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Never before have there been so many medical intervention
options available to infertile couples seeking to become par-
ents. These options are possible largely due to the research in
animal reproduction which started several decades ago with
the widespread use of artificial insemination in farm animals.
This was followed by the advent of in vitro embryo pro-
duction/manipulation and transfer, cryopreservation, and
the development of reproductive cloning (that sparked an
unprecedented interest in stem cell technology). In addition
to advancing our ability to modify reproductive function
and changing our perception of what is possible, such
technologies have also greatly expanded our understanding
of reproductive/gamete biology.

We have solicited research and review articles related to
the recently developed technologies in animal reproduction
for this special issue of the journal. The response was
overwhelming and a number of exciting articles have been
selected for publication. Most of the accepted papers in this
issue are review papers (9 of 15) and the articles have been
contributed by researchers from a dozen different countries,
reflecting its international scope. We are extremely grateful
to all the reviewers who took time to carefully read the
submitted manuscripts and to provide critical comments
which helped to ensure the high quality of this issue.

First few papers in this issue deal with sperm/semen.
Morrell & Rodriguez-Martinez summarize the recent advan-
ces in sperm selection and its application in reproductive
biotechnologies, including fractionated semen collection,
cryopreservation, biomimetic sperm selection, sperm sex
selection, and hyaluronic acid binding selection. Bansal &

Bilaspuri review the impacts of oxidative stress and reactive
oxygen species on sperm/semen function and highlight the
emerging concept of utilizing oxidative stress as a tool for
contraception. Rodriguez-Martinez & Wallgren review the
new developments in cryopreservation of boar semen, a
species from which the semen is known to be difficult
to cryopreserve. Caballero et al. overview the importance
of sperm interaction with the male reproductive fluids to
acquire the fertilization ability and highlight the role of
membranous vesicles (epididymosomes and prostasomes)
present in these fluids. The research article by Mollineau et
al. presents the results of comparing a number of semen
extenders and storage options on sperm motility of agouti,
a neotropical edible rodent.

Next few papers in this special issue address the trans-
plantation of gonadal tissue and cells. Honaramooz & Yang
provide a review of the salient recent research on germ cell
transplantation in farm animals with emphasis on examina-
tion of ways to increase its efficiency through improved prep-
aration of the recipient testes as well as isolation, purification,
preservation, and transgenesis of the donor germ cells. The
review paper by Mota et al. highlights those aspects of
testis tissue xenografting that need further attention, namely,
determinants of its outcome, preservation of the donor
tissue, and subsequent ART techniques to produce offspring
from the recovered material from grafts. The research paper
by Abbasi & Honaramooz presents the results of a study
aimed at improving the outcome of testis tissue xenografting
by comparing the effects of using different numbers of donor
tissue fragments to be grafted.



2 Veterinary Medicine International

In the next few papers in this issue, oocytes/follicles
have been discussed. Prentice & Anzar provide a review
of the recent advances in cryopreservation of mammalian
oocytes as a way to bank ova using slow freezing and
vitrification. The research article by Presicce et al. presents
the results of a study aimed at investigating the efficiency of
in vitro embryo production based on the source of oocytes
(recovered by ovum pick-up), hormonal stimulation, and
utilizing sexed bovine sperm. Andrade et al. present their
research results in which they tested the effects of culture
media and supplements as well as fragments of cultured
tissue on the ultrastructure of ovine primordial follicles.

The last few papers in this issue of the journal relate to a
variety of subjects and techniques in reproduction. Monteiro
et al. review the factors involved in nuclear reprogramming
and discuss in vitro manipulations that potentially reduce
epigenetic errors and better mimic in vivo conditions for
preimplantation bovine embryos. The review article by de
Sa Fihho et al. summarizes the current hormonal treatment
protocols, as well as other approaches, used to optimize the
reproductive performance of beef cattle reared under tropical
environments. Buranaamnuay et al. provide their research
findings on the comparison of two methods of artificial
insemination (intrauterine versus deep intrauterine) in sows
using frozen-thawed boar semen on fertilization rate and
number of embryos. The last paper in this issue is a research
article by Booth & Webb reporting on the effects of blockage
of the vomeronasal organ ducts on serum concentrations of
LH in South African does while exposed to bucks (Whitten
effect).

A. Honaramooz
S. Schlatt
K. Orwig

N.-H. Kim
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Modern biotechnologies are used extensively in the animal breeding industry today. Therefore, it is essential that sperm handling
procedures do not modulate the normal physiological mechanisms occurring in the female reproductive tract. In this paper, the
different selection mechanisms occurring in vivo are described briefly, together with their relevance to artificial insemination,
followed by a detailed description of the different selection processes used in reproductive biotechnologies. These selection
methods included fractionated semen collection, cryopreservation, biomimetic sperm selection, selection based on hyaluronic
acid binding, and last, but not least, sperm sex selection. Biomimetic sperm selection for AI or for cryopreservation could improve
pregnancy rates and help to reverse the decline in fertility seen in several domestic species over the recent decades. Similarly,
selection for hyaluronic acid binding sites may enable the most mature spermatozoa to be selected for IVF or ICSI.

1. Introduction

Modern biotechnologies such as artificial insemination (AI)
and sperm cryopreservation have revolutionized the animal
breeding industry. However, to unleash the full potential
of these undoubtedly powerful technologies, the events that
take place in the female reproductive tract between AI and
fertilization should be considered, so that we do not inad-
vertently hinder, or even counteract, normal physiological
processes [1, 2]. Moreover, in recent years there may have
been a decline in fertility in some species, associated with
an increase in the use of AI, for example in dairy cattle
[3]. The aim of this paper is to examine the ways in which
spermatozoa are “selected” during preparation for AI and
how these processes may impact sperm fertility. First, the
different selection mechanisms in the female reproductive
tract will be examined briefly, followed by a discussion of
the relevance of these mechanisms to AI. Sperm selection
with regard to cryopreservation will be considered followed
by a critique of different methods for sperm selection, with
particular focus on Single Layer Centrifugation (SLC). The

effectiveness of selecting spermatozoa for in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI) according
to possession of hyaluronic acid binding sites will be
discussed. Lastly, sperm selection for assisted reproduction
(ART) according to content of sex chromosomes will be
evaluated.

