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Abstract 
Intracytoplasmic Sperm Injection (ICSI) has increased usage in cases of stallion fertility issues, particularly 
for older stallions, those with reduced sperm numbers or quality, or stallions that have passed away, and 
only a limited amount of frozen semen is available. By manipulating the frozen semen through thawing, 
diluting, and refreezing or by cutting the straw under liquid nitrogen, the supply of semen for ICSI can be 
extended. While ICSI requires a minimal number of spermatozoa per procedure, it is important to consider 
sperm quality as a crucial factor affecting fertilization and embryo development. Although it is possible to 
produce healthy embryos and offspring from low quality sperm samples, it is preferable to process and 
select morphologically and functionally superior sperm to maximize the chances of successful fertilization 
and embryo development. Several techniques are available for selecting the spermatozoa for ICSI, such 
as swim-up, washing, density gradient centrifugation, microfluidic sorting, and some combinations. In this 
review, we will focus on semen type, handling, recent breakthroughs, stallion effects on ICSI efficiency and 
the prospects of this technology within the equine industry. 
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Introduction 

The field of assisted reproductive technologies (ARTs) has witnessed remarkable progress and 
acceptance over recent decades, from the first reports since the early 2000 (Hatzel and Stokes, 
2021) revolutionizing our ability to overcome infertility challenges in both humans and animals. 

In equine reproduction, one groundbreaking method is Intracytoplasmic Sperm Injection 
(ICSI), a powerful tool that has demonstrated immense potential in equine breeding programs, 
both for mares and stallions, especially overcoming or reducing the impacts of acquired 
subfertility and enabling the production of viable embryos from mares and stallions that are 
not able to produce embryos via conventional AI (artificial insemination) and ET (embryo 
transfer) (Morris, 2018; Hinrichs, 2018; Lazzari et al., 2020; Hatzel and Stokes, 2021; Claes and 
Stout, 2022; Ramírez-Agámez et al., 2023). Moreover, the use of IVP (in vitro production) has 
been increasing for fertile animals such as Warmblood mares, as it offers a decrease in 
reproductive management and increase in overall efficiency (more embryos per cycle than 
conventional ET) (Stout and Griffiths, 2021; Claes and Stout, 2022). 

One of the most common uses of ICSI is for those stallions that have limited supply of 
semen (stallions that died or became infertile), these situations are unsuitable for a 
conventional embryo transfer program, and OPU-ICSI becomes the technique of choice 
(Hinrichs, 2005; Stout, 2020; Ramírez-Agámez et al., 2023). 

All semen types, including fresh, cooled-transported, frozen, refrozen, epididymal, and even 
lyophilized, recently sexed-sorted semen, all are viable options for utilization in the ICSI 
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procedure (McCue, 2021) and some studies have shown similar results regardless of the type 
of semen used (Ramírez-Agámez et al., 2023) while others showed a better outcome using 
cooled versus frozen semen (Campos-Chillon and Altermatt, 2023). 

Frozen semen represents the leading choice for ICSI because it is more convenient for 
storage and transport than fresh and cooled semen, and it is available in various forms, 
including conventional cryopreserved dose (typically containing 100-200 million sperm per 
straw), ICSI doses (containing approximately 1 million sperm per straw), and refrozen ICSI 
straws (Ramírez-Agámez et al., 2023). 

Several techniques are available for selecting the spermatozoa for ICSI, such as swim-up, 
washing, density gradient centrifugation, microfluidic sorting, and some combinations. 
Nevertheless, it is essential to highlight that the success of the technique is related to the 
adequate processing of semen, a critical factor emphasized by McCue (2021). It should also be 
emphasized that, although stallion factors appear to cause less variation than the mare, male 
effects are described in the literature and should be considered (Cuervo-Arango et al., 2019). 

In this review, we will focus on semen type, handling, recent breakthroughs, stallion effects 
on ICSI efficiency and the prospects of this technology within the equine industry. 

Sperm type 

Fresh 

Although fresh semen is widely used in assisted reproduction techniques in vivo, the focus 
of commercial ICSI has been on the use of cryopreserved semen, since a semen straw can be 
reused several times. Moreover, it is more convenient for sperm storage and transport 
compared to fresh or cooled semen. Studies have indicated that the production of equine 
embryos by ICSI is similar when using fresh, cooled, or frozen/thawed sperm (Choi et al., 2002, 
2004, 2016). Therefore, there are few published works using fresh semen in ICSI. One of them 
is the publication by Choi et al. (2002), which evaluated the development of equine oocytes in 
vitro and in vivo after ICSI with either fresh or frozen-thawed spermatozoa and did not find a 
difference neither for fertilization rate (pronucleus formation and cleavage) at 20 h after 
injection of spermatozoa nor for cleavage rate or average number of nuclei at 96 h between 
equine oocytes, concluding that the injection of frozen-thawed equine spermatozoa results in 
similar embryo development to that obtained with fresh equine spermatozoa. Amer and 
Fakhry (2021) analyzed 1189 publications, for human ICSI, in a systematic review concluded the 
use of fresh and frozen sperm showed comparable fertilization and clinical pregnancy rates. 

