not yet been efficacious in ruminants (Gomez et
al., 1998b; Chung et al., 2000; Pereyra -Bonnet et al., 2008; Shirazi et al., 2009; Devito
et al., 2010, Arias et al., 2015) probably due to two primary problems: 1) decondensation
of the sperm head (Rho et al., 1998; Chung et al., 2000; Malcuit et al., 2006b; Liang et
al., 2011b; Chankitisakul et al., 2012; Arias et al., 2015,) and 2) infrequent oocyte
activation (Malcuit et al., 2006a). There, therefore, have been two strategies evaluated
with there being different approaches. One strategy focuses on the oocyte, with use of
exogenous activation treatments to improve the percentage occurrences for oocyte
activation and early embryo development. The other strategy is centered on developing
sperm pretreatments to disrupt the sperm membrane and induce release of PLCg to
improve the formation of PN. The biological and methodological approaches with these
possible strategies were described by Salamone et al. (2017), Unnikrishnan et al. (2021)
and Valencia et al. (2021). In a recent report, there was a description of the sperm
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"starvation and rescue method", in which sperm are maintained in the absence of
nutrients until spermatozoa have the capacity for motility. Energy substrates are added
back subsequently, “rescuing” sperm motility. Utilization of this method results in an
increase in percentages of embryos developing to more advanced stages after fertilization
(Navarrete et al., 2019).

Use of the PD device combined with utilization of ethanol-induced oocyte activation
procedures after ICSI has resulted in production of the most calves (Horiuchi et al.,
2002). There have been other approaches developed for utilization of ICSI in cattle that
when there was use resulted in a greater percentage development of embryos to the
blastocyst stage. One of these approached consists of using a large cysteamine
concentration during 1IVM and sperm co-culture with cumulus oocyte complex prior to
ICSI (Canel et al., 2018) and another approach consists of treating sperm with Hep-GSH
(Canel et al., 2017). The efficacy of these approaches should be confirmed by the
production of offspring after embryo transfer. In goats, the supplementation of
maturation media with crocetin, a natural antioxidant constituent of saffron, has resulted
in a reduction in concentrations of ROS in IVM-oocytes. These approaches, however,
have not led to an improvement in the competence of prepubertal goat oocytes to develop
to the blastocyst stage when there was use of ICSI for embryo production (Menéndez-
Blanco et al., 2020Db).

5.3. ICSI in pigs

The number of piglets produced as a result of use of ICSI in in vitro-matured oocytes
is less than the number of piglets produced with use of ICSI in in vivo matured oocytes
(Kolbe and Holtz 2000; Martin 2000; Lai et al., 2002; Nakai et al 2003; Probst and Rath
2003; Katayama et al. 2006). As with cattle, several boar sperm treatments have been
evaluated in attempts to improve the efficacy of use of ICSI for piglet production
(Katayama et al., 2002; Szczygiel and Ward, 2002; Yong et al., 2003; Lee and Yang,
2004; Tian et al., 2006; Garcia-Rosello et al., 2006; Garcia-Mengual et al., 2011; Casillas
et al., 2018). Furthermore, there have been evaluations of the use of ICSI for piglet
production by combining the use of this technique with assisted with electrical and
chemical artificial stimulation of oocytes for activation (Kolbe and Holtz, 2000; Probs
and Rath, 2003; Garcia-Roselld et al., 2009). Although there are some reports that
pretreatments and artificial activation are beneficial, Nakai et al. (2011) reported that
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such pretreatments induce PLCz losses, resulting in a lesser sperm activation signal and
consequently the capacity of the sperm to induce oocyte activation, Yong et al. (2006)
reported that transgenic piglets can be produced without chemical or physical treatments
of oocytes or sperm. In pigs, therefore, there is not a requirement for sperm pretreatment

or artificial activation of the oocyte for piglet production.
6. Conclusions and future perspective

In humans, ICSI is the most widely utilized assisted reproductive technique. Recently,
in horses, the use of this technology has been increasing rapidly and TVA-ICSI has
proven to provide large benefits to the horse industry. The possibility of maintaining
viable oocytes and embryos in a single media at room temperature, enables the
bidirectional transportation between farm and laboratories where complex equipment is
available for utilization, allowing many practitioners to use the technology. The
utilization of the combined TVA-ICSI procedures has resulted in a consistent
improvement in oocyte and embryo recovery rates resulting in a larger number of in
vitro-derived, as compared with in vivo-derived embryos being cryopreserved,
facilitating commercialization and propagation of the genetics of valuable animals.

In ruminants, although ICSI has various potential applications, such as the use of
prepubertal animals to decrease the generation interval for genetic improvement, there
are still biological limitations that have resulted in a lack of efficacy of this procedure for
producing offspring. Future improvements, therefore, will be required for the efficacious
use of ICSI in these species. In pigs, the use of the combination of the ICSI gene-editing
techniques, such as CRISPR-Cas9, could be of primary importance in achieving genetic
improvements for pork production. For all livestock species, ICSI could be used in
combination with the new emerging technologies, such as lyophilized sperm and germ
cell derivation from stem cells to enhance the production of offspring from genetically
superior animals. The ICSI procedure, therefore, has emerged as a valuable technology,
with rapid diffusion in the horse industry, which will likely lead to a greater use in other
livestock species.
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Legends
Fig. 1. Schematic workflow of the sequence from TVA-ICSI to ET.

Fig. 2. Global in vitro and in vivo, fresh and frozen horse embryo transfers.
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Highlights

e ICSI has rapidly increased in use in horses, highly benefiting the equine industry.

e Currently, more equine in vitro embryos are frozen than in vivo embryos.
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e In ruminants, future improvements are required for ICSI to be more widely used.

¢ In pigs, ICSI with gene-edition could be a valuable tool for genetic improvements.
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