2. Selection Mechanisms within the Female
Reproductive Tract

At ejaculation, billions of spermatozoa are released into
the female reproductive tract and start to make their way
to the site of fertilization. However, only a few thousand
spermatozoa are present in the oviducts at any one time, and
only one spermatozoon will eventually fertilize each oocyte.
As spermatozoa pass along the female reproductive tract they
are subjected to several selection mechanisms responsible for
filtering out immature or damaged spermatozoa [1], at the
same time as they are acquiring fertilizing ability. Thus, only
spermatozoa that are functionally normal should reach the
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potential site of fertilization in the oviducts, the isthmic-
ampullary junction.

(i) The cervix: semen deposition takes place in the
vagina, close to the posterior cervix, in human beings and
some other species, for example, ruminants and rodents. In
other species, for example, horses and dogs, where semen
deposition takes place directly into the uterus, the uterotubal
junction acts as the only filter. In species with vaginal deposi-
tion of semen, the cervix acts as a sperm reservoir where the
spermatozoa may reside for up to 24 h, and it also serves as
a filtration system. Immotile or morphologically abnormal
spermatozoa become trapped by the viscous mucous in the
cervical lumen [4] whereas normal motile spermatozoa are
thought to orientate along the long axis of mucosal threads,
aligning themselves along the longitudinal mucosal folds of
the cervix (where the mucus is basically composed of sialic
acid) for antegrade movement [5]. Damaged spermatozoa
and microorganisms are trapped in the highly viscous central
mucous which propels them in a retrograde direction for
subsequent expulsion. During the stages of the oestrus cycle
under progesterone dominance, cervical mucous is viscous
and nearly impenetrable to spermatozoa.

(ii) The uterus: although sperm-uterine interaction has
been studied mostly in the pig, it is believed that many
of the observations in this species are pertinent to other
species too. It has been shown that some spermatozoa
attach to the uterine epithelium whereas others remain
in the uterine lumen, the latter tending to have damaged
plasma membranes [6]. Moreover, using uterine explants,
spermatozoa attached to uterine epithelial cells (UEC) were
shown to have normal ultrastructure and mitochondrial
membrane potential [7, 8]. Thus, it has been suggested that
the uterus, like the cervix, may act as a sperm reservoir
and filtration mechanism, although the latter is based on
direct interactions between the spermatozoa and the uterine
epithelial cells (UECs) rather than on a physical barrier.

(iii) The uterotubal junction (UTJ) and distal isthmus
may constitute a third sperm reservoir and filtering system.
When biopsies were taken from this region at various
times after mating, Mburu et al. [9] identified bound and
nonbound sperm populations. In a later study the bound
spermatozoa were found to have better membrane viability
than the unbound group [10]. Further work with explants
revealed that bound spermatozoa have both a prolonged
lifespan [11] and better chromatin integrity [12] compared
to those that do not bind. It is thought that spermatozoa that
have temporarily bound to UEC or the epithelial cells of the
UTJ subsequently become free to pass along the oviducts in
an antegrade direction.

(iv) oviductal selection: oviductal proteins modify the
zona pellucida (ZP) of freshly ovulated oocytes, thus affect-
ing the ability of spermatozoa to interact with them. Incu-
bation of human spermatozoa in the presence of oviductal
proteins apparently reduces their affinity for the ZP [13],
enabling the oviduct to actively select sperm subpopulations
with specific ligands for fertilization.

(v) Selection for a functional acrosome and binding sites.
sperm penetration of the cumulus matrix surrounding the

oocyte in the cumulus oophorus complex is facilitated by
sperm membrane-bound hyaluronidase [14] and by their
hyperactivated motility pattern. Zona binding involves a
wide range of sperm surface components and at least one of
the three glycoproteins of which the ZP is composed. Zona
binding acts as a trigger for the acrosome reaction (AR). The
spermatozoon then enters the perivitelline space between the
ZP and the oolemma, and the tip of the sperm makes contact
with the oolemma, followed by lateral attachment of the
spermatozoa [14]. The site of fusion is at the central region
of the spermatozoa near to, or at, the equatorial region, and
involves an integrin on the oocyte and an integrin ligand on
the sperm plasma membrane.

3. Relevance of Physiological Selection to
Artificial Insemination

In AI, semen doses containing lower sperm numbers than
are normally present in the ejaculate are deposited in the
uterus or cervix during oestrus [1]. This site of semen
deposition is nonphysiological for ruminants, bypassing the
cervical sperm reservoir in these species. This means, in
effect, that the person preparing the semen doses is acting as
a partial substitute for the cervix, diluting the seminal plasma
and selecting only those ejaculates with low proportions
of immotile or morphologically abnormal spermatozoa to
be used in AI. However, the presence of some seminal
plasma in the uterus is nonphysiological in ruminants and
may have a negative effect on fertility. Furthermore, the
spermatozoa remain in contact with seminal plasma (SP) for
much longer in the extended semen than they would under
physiological conditions. SP contains decapacitating factors
to prevent the spermatozoa capacitating too soon relative to
the potential time of fertilization. Prolonged contact with
SP may, therefore, impact negatively on sperm functionality.
However, the type of semen extender used may also affect
the ability of the spermatozoa to interact with the female
reproductive tract [7].

The prolonged contact between stallion spermatozoa and
seminal plasma during cooled storage may partially account
for the lower pregnancy rates achieved in mares inseminated
on the day following semen collection compared with AI
using freshly ejaculated semen. Although semen extenders
are used to dilute the seminal plasma, the formulations
currently in use for stallion semen may not be sufficiently
effective in maintaining the spermatozoa in an optimal
condition for fertilization.

Conversely, SP also contains components that are
considered beneficial to sperm survival [15]. Proteins in
SP have various effects promoting or inhibiting sperm
functions including motility, oviduct binding, zona bind-
ing/penetration, and ultimately fertilization [16]. Spermad-
hesins, for example, bind to the sperm surface on ejaculation
and prevent capacitation [16]. It is speculated that removal
of these proteins during preparation techniques such as flow
cytometric sperm sexing, may destabilize the membrane
and precapacitate the spermatozoa, thus shortening their
functional life [15, 17].
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Once the spermatozoa have been deposited in the uterus,
they are subjected to the previously described selection
mechanisms and interactions with the female reproductive
tract. Therefore, it is essential that the sperm handling
techniques prior to sperm deposition do not compromise
sperm membranes, sperm motility or sperm longevity, since
this will impair their ability to progress up the female
reproductive tract.