Cooled 

Cooled semen can be used for ICSI, however, collection of the stallion must be scheduled 
in advance at least one day before the procedure, to ensure that the semen is transported to 
the laboratory in time, avoiding the risk of the semen delay for the procedure. Semen dose 
does not need to be at the conventional concentration and total sperm number, as only one 
sperm per oocyte is needed. Furthermore, if it arrives the day before ICSI, it can be kept 
refrigerated in its own Styrofoam packaging or in the refrigerator overnight (Rader et al., 2016). 

Frozen 

Sixty-seven years have passed since the first foal was born from cryopreserved semen 
(Barker and Gandier, 1957). Considering that, significant advances have been observed using 
ART in vivo. However, pregnancy rates remain inconsistent and subject to numerous variables. 

The use of frozen semen generated an expansion perspective for equine breeding by enabling 
the preservation of this material for an indefinite period and allowing worldwide distribution. It 
maximizes the use of stallions with superior genetic merit and reduces animal transportation costs, 
as well as diseases. Geographical barriers can be abolished, and there is the possibility of using 
cryopreserved semen from stallions that are in competition or recovering from pathologies that 
prevent them from breeding, or even from stallions that have already died (Miller, 2008). 
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From this perspective, the use of frozen semen for ICSI is commercially interesting as straws 
with concentrations lower than conventional (100-200) can be frozen and even conventional 
straws can be used more than once. Even stallions with ejaculatory and osteoarticular disorders 
can undergo pharmacological ejaculation, and this ejaculate can be cryopreserved for use in ICSI 
and consequently obtain more pregnancies, maximizing the genetic potential of this stallion. 

The use of different semen extenders for cryopreservation, with varying compositions and 
glycerol percentages, has also been under discussion, as they yield different fertilization rates 
(Roasa et al., 2007; Cook et al., 2020; Ramírez-Agámez et al., 2023). Although the use of refrozen 
semen is an alternative for ICSI, research indicates low cleavage and blastocyst rates, due to a 
reduction in sperm quality (Claes and Stout, 2022). 

As known, the semen cryopreservation process can lead to a series of injuries to spermatozoa, 
such as damage to the plasma membrane, acrosome, and generation of reactive oxygen species 
(Oliveira et al., 2013; Sieme et al., 2015). It was recently discovered that cryopreservation of equine 
spermatozoa reduces plasma membrane integrity and phospholipase C zeta 1 (PLCZ1) content, 
which is associated with oocyte activation (Gonzalez-Castro et al., 2024). During fertilization, the 
sperm delivers oocyte-activating factors into the ooplasm, inducing oocyte activation and, 
consequently, cleavage and embryo development (Dozortsev et al., 1997). PLCZ1 is considered the 
main sperm-borne oocyte activation factor in several mammalian species (Sato et al., 2013; 
Villaverde et al., 2013; Schrimpf et al., 2014; Amdani et al., 2016; Nozawa et al., 2018). A high 
content and proper localization of PLCZ1 in human and equine spermatozoa are positively 
correlated with cleavage rates and ICSI outcomes (Yelumalai et al., 2005; Gonzalez-Castro et al., 
2019), supporting the role of PLCZ1 in oocyte activation. Subsequently, frozen-thawed samples 
exhibiting higher proportions of motile spermatozoa can be further sorted by swim-up, density 
gradient centrifugation, or microfluidic sorting, facilitating the selection of individual spermatozoa 
for ICSI, which potentially have a higher PLCZ1 content. 

Frozen epididymal sperm 

Considered the last resource to cryopreserve a stallion’s semen, it is an important ART, as 
it can be carried out if the testicles are removed immediately after the animal’s death, they can 
be cooled-stored at 5oC resulting in good post-thawing rates of the sperm present in the tail of 
the epididymis if this material reaches the laboratory within 24 hours. Freezing the semen from 
the epididymis of stallions has become an important tool for preserving the genetics of these 
animals when they are castrated, or when they die, whether due to illness or euthanasia. 
Unpublished data from Colorado State University during the 2006/2007 breeding season, 
suggested that more oocytes were cleaved with thawed epididymal sperm than with frozen-
thawed sperm from conventional semen. However, they demonstrated that the rate of early 
embryonic death is higher in the epididymal sperm group (Bruemmer, 2011). Another study 
using semen from the epididymis showed that cleavage and blastocyst rates are similar 
compared to conventionally collected semen, provided that the initial quality of the frozen 
semen is suitable for the technique (Ramírez-Agámez et al., 2023). 

Sexed-sorted semen 

Sexed semen can also be used in the ICSI technique, however a difference in cleavage rates 
using sexed and unsexed semen is noted (Galli et al., 2008). The cleavage of unsexed semen 
was significantly greater compared to sexed semen, consequently reflecting the number of 
blastocysts produced, also shown by Colleoni et al. (2008) and Carnevale et al. (2008). In 
contrast, Dini et al. (2023) compared the use of sexed and unsexed semen and observed no 
significant differences in cleavage rates and blastocyst production between the groups, 
although it is a preliminary study. 

Sperm processing techniques 

Despite the numerous benefits of ICSI, is important to note that the manual selection of a 
sperm for ICSI bypasses the natural selection of viable spermatozoa that would naturally occur 
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in the female reproductive tract, and to a lesser extent during conventional in vitro fertilization 
(IVF) procedures. Consequently, the absence of natural sperm selection may represent a 
barrier to optimal fertilization and development. With ICSI, it is possible to select a visually 
normal spermatozoa possessing damaged DNA or internal structure, which could lead to 
abnormal embryo development or miscarriage as observed in humans. Therefore, the use of 
artificial selection techniques to select for the most competent spermatozoa in a sample is a 
critical step in the optimization of ICSI outcomes (Orsolini et al., 2021). 

In vivo, it is believed that sperm are naturally “selected” as they navigate through the female 
reproductive tract, resulting in only the most competent spermatozoa reaching the oviduct and 
ultimately fertilizing an ovum (Sakkas et al., 2015). However, these natural sorting procedures are 
bypassed during IVP, which could contribute to the suboptimal outcome of these techniques. 

Although it is possible to produce healthy embryos and offspring from low quality sperm 
samples, it is preferable to process and select morphologically and functionally superior sperm 
to maximize the chances of successful fertilization and embryo development. 

For frozen semen, both whole straw and a cut straw could be used. In commercial ICSI 
programs, a common practice involves cutting a small portion of a frozen semen straw while still 
submerged in liquid nitrogen. It is called "ICSI-cuts" with 6 to 10 cuts produced per straw. A small 
piece (<5mm) of the frozen straw is cut, under liquid nitrogen, and placed in a tube containing 
sperm media and placed on an incubator (38.2 oC), where it remains for 15 minutes, and 0.5 mL of 
the supernatant is placed in a 15 mL conical tube. The tube is then centrifuged at 300-350 x g for 3-
5 minutes to form a pellet in the bottom. Further, semen is incubated for 5-20 minutes, allowing 
sperm to swim up out of the pellet to the supernatant. A small volume of the supernatant is used 
for identifying the spermatozoa for ICSI (Lazzari et al., 2020; Rader et al., 2016; McCue, 2021). 

Each of these cuts can be thawed separately for individual ICSI procedures. Moreover, 
depending on the post-thaw motility of a frozen ejaculate, straws of frozen semen can be 
thawed, diluted to about 1 million sperm per mL, and refrozen, potentially leading to hundreds 
of ICSI doses (Rader et al., 2016). The remainder of the straw is placed back into a labeled 
goblet, attached to a labeled cane, and replaced into the storage tank of liquid nitrogen. Some 
facilities place an inverted goblet to prevent floating out of the remainder of the straw during 
storage (McCue, 2021). This strategic approach is essential, particularly in cases where the 
semen supply is limited (McCue, 2021). 

One of the advantages of using spermatozoa in ICSI is that, unlike IVF, they do not need to 
be pre-capacitated with calcium ionophore (Leemans et al., 2016). According to the authors, 
they hypothesize that one or more oviduct-derived factor(s) is indispensable to adequate 
triggering of capacitation to enable stallion cells to penetrate an oocyte. The key capacitating 
factor composition of oviduct fluid is usually mimicked in vitro to establish an efficient 
capacitation/fertilization medium. The effect of increased local pH on capacitation strongly 
suggests that equine sperm capacitation/fertilization media require a higher pH than for other 
mammalian species. However, even these capacitating conditions do not induce the acrosome 
reaction and allow successful equine IVF. 

Swim-up 

According to Rader et al. (2016), the swim-up technique is the most used. This technique 
consists of adding 100 to 200 µL of chilled or thawed semen in Eppendorf, and medium is 
added above. It remains for 20 minutes at 38.2 oC, the upper part of the sample (about 0.6 mL) 
is removed with a pipette and placed in another Eppendorf. This suspension is then centrifuged 
for 3 minutes at 327 g. After centrifugation, the pellet is resuspended in the medium containing 
1 mL and centrifuged again. The remaining supernatant is removed, and the sample pellet is 
resuspended in the remaining medium. 

Density gradient centrifugation 

Gradient centrifugation is the superposition of a semen layer on top of one or two layers of 
colloid in a centrifuge tube (Henkel and Schill, 2003), which is then centrifuged at 300-600g for 
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15 to 30 minutes, enabling separation of greater quality sperm (Orsolini et al., 2021). When a 
double centrifugation layer is used, the less dense top layer will retain the macromolecules, 
leukocytes and cell debris (De Martin et al., 2019), sperm easily pass through this and the 
second colloid layer, which is denser and will retain defective sperm. Morphologically normal 
sperm are denser and will penetrate the silica layer and form a pellet at the bottom of the tube 
(Macpherson et al., 2002; Edmond et al., 2008). 