4. Sperm Selection for Freezing

Some individuals produce ejaculates that are better able
to withstand cryopreservation than others, that is, with
higher cryosurvival. In the semen industry, it is usual to
select animals that are “good” freezers as breeding sires,
since the market for straws of frozen semen with poor
viability is nonexistent. However, this selection of sires
inevitably impacts on the gene pool, since only spermatozoa
surviving cryopreservation contribute their DNA to the
next generation. Thus, by actively selecting for cryogenic
spermatozoa, there may have been inadvertent selection for
undesirable traits, such as reduced fertility.

Cryopreservation can have a profound effect on sperm
viability and function, both because of the physical changes
occurring during ice crystal formation and dissolution,
and due to the effects of the cryopreservation medium
on sperm membrane composition. Furthermore, cryop-
reservation may severely reduce or block binding pro-
teins on the sperm surface that are necessary for binding
to oviductal epithelium [1]. Frozen-thawed spermatozoa
exhibit “capacitation-like” membrane changes, which may be
evidence of membrane damage as well as actual capacitation.
Reactive oxygen species, such as the superoxide anion
(O2

−), are produced during capacitation in all species, and
possibly also ONOO− in bovines [18], accompanied by
increased activity of the mitochondrial respiratory chain.
The additional sperm energy requirements needed to sup-
port these activities must be supplied by oxidative substrates
in the surroundings, namely, the semen extender in stored
semen doses. Thus the composition of the cryopreservation
medium is important for supporting capacitation.

Whether cryosurvival (“freezability”) is a function of
the spermatozoa themselves or of the composition of the
seminal plasma is the subject of much discussion. The boar
ejaculate is produced in several fractions, each containing
a different proportion of spermatozoa and SP, the latter
being of different composition in the various fractions
depending on the relative contributions of the accessory
glands [19]. Spermatozoa present in the first 10 mL of the
sperm-rich fraction of boar ejaculates (known as portion
1 or P1) were found to survive cryopreservation better
than spermatozoa in the rest of the ejaculate (portion 2,
P2) [20]. Moreover, when spermatozoa in the different
fractions were separated from SP and subsequently mixed
with SP from the other fraction in a crossover experiment,
the kinematics of P2 spermatozoa were improved whereas
those of P1 spermatozoa deteriorated [21]. In contrast, boar
spermatozoa collected from the whole of the sperm-rich

fraction were found to have better motility than those in
P1, P2, or P1 subsequently mixed with P2 (P1+P2) [22].
Moreover, the sperm-rich fractions of stallion ejaculate were
found to contain spermatozoa with lower %DFI (DNA frag-
mentation index) than those from the subsequent (sperm-
poor) fractions [23]. Taken together, these observations
suggest that spermatozoa are affected by the composition of
SP, and at least boar and stallion spermatozoa may require
exposure to SP in the correct ratio (or relative amounts of
specific constituents) to achieve their optimum motility and
membrane integrity.

This finding could have implications for enhancing
sperm survival in species such as the stallion, where there
are marked differences between individuals in sperm survival
during cryopreservation or even during cooled storage.
Removal of some [24], or all, of the SP [25, 26], prolongs
stallion sperm survival during cooled storage. In contrast
to possible negative effects of SP on sperm survival, SP
may play a role in the postmating clearance of spermatozoa
from the uterus, at least in mares [27]. Ejaculation in most
other species is not differentiated into clear fractions, as
it is in the boar and stallion, but even so there may be
individual variation in the composition of SP that modulate
cryosurvival. Identification of the components of SP that
enhance fertility, either by their action on spermatozoa or
on the female reproductive tract, would be of considerable
benefit to the animal AI industry.

An alternative method for enhancing sperm survival dur-
ing storage, either cooled or by cryopreservation, would be
to select subpopulations of good quality spermatozoa prior
to storage. Preliminary results suggest that sperm fertility is
not adversely affected by such selection methods and may
be improved, for example stallion spermatozoa [28]. The
selection of the best quality spermatozoa is reviewed in
the next section. However, it is pertinent to note here that
stallion spermatozoa selected by SLC through Androcoll-E
on the basis of sperm quality show increased progressive
motility after thawing than unselected spermatozoa, which
(it is speculated) could result in better pregnancy rates after
AI with frozen thawed sperm doses.

5. Biomimetic Sperm Selection

Biomimetics is the use of technologies and/or processes that
mimic a naturally occurring event. Several mechanisms have
been suggested that mimic the selection taking place in
the female reproductive tract [29]. These methods either
separate the spermatozoa from SP or, in addition, permit
selection of the better quality spermatozoa from the rest
of the ejaculate. There have been several extensive reviews
recently on the merits and demerits of various sperm
selection techniques used to improve sperm quality for
assisted reproduction, for example, for human spermatozoa
[30], and for animal spermatozoa [29].

Basically, the methods can be divided into those that
result in removal of seminal plasma only (sperm washing),
and methods that select spermatozoa on the basis of certain
characteristics, such as sperm migration (based on sperm
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motility), filtration (based on membrane integrity), and col-
loid centrifugation (based on sperm motility, morphology,
viability and chromatin integrity). Colloid centrifugation
can be subdivided into density gradient centrifugation
(DGC) and Single Layer Centrifugation (SLC) [31]. A brief
description of each of these techniques follows.

5.1. Sperm washing. The extended ejaculate is centrifuged,
the supernatant (consisting of seminal plasma and extender)
removed and the sperm pellet resuspended in a suitable
volume of the extender. The spermatozoa are thus separated
from most of the seminal plasma [32]. However, there is
no selection of the spermatozoa and dead, moribund, and
abnormal cells [33] as well as sources of reactive oxygen
species (ROS), may remain, which are detrimental to sperm
viability. There have been reports of chromatin damage in
human spermatozoa due to this technique [34], although this
may be due to centrifuging human semen without extender
rather the technique itself. Extenders for animal semen,
particularly milk- or egg yolk-based extenders, typically
contain antioxidants which may counteract ROS released
during centrifugation.