Density gradient centrifugation plus swim up 

It is also possible to use the combination between density gradient centrifugation and swim-up. 
After formation of the sperm pellet with viable sperm, swim up technique is used to select the 
sperm. It has been demonstrated that using both techniques combined improves the selection of 
sperm, which have greater motility and morphology compared to using only one of them (Ng et al., 
1992; Yamanaka et al., 2016). Another advantage of combining both methods is to remove 
pathogens from contaminated semen with equine viral arteritis (Morrell and Geraghty, 2006). 

Microfluidic sorting 

Although sperm selection techniques such as swim-up and density gradients have been 
widely used in the past, research has shown promising results with the use of microfluidic 
devices. This technique, which has been extensively utilized in human IVF recently, does not 
require centrifugation—a process that can potentially cause damage to spermatozoa. 
Additionally, it results in lower generation of reactive oxygen species and less DNA damage 
(Matsuura et al., 2013; Asghar et al., 2014; Nosrati et al., 2014; Shirota et al., 2016; Gonzalez-
Castro and Carnevale, 2019). A study was conducted to compare Microfluidic sorting (MF) with 
single-layer colloidal centrifugation (SLC) and swim-up (SU), showing similar motility, viability 
and membrane integrity for MF and SLC, but greater morphology and DNA integrity for MF 
than SLC. And they showed that selection using MF did produce similar cleavage and blastocyst 
rates than SLC and can be an alternative method for ICSI semen selection (Gonzalez-
Castro et al., 2018; Gonzalez-Castro and Carnevale, 2019). 

Stallion effects on ICSI efficiency 

Although the mare identity and number of oocytes recovered had greater effect on overall 
ICSI efficiency compared to stallion (Fonte et al., 2024), this factor should be discussed (Claes 
and Stout, 2022) and was already demonstrated by some authors (Galli et al., 2016; Cuervo-
Arango et al., 2019). Stallion breed, batch of semen are some factors that showed effect on 
blastocyst production, but interestingly just a few stallions were unable to produce blastocyst 
after ICSI (Galli et al., 2016; Cuervo-Arango et al., 2019). As expected, a relationship between in 
vivo and in vitro fertilizing potential was described (Colleoni et al., 2012; Galli et al., 2016). 

Conclusions 

The quality of the semen sample is pivotal for the success of Intracytoplasmic Sperm 
Injection (ICSI). Various factors such as breed, in vivo fertility, sperm preparation technique, 
and specific batch influence the results. Identifying these factors in a clinical environment is 
complex due to the added variability from both stallion and mare. 

ICSI can be effectively performed using fresh, cooled, or frozen semen. Various processing 
methods are viable, and they exhibit no significant differences in outcomes. This innovative 
approach enables the utilization of semen from stallions with limited availability, including 
those deceased or with subfertility or infertility, who are unlikely to produce offspring through 
conventional in vivo methods such as artificial insemination and fresh embryo. 

References 

Amdani SN, Yeste M, Jones C, Coward K. Phospholipase C zeta (PLCζ) and male infertility: clinical update 
and topical developments. Adv Biol Regul. 2016;61:58-67. http://doi.org/10.1016/j.jbior.2015.11.009. 
PMid:26700242. 

https://doi.org/10.1016/j.jbior.2015.11.009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26700242&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26700242&dopt=Abstract


Semen manipulation for equine ICSI 
 

 

Anim Reprod. 2024;21(4):e20240015 6/8 

Amer M, Fakhry E. Fresh vs frozen testicular sperm for assisted reproductive technology in patients with 
non-obstructive azoospermia: a systematic review. Arab J Urol. 2021;19(3):247-54. 
http://doi.org/10.1080/2090598X.2021.1932303. PMid:34552776. 

Asghar W, Velasco V, Kingsley JL, Shoukat MS, Shafiee H, Anchan RM, Mutter GL, Tüzel E, Demirci U. 
Selection of functional human sperm with higher DNA integrity and fewer reactive oxygen species. 
Adv Healthc Mater. 2014;3(10):1671-9. http://doi.org/10.1002/adhm.201400058. PMid:24753434. 

Barker CAV, Gandier JCC. Pregnancy in a mare resulting from frozen epididymal spermatozoa. Can J 
Comp Med Vet Sci. 1957;21(2):47-51. PMid:17648942. 

Bruemmer JE. Freezing epididymal spermatozoa. In: McKinnon AO, Squires EL, Varner DD, Vaala WE, 
editors. Equine reproduction. Ames, IA: Wiley Blackwell; 2011. p. 2983e6. 

Campos-Chillon F, Altermatt JL. Effect of cooled vs frozen stallion semen on the efficiency of equine in 
vitro embryo production. J Equine Vet Sci. 2023;125:104634. 
http://doi.org/10.1016/j.jevs.2023.104634. 

Carnevale EM, Graham JK, Suh TK, Stokes JE, Squires EL. Foals produced after ICSI using frozen, sex-
sorted, refrozen semen. Reprod Fertil Dev. 2008;21(1):228. http://doi.org/10.1071/RDv21n1Ab261. 

Choi YH, Love CC, Love LB, Varner DD, Brinsko S, Hinrichs K. Developmental competence in vivo and in 
vitro of in vitro-matured equine oocytes fertilized by intracytoplasmic sperm injection with fresh or 
frozen-thawed spermatozoa. Reproduction. 2002;123(3):455-65. 
http://doi.org/10.1530/rep.0.1230455. PMid:11882023. 

Choi YH, Roasa LM, Love CC, Varner DD, Brinsko SP, Hinrichs K. Blastocyst formation rates in vivo and in 
vitro of in vitro-matured equine oocytes fertilized by intracytoplasmic sperm injection. Biol Reprod. 
2004;70(5):1231-8. https://doi.org/10.1095/biolreprod.103.023903. 

Choi YH, Velez IC, Macias-Garcia B, Riera FL, Ballard CS, Hinrichs K. Effect of clinically-related factors on in 
vitro blastocyst development after equine ICSI. Theriogenology. 2016;85(7):1289-96. 
http://doi.org/10.1016/j.theriogenology.2015.12.015. PMid:26777560. 

Claes A, Stout TAE. Success rate in a clinical equine in vitro embryo production program. Theriogenology. 
2022;187:215-8. http://doi.org/10.1016/j.theriogenology.2022.04.019. PMid:35623226. 

Colleoni S, Lazzari G, Duchi R, Baca Castex C, Mari G, Lagutina I, Galli C. Fertilization and development of 
oocytes after ICSI with semen of stallions with different in vivo fertility. J Equine Vet Sci. 
2012;32(7):408-9. http://doi.org/10.1016/j.jevs.2012.05.030. 

Colleoni S, Spinaci M, Duchi R, Merlo B, Tamanini C, Lazzari G, Mari G, Galli C. ICSI of equine oocytes with 
sex-sorted frozen thawed semen results in low cleavage rate but normal embryo development and 
pregnancies. Reprod Fertil Dev. 2008;21(1):228. http://doi.org/10.1071/RDv21n1Ab262. 

Cook NL, Masterson KR, Battaglia D, Beck R, Metcalf ES. Dimethyl sulfoxide and glycerol as 
cryoprotectant agents of stallion semen: effects on blastocysts rates following intracytoplasmic 
sperm injection of IVM equine oocytes. Reprod Fertil Dev. 2020;32(3):253-8. 
http://doi.org/10.1071/RD19266. PMid:32172784. 

Cuervo-Arango J, Claes AN, Stout TAE. Mare and stallion effects on blastocyst production in a commercial 
equine ovum pick-up-intracytoplasmic sperm injection program. Reprod Fertil Dev. 
2019;31(12):1894-903. http://doi.org/10.1071/RD19201. PMid:31634435. 

De Martin H, Miranda EP, Cocuzza MS, Monteleone PAA. Density gradient centrifugation and swim-up for 
ICSI: useful, unsafe, or just unsuitable? J Assist Reprod Genet. 2019;36(12):2421-3. 
http://doi.org/10.1007/s10815-019-01602-x. PMid:31664659. 

Dini P, De la Fuente A, Samper JC, Cabrera C, Holyoak GR, Megehee S, Meyers SA. Successful use of 
sexed stallion semen for in vitro embryo production; a preliminary study. J Equine Vet Sci. 
2023;125:104645. http://doi.org/10.1016/j.jevs.2023.104645. 

Dozortsev D, Qian C, Ermilov A, Rybouchkin A, De Sutter P, Dhont M. Sperm-associated oocyte-activating 
factor is released from thespermatozoon within 30 minutes after injection as a result of thesperm–
oocyte interaction. Hum Reprod. 1997;12(12):2792-6. http://doi.org/10.1093/humrep/12.12.2792. 
PMid:9455854. 

Edmond AJ, Teague S, Brinsko S, Comerford K, Waite JA, Mancill S, Love C, Varner D. Effect of density 
gradient centrifugation on quality and recovery of equine spermatozoa. Anim Reprod Sci. 
2008;107(3-4):318. http://doi.org/10.1016/j.anireprosci.2008.05.095. 

https://doi.org/10.1080/2090598X.2021.1932303
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34552776&dopt=Abstract
https://doi.org/10.1002/adhm.201400058
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24753434&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17648942&dopt=Abstract
https://doi.org/10.1016/j.jevs.2023.104634
https://doi.org/10.1071/RDv21n1Ab261
https://doi.org/10.1530/rep.0.1230455
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11882023&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2015.12.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26777560&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2022.04.019
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35623226&dopt=Abstract
https://doi.org/10.1016/j.jevs.2012.05.030
https://doi.org/10.1071/RDv21n1Ab262
https://doi.org/10.1071/RD19266
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32172784&dopt=Abstract
https://doi.org/10.1071/RD19201
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31634435&dopt=Abstract
https://doi.org/10.1007/s10815-019-01602-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31664659&dopt=Abstract
https://doi.org/10.1016/j.jevs.2023.104645
https://doi.org/10.1093/humrep/12.12.2792
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9455854&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9455854&dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2008.05.095