5.2. Migration. There are several variations, all relying on the
ability of motile spermatozoa to move from one suspension
to another [34]. The original sperm population is either
underneath, on top of, or to one side of the migration
medium [34]. The spermatozoa move away from the SP; thus
selection is based on sperm motility and does not provide any
selection based on morphology, chromatin integrity, viabil-
ity, or acrosome integrity [35]. Spermatozoa with tail abnor-
malities are prevented from migrating into the swim-up
medium. Some studies show significantly better midpiece-
and tail-morphology after swim-up than after washing [33].
Adding hyaluronic acid to the migration medium may also
select for spermatozoa with intact membranes [36]. The
main disadvantage of any migration method is the low-
recovery rate, for example, 10%–20% [33], which renders
them impractical for preparing spermatozoa for AI in most
animal species.

5.3. Filtration. The spermatozoa interact with the filter
substance, for example, glass fibres, Sephadex beads, or
membrane pores, but are also selected on the basis of
being ability to move [37]. Nonviable spermatozoa adhere
to the matrix more than motile, functional spermatozoa
[38], although the mechanism of action is uncertain [39].
Immotile and dead spermatozoa may agglomerate because
of changes in surface charges [40], or protein changes on the
sperm surface after capacitation may allow sperm binding
to sephadex particles [41]. Filtration of canine spermato-
zoa through Sephadex G-15 increased the proportion of
viable spermatozoa and decreased the proportion of altered
acrosomes compared to the unfiltered sample [37]. Filtered
bovine spermatozoa showed improved post-thaw viability
compared to unfiltered spermatozoa [42].

There are claims that filtration methods are not only
useful for eliminating leukocytes (sources of ROS) and

selecting motile spermatozoa, but may also aid selection
for morphologically normal [43] and possibly acrosome-
intact spermatozoa [39]. In contrast, Januskauskas et al. [42]
found no effect on the proportion of spermatozoa with intact
acrosomes. The filtrate is not considered to be as clean as for
other sperm separation methods [30], presumably because
some SP and cellular debris remain in the sample. However,
fewer spermatozoa are lost than with other methods, with
approximately 63% recovery rate being reported [42].

5.4. Colloid Centrifugation. In this method, extended semen
is centrifuged through a colloid, separating spermatozoa
from SP and selecting the spermatozoa that are motile,
viable, and have good chromatin integrity. During DGC or
SLC, cells move to a point in the gradient that matches
their own density—the isopycnic point [44]. By altering the
centrifugation force and time, and the physical properties
of the colloid, the good quality spermatozoa are allowed
to pellet in the bottom of the tube. Until recently, colloid
centrifugation was confined solely to DGC, which involved
using several layers of colloid of different density (hence
“density gradient”), but recently a new method, SLC through
a species-specific colloid (Androcoll) was developed by the
current authors at the Swedish University for Agricultural
Sciences [31], which uses only one layer of Androcoll. Thus,
time is saved during preparation and the method can be
scaled-up successfully to allow large volumes of ejaculate
to be centrifuged [45]. Species-specific formulations of
Androcoll (with a suffix to denote the species) have been
developed for stallion [31], boar [22], bull [46], dog [47],
and cat [48].

Sperm washing is used frequently in the equine breeding
industry, either to remove most of the SP prior to extending
and cooling the sample, or prior to freezing. However, it
should be noted that sperm washing does not improve
the quality of the sperm samples since the majority of the
spermatozoa are retained during processing. In fact, some
of the most motile spermatozoa may be removed with the
supernatant [26]. Most of the true selection methods have
been tested by researchers at one time or another with the
semen of various species but are rarely considered practical
for use in the field, mainly because of the large volume of
ejaculate or high-sperm concentration involved in preparing
sperm doses for animal AI.

In a comparison of SLC and sperm washing for stallion
spermatozoa, it was found that sperm washing did not confer
any beneficial effect on the sperm samples and, in fact, had
a negative effect on sperm motility and chromatin integrity
[26]. The SLC-selected samples from the same ejaculates
showed both better sperm motility and chromatin integrity,
which were maintained over the duration of the experiment
(72 h).

However, the situation for animal AI is rather different
to human ART, since much larger numbers of spermatozoa
are required in animal breeding. Thus, with the exception
of SLC, the sperm selection methods described above are
impractical for incorporating into processing protocols for
AI doses in animal breeding. Not only does SLC select good
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quality spermatozoa, as does DGC [31], but also SLC is
user friendly and can be scaled up to produce sufficient
numbers of spermatozoa even for boar and stallion AI doses
[45]. Attempts to scale up DGC have not achieved the same
yields as small-scale preparations, although the sperm quality
is reported to be good [49]. SLC-selected sperm samples
have been shown to be functionally normal in ICSI and
AI studies in the horse [28, 50], and in bovine IVF [46].
Furthermore, there was an indication that SLC may have
advantages over DGC for preparing spermatozoa for ICSI
from sperm samples of very poor quality [50].

The major applications for SLC-selection are as follows:

(i) improving sperm quality in AI doses (e.g., stallion
[28]);

(ii) increasing the “shelf-life” of in vitro stored sperm
samples (stallion [25] and boar [22]);

(iii) removal of pathogens [51, 52];

(iv) to improve cryosurvival by removing dead and dying
spermatozoa prior to cryopreservation, or used post-
thawing to select the live spermatozoa [53, 54];

(v) to select spermatozoa that are morphologically nor-
mal and have good chromatin integrity for AI [55],
ICSI [50], or IVF [46], thus increasing the yield of
zygotes developing to the blastocyst stage;

(vi) in combination with other methods of sperm sexing,
to speed up the process [56].