Semen manipulation for equine ICSI 
 

 

Anim Reprod. 2024;21(4):e20240015 7/8 

Fonte JS, Alonso MA, Maserati MP Jr, Gonçalves MA, Pontes JH, Bordignon V, Fleury PDC, Fernandes CB. 
Successful equine in vitro embryo production by ICSI – effect of season, mares’ age, breed, and 
phase of the estrous cycle on embryo production. Theriogenology. 2024;223:47-52. 
http://doi.org/10.1016/j.theriogenology.2024.04.007. PMid:38669841. 

Galli C, Colleoni S, Duchi R, Lazzari G. Male factors affecting the success of equine in vitro embryo 
production by ovum pickup-intracytoplasmic sperm injection in a clinical setting. J Equine Vet Sci. 
2016;43:S6-10. http://doi.org/10.1016/j.jevs.2016.05.014. 

Galli C, Spinaci M, Merlo B, Tamanini C, Gaetano M. Horse pregnancies established with embryos 
produced in vitro by ICSI with sex-sorted frozen thawed semen. In: Abstracts of the 7th International 
Symposium on Equine Embryo Transfer; 2008 Jul 9-11; Cambridge, England. Cambridge: Magdalene 
College; 2008. p. 208-209.  

Gonzalez-Castro RA, Carnevale EM. Use of microfluidics to sort stallion sperm for intracytoplasmic 
sperm intection. Anim Reprod Sci. 2019;202:1-9. http://doi.org/10.1016/j.anireprosci.2018.12.012. 
PMid:30655027. 

Gonzalez-Castro RA, Trentin JM, Carnevale EM, Graham JK. Effects of extender, cryoprotectants and thawing 
protocol on motility of frozen-thawed stallion sperm that were refrozen for intracytoplasmic sperm 
injection doses. Theriogenology. 2019;136:36-42. http://doi.org/10.1016/j.theriogenology.2019.06.030. 

Gonzalez-Castro RA, Stokes JE, Carnevale EM. Equine sperm selection by colloidal centrifugation, swim-up and a 
microfuidic device and ICSI outcome. J Equine Vet Sci. 2018;66:61-2. http://doi.org/10.1016/j.jevs.2018.05.034. 

Gonzalez-Castro RA, Whitcomb LA, Pinsinski EC, Carnevale EM. Cryopreservation of equine spermatozoa 
reduces plasma membrane integrity and phospholipase C zeta 1 content as associated with oocyte 
activation. Andrology. 2024;12(4):918-31. http://doi.org/10.1111/andr.13517.  

Hatzel JN, Stokes J. Intracytoplasmic sperm injection. In: Dascanio J, McCue P, editors. Equine 
reproductive procedures. 2nd ed. Hoboken: Wiley Blackwell; 2021. Chapter 52. 
http://doi.org/10.1002/9781119556015.ch52. 

Henkel RR, Schill WB. Sperm preparation for ART. Reprod Biol Endocrinol. 2003;1(1):108. 
http://doi.org/10.1186/1477-7827-1-108. PMid:14617368. 

Hinrichs K. Assisted reproductive techniques in mares. Reprod Domest Anim. 2018;53(S2):4-13. 
http://doi.org/10.1111/rda.13259. 

Hinrichs K. Update on equine ICSI and cloning. Theriogenology. 2005;64(3):535-41. 
http://doi.org/10.1016/j.theriogenology.2005.05.010. PMid:15985289. 

Lazzari G, Colleoni S, Crotti G, Turini P, Fiorini G, Barandalla M, Landriscina L, Dolci G, Benedetti M, Duchi 
R, Galli C. Laboratory production of equine embryos. J Equine Vet Sci. 2020;89:103097. 
http://doi.org/10.1016/j.jevs.2020.103097. PMid:32563445. 

Leemans B, Gadella BM, Stout TAE, De Schauwer C, Nelis H, Hoogewijs M, Van Soom A. Why doesn’t 
conventional IVF work in the horse? The equine oviduct as a microenvironment for 
capacitation/fertilization. Reproduction. 2016;152(6):R233-45. http://doi.org/10.1530/REP-16-0420. 
PMid:27651517. 

Macpherson M, Blanchard T, Love C, Brinsko S, Varner D. Use of a silane-coated silica particle solution to 
enhance the quality of ejaculated semen in stallions. Theriogenology. 2002;58(2-4):317-20. 
http://doi.org/10.1016/S0093-691X(02)00736-7. 

Matsuura K, Uozumi T, Furuichi T, Sugimoto I, Kodama M, Funahashi H. A microfluidic device to reduce 
treatment time of intracytoplasmic sperm injection. Fertil Steril. 2013;99(2):400-7. 
http://doi.org/10.1016/j.fertnstert.2012.10.022. PMid:23122951. 

McCue P. Refreezing semen. In: Dascanio J, McCue P, editors. Equine reproductive procedures. 2nd ed. 
Hoboken: Wiley; 2021. Chapter 154. https://doi.org/10.1002/9781119556015.ch154. 

Miller CD. Optimizing the use of frozen-thawed equine semen. Theriogenology. 2008;70(3):463-8. 
http://doi.org/10.1016/j.theriogenology.2008.04.037. PMid:18550159. 

Morrell JM, Geraghty RM. Effective removal of equine arteritis virus from stallion semen. Equine Vet J. 
2006;38(3):224-9. http://doi.org/10.2746/042516406776866444. PMid:16706276. 

Morris LHA. The development of in vitro embryo production in the horse. Equine Vet J. 2018;50(6):712-
20. http://doi.org/10.1111/evj.12839. PMid:29654624. 

Ng FL, Liu DY, Baker HW. Comparison of Percoll, mini-Percoll and swim-up methods for sperm 
preparation from abnormal semen samples. Hum Reprod. 1992;7(2):261-6. 
http://doi.org/10.1093/oxfordjournals.humrep.a137628. PMid:1315792. 

https://doi.org/10.1016/j.theriogenology.2024.04.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38669841&dopt=Abstract
https://doi.org/10.1016/j.jevs.2016.05.014
https://doi.org/10.1016/j.anireprosci.2018.12.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30655027&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30655027&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2019.06.030
https://doi.org/10.1016/j.jevs.2018.05.034
https://doi.org/10.1111/andr.13517
https://doi.org/10.1002/9781119556015.ch52
https://doi.org/10.1186/1477-7827-1-108
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14617368&dopt=Abstract
https://doi.org/10.1111/rda.13259
https://doi.org/10.1016/j.theriogenology.2005.05.010
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15985289&dopt=Abstract
https://doi.org/10.1016/j.jevs.2020.103097
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32563445&dopt=Abstract
https://doi.org/10.1530/REP-16-0420
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27651517&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27651517&dopt=Abstract
https://doi.org/10.1016/S0093-691X(02)00736-7
https://doi.org/10.1016/j.fertnstert.2012.10.022
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23122951&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2008.04.037
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18550159&dopt=Abstract
https://doi.org/10.2746/042516406776866444
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16706276&dopt=Abstract
https://doi.org/10.1111/evj.12839
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29654624&dopt=Abstract
https://doi.org/10.1093/oxfordjournals.humrep.a137628
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1315792&dopt=Abstract


Semen manipulation for equine ICSI 
 

 

Anim Reprod. 2024;21(4):e20240015 8/8 

Nosrati R, Vollmer M, Eamer L, Gabriel MCS, Zeidan K, Zini A, Sinton D. Rapid selection of sperm with 
high DNA integrity. Lab Chip. 2014;14(6):1142-50. http://doi.org/10.1039/c3lc51254a. PMid:24464038. 

Nozawa K, Satouh Y, Fujimoto T, Oji A, Ikawa M. Sperm-borne phos-pholipase C zeta-1 ensures 
monospermic fertilization in mice. Sci Rep. 2018;8(1):1315. http://doi.org/10.1038/s41598-018-19497-
6. PMid:29358633. 

Oliveira RA, Wolf CA, Viu MAO, Gambarini ML. Addition of glutathione to an extender for frozen equine 
semen. J Equine Vet Sci. 2013;33(12):1148-52. http://doi.org/10.1016/j.jevs.2013.05.001. 

Orsolini MF, Meyers SA, Dini P. An update on semen physiology, technologies, and selection techniques 
for the advancement of in vitro equine embryo production: section II. Animals (Basel). 
2021;11(11):3319. http://doi.org/10.3390/ani11113319. PMid:34828049. 

Rader K, Choi YH, Hinrichs K. Intracytoplasmic sperm injection, embryo culture, and transfer of in vitro–
produced blastocysts. Vet Clin North Am Equine Pract. 2016;32(3):401-13. 
http://doi.org/10.1016/j.cveq.2016.07.003. PMid:27726990. 

Ramírez-Agamez L, Hernandez-Avilés C, Varner DD, Love CC. Sperm factors associated with the 
production of equine blastocysts by intracytoplasmic sperm injection (ICSI) using frozen/thawed 
semen. Theriogenology. 2023;195:85-92. http://doi.org/10.1016/j.theriogenology.2022.10.014. 
PMid:36332376. 

Roasa LM, Choi YH, Love CC, Romo S, Varner DD, Hinrichs K. Ejaculate and type of freezing extender 
affect rates of fertilization of horse oocytes in vitro. Theriogenology. 2007;68(4):560-6. 
http://doi.org/10.1016/j.theriogenology.2007.04.057. PMid:17614128. 