6. HBA: Relevance for IVF, ICSI, and AI

During epididymal maturation, spermatozoa acquire
hyaluronic acid binding sites which are necessary for the
acquisition of motility and for binding to the ZP/oocyte
[57]. Spermatozoa not possessing these binding sites
are unable to fertilize oocytes even in IVF. Therefore,
detection of the proportion of spermatozoa with these
binding sites may indicate the potential fertility of the
sperm sample. Since ICSI circumvents all natural barriers to
fertilization, the success rate of the technique is dependent
on the quality of the spermatozoa selected for injection
[58]. Using normal morphology as the sole criterion for
selection increases the possibility of using spermatozoa
with abnormal chromosomes [59]. Therefore, it was
hypothesized that an effective test for selecting normal
spermatozoa would increase the success rate of embryo
production by ICSI, particularly in pigs [60]. Park et al.
[58] reported an increase in ICSI efficiency when boar
spermatozoa adhering to droplets of hyaluronic acid (HA)
were selected for ICSI, compared to controls using motile
spermatozoa that had been slowed down by passage through
a solution of polyvinylpyrrolidone (PVP). Although the
blastocyst development was the same in the two groups,
the frequency of normal diploidy in the group treated with
HA was significantly higher (75.5%) than in the PVP-group
(68.2%). The authors concluded that using the HA-binding
spermatozoa was superior to morphological sperm selection
alone in producing chromosomally normal embryos by

ICSI [58]. Similar results were seen for human ART, where
a higher fertilization rate was obtained using HA-selected
spermatozoa for ICSI [61]. The latter authors also found
a significant inverse correlation between percentage of HA
binding and protamine deficiency, DNA fragmentation, and
abnormal sperm morphology (P < .05).

Recently an assay was developed for determining the
ability of human spermatozoa to bind to hyaluronan. A kit
(HBA—the hyaluronan binding assay, Medicult, Denmark)
is commercially available for use with human semen samples
for IVF, consisting of glass slides coated with hyaluronan.
A drop of the sperm sample in phosphate buffered saline
is applied to the coated slide and, after a short incubation
at ambient temperature (22◦C), the number of spermatozoa
bound to the hyaluronan coating is counted. A variant for
selecting spermatozoa for ICSI made by the same company
consists of hyaluronan-coated dishes (PICSI dishes) from
which bound spermatozoa can be selected one by one for use
in ICSI.

Although originally developed for human spermatozoa,
both the HBA and PICSI dishes have been evaluated for use
with stallion spermatozoa destined for AI and ICSI, respec-
tively. When the HBA was used with stallion spermatozoa
subjected to cool storage, binding varied between stallions
(11%–24% [62]) but was less than indicated for human
spermatozoa (28%–89%; [63]). However, the ejaculates used
in this trial had been extended in a commercial extender
(INRA96; IMV) and stored in the refrigerator overnight,
which may have blocked or inactivated some of the binding
sites.

Use of the PICSI dishes when selecting spermatozoa for
ICSI produced variable results, with lower cleavage rates
but a higher proportion of cleaved oocytes developing to
the blastocyst stage than for spermatozoa selected by the
operator on the basis of apparent “normal” morphology
alone [50]. Since previous studies have shown that bovine
oocytes can cleave when fertilized with chromosomally
abnormal bull spermatozoa, but development is subse-
quently blocked [64], it would appear that the spermatozoa
binding in the PICSI dishes did have a better chance of being
chromosomally normal than those selected on the basis of
subjective morphology assessment by a skilled operator.

7. Sex Selection

For many centuries, animal breeders and researchers have
endeavoured to control the sex of the offspring born, for
various reasons. Initially male offspring were preferred, for
example, for beef production, because of the better feed
conversion efficiency and lean-to-fat ratio of males whereas
females were preferred for dairy purposes, except that some
males of high-genetic merit were still required as sires.
Current husbandry practices in the pig industry favour same-
sex groups on welfare grounds (to prevent fighting) and
because of a more even live-weight gain, with all members
of the group reaching slaughter weight within a specified
time. However, if male pigs are left entire, the meat develops
“boar taint” as the animal reaches sexual maturity, which is
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considered undesirable by the consumer. Therefore, young
males must be castrated, which has welfare considerations.
One mechanism for avoiding castration would be to produce
only female piglets in litters destined for intensive meat
production, obtained by using sexed sperm doses for AI.

Many methods have been proposed for separating X-
and Y-chromosome bearing spermatozoa, based on physical
properties, for example, size of the sperm head, or functional
properties, for example, swimming speed. However, the only
method which has been shown to work reliably is that
of selection and separation of spermatozoa whose DNA is
stained vitally with a bis-benzimidazole dye, H33342 [65],
and separated into X- and Y-chromosome bearing groups
using the sorting capacity of a flow cytometer [66, 67]. This
method functions because the X chromosome is larger than
the Y and therefore takes up more of the DNA-specific stain.
In cattle, for example, the difference in DNA content between
the X and Y chromosome is approximately 4.2%, whereas
for pigs it is approximately 3.8%. However, the process of
sorting sufficient numbers for an insemination dose in the
flow cytometer is long since the stained spermatozoa must
pass one at a time through a laser beam for detection of
their DNA content. Although a commercial enterprise exists
for sexing bull spermatozoa, the method is considered too
expensive for commercial application in pig breeding, where
much larger numbers of spermatozoa are needed per AI dose
than for cattle. Therefore, flow cytometric sperm sexing for
AI has been confined largely to the cattle breeding industry,
and for ICSI in the equine breeding industry.

Even in the bovine breeding industry, flow cytometric
sperm sexing has not fulfilled its original promise: sexed
sperm doses are too expensive for widespread application,
the fertility of sexed sperm doses is lower than unsexed sperm
doses [68], which is not merely a reflection of the lower
sperm numbers used but may be attributed to impaired
sperm function caused by the sexing process [69]. It is worth
noting that the first method [65, 66] developed for sperm
sexing used a lower concentration of the vital dye, Hoechst
33342 than the method described later [67]. The higher dye
concentration was linked to chromosomal abnormalities in
rabbits, particularly in conjunction with laser illumination
[70] whereas the lower concentration was used to produce
5 successive generations of rabbits without any evidence of
fertility problems [71]. Since food dye is added to sperm
samples stained with the higher concentration of dye to
quench the excessive fluorescence [72], it would seem to be
better to use lower concentrations of Hoechst 33342 initially
to reduce the possibility of negative effects.