Sakkas D, Ramalingam M, Garrido N, Barratt CL. Sperm selection in natural conception: what can we 
learn from Mother Nature to improve assisted reproduction outcomes? Hum Reprod Update. 
2015;21(6):711-26. http://doi.org/10.1093/humupd/dmv042. PMid:26386468. 

Sato K, Wakai T, Seita Y, Takizawa A, Fissore RA, Ito J, Kashiwazaki N. Molecular characteristics of horse 
phospholipase C zeta (PLCζ). Anim Sci J. 2013;84(4):359-68. http://doi.org/10.1111/asj.12044. 
PMid:23590511. 

Schrimpf R, Dierks C, Martinsson G, Sieme H, Distl O. Genome-wide association study identifies 
phospholipase C zeta 1 (PLCz1) as a stallion fertility locus in Hanoverian Warmblood horses. PLoS 
One. 2014;9(10):e109675. http://doi.org/10.1371/journal.pone.0109675. PMid:25354211. 

Shirota K, Yotsumoto F, Itoh H, Obama H, Hidaka N, Nakajima K, Miyamoto S. Separation efficiency of a 
microfluidic sperm sorter to minimize sperm DNA damage. Fertil Steril. 2016;105(2):315-21. 
http://doi.org/10.1016/j.fertnstert.2015.10.023. PMid:26551440. 

Sieme H, Oldenhof H, Wolkers WF. Sperm membrane behaviour during cooling and cryopreservation. 
Reprod Domest Anim. 2015;50(Suppl 3):20-6. http://doi.org/10.1111/rda.12594. PMid:26382025. 

Stout TAE, Griffiths H. Clinical insights: Assisted reproductive techniques: More than a solution to 
subfertility? Equine Vet J. 2021;53(6):1084-7. http://doi.org/10.1111/evj.13510. PMid:34611932. 

Stout TAE. Clinical application of in vitro embryo production in the horse. J Equine Vet Sci. 
2020;89:10311. http://doi.org/10.1016/j.jevs.2020.103011. PMid:32563449. 

Villaverde AISB, Fioratti EG, Fissore RA, He C, Lee HC, Souza FF, Landim-Alvarenga FC, Lopes MD. 
Identification of phospholipase C zeta in normospermic and teratospermic domestic cat sperm. 
Theriogenology. 2013;80(7):722-9. http://doi.org/10.1016/j.theriogenology.2013.06.005. PMid:23927836. 

Yamanaka M, Tomita K, Hashimoto S, Matsumoto H, Satoh M, Kato H, Hosoi Y, Inoue M, Nakaoka Y, 
Morimoto Y. Combination of density gradient centrifugation and swim-up methods effectively 
decreases morphologically abnormal sperms. J Reprod Dev. 2016;62(6):599-606. 
http://doi.org/10.1262/jrd.2016-112. PMid:27616283. 

Yelumalai S, Yeste M, Jones C, Amdani SN, Kashir J, Mounce G, Da Silva SJM, Barratt CL, McVeigh E, 
Coward K. Total levels, localization patterns, and proportions of sperm exhibiting phospholipase C 
zeta are significantly correlated with fertilization rates after intracytoplasmic sperm injection. Fertil 
Steril. 2005;104(3):561-8. http://doi.org/10.1016/j.fertnstert.2015.05.018. PMid:26054556. 

Author contributions 

RAO: Conceptualization, Supervision, Writing – original draft, Writing – review & editing; MAA: Conceptualization, Methodology, Writing – original draft, 
Writing – review & editing; JSF: Writing – original draft. CBF: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. 

https://doi.org/10.1039/c3lc51254a
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24464038&dopt=Abstract
https://doi.org/10.1038/s41598-018-19497-6
https://doi.org/10.1038/s41598-018-19497-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29358633&dopt=Abstract
https://doi.org/10.1016/j.jevs.2013.05.001
https://doi.org/10.3390/ani11113319
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34828049&dopt=Abstract
https://doi.org/10.1016/j.cveq.2016.07.003
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27726990&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2022.10.014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36332376&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36332376&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2007.04.057
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17614128&dopt=Abstract
https://doi.org/10.1093/humupd/dmv042
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26386468&dopt=Abstract
https://doi.org/10.1111/asj.12044
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23590511&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23590511&dopt=Abstract
https://doi.org/10.1371/journal.pone.0109675
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25354211&dopt=Abstract
https://doi.org/10.1016/j.fertnstert.2015.10.023
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26551440&dopt=Abstract
https://doi.org/10.1111/rda.12594
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26382025&dopt=Abstract
https://doi.org/10.1111/evj.13510
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34611932&dopt=Abstract
https://doi.org/10.1016/j.jevs.2020.103011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32563449&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2013.06.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23927836&dopt=Abstract
https://doi.org/10.1262/jrd.2016-112
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27616283&dopt=Abstract
https://doi.org/10.1016/j.fertnstert.2015.05.018
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26054556&dopt=Abstract