Furthermore, the flow cytometric technique is not
applicable to all bulls; there appears to be a difference in
“sortability” between individuals [69]. A similar variation
between males was observed for stallions [73]; the latter
authors attributed the variation in “sortability” to differences
in the number of dead spermatozoa present in the sample.
Therefore, there is still a need in the animal breeding industry
to develop a technique for sperm sexing that would provide
sufficient spermatozoa for AI doses, does not compromise
sperm fertility, and is widely applicable to a range of
individuals and species.

One possible alternative to flow cytometric separation is
colloid centrifugation, either density gradient centrifugation
(DGC) or the recently developed technique of single layer
centrifugation (SLC). Since the X chromosome is larger than
the Y, while no difference has been detected in the volume of
the sperm head, there is a theoretical difference in density
between the two sperm types. Thus, if there is no other
factor contributing to sperm density, it should be possible to
separate the two types using colloid centrifugation. However,
spermatozoa change in density as they mature due to changes
in the composition of their membranes, and the distribution
in density due to the maturity of the spermatozoa overlaps
that of the sex chromosome. Therefore, it is not certain that
it would be possible to sex spermatozoa in sufficient numbers
with colloid centrifugation to be useful for AI doses. To
date, attempts have been made to sex small numbers of bull
spermatozoa with DGC for subsequent IVF [74, 75]. The
authors of the first paper claimed a shift in the sex ratio of
embryos produced whereas the authors of the second found
no change in the sex ratio.

Another possibility for sperm sexing is that sperm
surface proteins may be sex linked [76]. Recent research has
identified proteins on either X- or Y-chromosome bearing
spermatozoa. The use of antibodies to these sperm surface
proteins may enable the two subpopulations of spermatozoa
to be separated.

A combination of techniques would also be relevant
for sperm sexing. Thus, the speed of flow sorting can be
increased by first removing the dead and dying spermatozoa
from the population, for example by DGC or SLC [77].
Such a combination may increase the “sortability” of sperm
samples. Since SCL with Androcoll appears to be better at
removing spermatozoa with damaged chromatin, at least
from stallion ejaculates [50], and is a simpler technique
to use than DGC, it would appear to be advantageous
to combine SLC with Androcoll and flow cytometry for
producing sexed sperm doses for AI.

8. Conclusion

There are many mechanisms by which spermatozoa may be
“selected” for use in ART, varying from a relatively crude
fractionation of boar semen as it is being ejaculated to a
highly refined process based on the possession/expression
of certain cell surface molecules. Any selection mechanisms
taking place in vitro must not harm the spermatozoa or
modulate their interaction with the female reproductive tract
if fertility is to be maintained. Biomimetic selection of the
best quality spermatozoa for AI or for cryopreservation could
improve pregnancy rates and may help to reverse the decline
in fertility seen in several domestic species over the recent
decades, for example in dairy cattle [78] and horses [79].
Similarly, selection for hyaluronic acid binding sites may
enable the most mature spermatozoa to be selected for IVF or
ICSI, resulting in a more efficient production of blastocysts
than at present, or even help to identify the best males to
be selected as breeding sires. Finally, as previously discussed
in this paper, the animal breeding industry is still waiting
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for an effective, practical method of sexing spermatozoa,
which is applicable to the semen of all males. Perhaps this
achievement will become the most notable contribution to
the animal breeding industry of the 21st century, as AI and
sperm cryopreservation were to the 20th century.
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Oxidative stress (OS) has been considered a major contributory factor to the infertility. Oxidative stress is the result of imbalance
between the reactive oxygen species (ROS) and antioxidants in the body which can lead to sperm damage, deformity, and eventually
male infertility. Although high concentrations of the ROS cause sperm pathology (ATP depletion) leading to insufficient axonemal
phosphorylation, lipid peroxidation, and loss of motility and viability but, many evidences demonstrate that low and controlled
concentrations of these ROS play an important role in sperm physiological processes such as capacitation, acrosome reaction, and
signaling processes to ensure fertilization. The supplementation of a cryopreservation extender with antioxidant has been shown
to provide a cryoprotective effect on mammalian sperm quality. This paper reviews the impacts of oxidative stress and reactive
oxygen species on spermatozoa functions, causes of ROS generation, and antioxidative strategies to reduce OS. In addition, we
also highlight the emerging concept of utilizing OS as a tool of contraception.

1. Introduction

Gametes are susceptible to reactive oxygen species (ROS)
attack. When manipulated in vitro during assisted repro-
ductive techniques, these cells run the risk of generating
and being exposed to supra-physiological level of ROS [1].
Defective sperm functions are the most prevalent causes of
male infertility and a difficult condition to treat [2]. Many
environmental, physiological, and genetic factors have been
implicated in the poor sperm functions and infertility [3–6].
Thus, it is very important to identify the factors/conditions
which affect normal sperm functions. Among various causes,
oxidative stress (OS) has been attributed to affect the fertility
status and physiology of spermatozoa [7]. The term oxidative
stress is generally applied when oxidants outnumber antioxi-
dants [1]. The imbalance between the production of reactive
oxygen species (ROS) and a biological systems ability to
readily detoxify the reactive intermediates or easily repair the
resulting damage is known as oxidative stress [8]. The main
destructive aspects of oxidative stress are the production of
ROS, which include free radicals and peroxides [9].

The production of ROS by sperm is a normal physio-
logical process, but an imbalance between ROS generation

and scavenging activity is detrimental to the sperm and
associated with male infertility [10]. Physiological levels of
ROS influence and mediate the gametes [11–13] and crucial
reproductive processes, such as sperm-oocyte interactions
[14], implantation and early embryo development [15].

Against ROS attack, sperm cells are well equipped with a
powerful defense system of antioxidants [2]. Antioxidants are
the main defense factors against oxidative stress induced by
free radicals [2]. This article reviews the impact of oxidative
stress and reactive oxygen species (ROS) on spermatozoal
functions, causes of ROS generation, and antioxidative
strategies to reduce the oxidative stress. In addition, the
significance of antioxidants in reproduction and oxidative
stress as a contraceptive measure will be reviewed.

2. Oxidative Stress

One of the most important factors contributing to poor
quality semen has been reported to be oxidative stress
[16]. Oxidative stress is a condition associated with an
increased rate of cellular damage induced by oxygen and
oxygen derived oxidants commonly known as ROS [17].
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Uncontrolled production of ROS that exceeds the antioxi-
dant capacity of the seminal plasma leads to oxidative stress
(OS) which is harmful to spermatozoa [18]. All cellular
components including lipids, proteins, nucleic acids, and
sugars are potential targets of oxidative stress [7].

3. Free Radicals

Free radicals are short lived reactive chemical intermediates,
which contain one or more unpaired electrons [19, 20]. They
induce cellular damages when they pass this unpaired elec-
tron onto nearby cellular structures, resulting in oxidation
of cell membrane lipids, amino acids in proteins or within
nucleic acids [21]. Free radicals are also known as a necessary
evil for intracellular signaling involved in the normal process
of cell proliferation, differentiation, and migration [22–24].
In the reproductive tract, free radicals also play a dual role
and can modulate various reproductive functions [1]. Excess
of free radicals generation frequently involves an error in
spermiogenesis resulting in the release of spermatozoa from
the germinal epithelium exhibiting abnormally high levels of
cytoplasmic retention [20].

4. Reactive Oxygen Species (ROS)

ROS are formed as necessary by-products during the normal
enzymatic reactions of inter- and intracellular signaling.
Mammalian spermatozoa represent a growing list of cell
types that exhibit a capacity to generate ROS when incu-
bated under aerobic conditions, such as, hydrogen peroxide
(H2O2), the superoxide anion (•O2

−), the hydroxyl radical
(OH•), and hypochlorite radical (OHCl•). Due to their
highly reactive nature, ROS can combine readily with
other molecules, directly causing oxidation that can lead
to structural and functional changes and result in cellular
damage [25–27].

5. Types of ROS

ROS represent a broad category of molecules that indicate
the collection of radicals (hydroxyl ion, superoxide, nitric
oxide, peroxyl, etc.) and nonradicals (ozone, single oxygen,
lipid peroxides, hydrogen peroxide) and oxygen derivatives
[28]. Reactive nitrogen species (nitrous oxide, peroxynitrite,
nitroxyl ion, etc.) are free nitrogen radicals and considered a
subclass of ROS [29, 30]. Nitric oxide (NO) has been shown
to have detrimental effects on normal sperm functions
inhibiting both motility and sperm competence for zona
binding [7].

6. Origin of ROS in Male Reproductive
System/Sources of ROS

In male, two ROS generating systems are possibly involved, a
hypothetical NADH oxidase at the level of sperm membrane
and low sperm diphorase (mitochondrial NADH-dependent
oxidoreductase) [31]. In bovine semen, ROS are generated

primarily by dead spermatozoa via an aromatic amino acid
oxidase catalyzed reaction [32].

Leukocytes and immature spermatozoa are the two main
sources of ROS [33]. Leukocytes particularly neutrophils
and macrophages have been associated with excessive ROS
production and they ultimately cause sperm dysfunction
[21, 34–40].

Two of the main factors contributing to ROS accu-
mulation in vitro are the absence of endogenous defense
mechanism and second exposure of gametes and embryos
to various manipulation techniques as well as environment
that can lead to generation of oxidative stress [1]. Levels of
ROS may rarely fluctuate within a fertile individual, but,
do not affect sperm concentration and motility. This may
be due to the presence of adequate antioxidant defense
mechanisms in the healthy individuals. The fluctuations in
ROS levels might be due to transient subclinical infection and
transient abnormalities in spermatogenesis such as, retention
of cytoplasm or periodic presence of abnormal spermatozoa
in semen [18].

7. Positive and Negative Effects of ROS

The production of ROS is a normal physiological process
but an imbalance between ROS generation and scavenging
activity is detrimental to the sperm and associated with
male infertility [10]. ROS generated by spermatozoa play
an important role in normal physiological processes such
as, sperm capacitation, acrosome reaction, maintenance of
fertilizing ability, and stabilization of the mitochondrial
capsule in the mid-piece in bovine [7, 41, 42]. Controlled
generation of ROS may function as signaling molecules
(second messengers) in many different cell types; they are
important mediators of sperm functions. Evidences have
been reported that especially superoxide anion (•O2) is
required for the late stage of embryo development such as,
two germ cell layers and egg cylinder [43]. Although a signif-
icant negative correlation between ROS and IVF fertilization
rate has been found [27], yet, controlled generation of ROS
has shown to be essential for the development of capacitation
and hyperactivation [44]; the two processes of sperm that
are necessary to ensure fertilization. In vivo physiological
concentrations of ROS are involved in providing membrane
fluidity, maintaining the fertilizing ability and acrosome
reaction of sperm [16]. The maintenance of a suitable ROS
level is, therefore, essential for adequate sperm functionality.
ROS cause adverse effects on the sperm plasma membrane,
DNA, and physiological processes, thereby, affecting the
quality of spermatozoa. The axosome and associated dense
fibers of the mid-piece in sperm are covered by mitochon-
dria that generate energy from intracellular stores of ATP
depletion [45]. Excessive ROS impairs motility and capacity
of fertilization. Additionally, cold shock arising from other
stress plays an important role in the molding of membranes
by determining their sol gel balance and the dynamic status
that affects the fusion of the plasma membrane of the male
and female gametes [46]. The assumption that ROS can
influence male fertility has received substantial scientific
support [27].



Veterinary Medicine International 3

Mammalian spermatozoal membranes are rich in
polyunsaturated fatty acids (PUFAs) and are sensitive to
oxygen-induced damage mediated by lipid peroxidation,
and, thus are sensitive to ROS attack which results in
decreased sperm motility, presumably by a rapid loss of
intracellular ATP leading to axonemal damage, decreased
sperm viability, and increased mid-piece sperm morpholog-
ical defects with deleterious effects on sperm capacitation
and acrosome reaction [2, 47]. Thus ROS are independent
markers of male factor infertility [17].

8. Lipid Peroxidation

The mechanism of ROS-induced damage to spermatozoa
includes an oxidative attack on the sperm membrane lipids
leading to initiation of lipid peroxidation (LPO) cascade
[10].

Mammalian spermatozoa are known to be susceptible to
loss of motility in the exogenous oxidant, as a consequence
of LPO [48]. The susceptibility of ruminant spermatozoa
to oxidative stress is a consequence of the abundance
of PUFAs in sperm plasma membrane, the presence of
which gives the membranes fluidity and flexibility which
help the sperm to engage in membrane fusion events
associated with the fertilization. Unfortunately, the pres-
ence of double bonds in these molecules makes them
vulnerable to free radicals attack and the initiation of LPO
cascade. This results in a subsequent loss in membrane
and morphological integrity, impaired cell functions, along
with impaired sperm motility and induction of sperm
apoptosis [16].

Concerning the chemistry of LPO in spermatozoa, it
implies that once this process has been initiated, its propaga-
tion is impeded, leading to accumulation of lipid peroxides
in the sperm plasma membrane [10]. Supplementation of
transition metal ions such as Fe2+ to the sperm suspension
results in a sudden acceleration of LPO and loss of sperm
functions such as motility and viability [49]. The key inter-
mediates in spontaneous LPO are the lipid hydroperoxides
generated by a chain reaction initiated and their subsequent
utilization. Peroxidation of PUFAs in sperm cell membrane
is an autocatalytic, self-propagating reaction, which can give
rise to cell dysfunction associated with the loss of membrane
functions and integrity.

9. Lipid Peroxidation-Detrimental
Effects on Sperm Functions

Lipid peroxides are spontaneously generated in the sperm
plasma membrane and are released by the action of
phospholipase A2. They are capable of inducing DNA
damage and decrease in fertility during storage of semen
[50]. The peroxides are generally associated with decreased
sperm functions and viability, but, have also a signifi-
cant enhancing effect on the ability of spermatozoa to
bind with homologous and heterologous zona pellucida
[51].

10. Measurement of LPO-Thiobarbituric
Acid Assay

Malondialdehyde (MDA) is an end product of LPO which is
measured through thiobarbituric acid (TBA) assay [20]. TBA
reactive substances (TBARS) are mainly formed during the
determination of LPO in vitro [52]. In many studies, TBARS
level, as an indicator of LPO, was increased in frozen thawed
bull sperm, but, not in cooled sperm [53]. Malondialdehyde
(MDA) levels do not differ in fresh and frozen semen
in normal men [54]. In bull semen, spontaneous LPO is
measured by the endogenous lipid peroxides [55].

11. Strategies to Reduce Oxidative Stress

11.1. Antioxidants. Spermatozoa are protected by various
antioxidants and antioxidant enzymes in the seminal plasma
or in spermatozoa itself to prevent oxidative damage [56].
An antioxidant that reduces oxidative stress and improves
sperm motility could be useful in the management of male
infertility [57]. Antioxidants are the agents, which break the
oxidative chain reaction, thereby, reduce the oxidative stress
[58, 59]). Vitamin E (antioxidant) may directly quench the
free radicals such as peroxyl and alkoxyl (ROO•) generated
during ferrous ascorbate-induced LPO, thus it is suggested
as major chain breaking antioxidant [60]. Antioxidants, in
general, are the compounds and reactions which dispose,
scavenge, and suppress the formation of ROS, or oppose their
actions. Mn2+ enhances sperm motility, viability, capacita-
tion and acrosome reaction by decreasing the oxidative stress
[57, 61]. Extracellular addition of Mn2+ ions also enhances
the level of cAMP by stimulating Ca2+ or Mg2+ ATPase which
leads to activation of calcium channel opening, thereby
depositing more Ca2+

i . Thus, Mn2+ promotes the acrosome
reaction [56]. Thiol groups also play an important role in
detoxification and antioxidation of ROS, besides maintaining
the intracellular redox status. These groups serve as defense
mechanisms of sperm cells to fight against oxidative stress
[62]. A variety of biological and chemical antioxidants
that attack ROS and LPO are presently under investiga-
tion [2]. Recent studies demonstrate that supplementation
of cryopreservation extenders with antioxidants has been
shown to provide a cryoprotective effect on bull, ram, goat,
boar, canine, and human sperm quality, thus improving
semen parameters, for example, sperm motility, membrane
integrity after thawing [16]. Supplementation with these
antioxidants prior to the cryopreservation process may be
recommended to facilitate the enhancement of sperm cry-
opreservation technique for the goat breeding industry [16].
Supplementation with antioxidants during IVF procedures
impaired sperm quality, normal pronuclear formation, and
embryo development to the blastocyst stage [41].

Enzymatic Antioxidants. Enzymatic antioxidants are also
known as natural antioxidants; they neutralize excess ROS
and prevent it from damaging the cellular structure. Enzy-
matic antioxidants are composed of superoxide dismu-
tase (SOD), catalase, glutathione peroxidase (GPx), and
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glutathione reductase (GR) which also causes reduction
of hydrogen peroxides to water and alcohol [27]. SOD
spontaneously dismutase superoxide anion (O−

2
•) to form

O2 and H2O2 while catalase converts H2O2 to O2 and H2O
as shown in following equation [2].

2
(
O−

2
•) + 2H+ SOD−−→ H2O2 + O2,

H2O2
Catalase−−−−→ H2O +

1
2

O2.

(1)

SOD protects spermatozoa against spontaneous O2 toxicity
and LPO [2]. SOD and catalase also remove O−

2
• generated

by NADPH oxidase in neutrophils and play a major role
in decreasing LPO and protecting spermatozoa against
oxidative damage [2]. Catalse presence in sperm has been
demonstrated for ram and cattle and it has a potential role in
ageing process and control of oxidative stress in cells, mainly
resulting from H2O2 [46].

Nonenzymatic Antioxidants. Nonenzymatic antioxidants are
also known as synthetic antioxidants or dietary supplements.
The body’s complex antioxidant system is influenced by
dietary intake of antioxidants, vitamins, and minerals such
as vitamin C, vitamin E, zinc, taurine, hypotaurine, and
glutathione [27].

Glutathione is a molecule found at mM level in a number
of cells, able to react with many ROS directly [45]. GSH is
also a cofactor for GSHPx that catlyzes the reduction of toxic
H2O2 and other hydroperoxides, protecting the mammalian
cells from oxidative stress [45]. Glutamine (5 mM) has been
provided a cryoprotective effect by improving postthaw
motility, membrane integrity, and catalse enzyme activity in
ram semen [63].

Supplementation of inositol in the extender can improve
the motility of frozen thawed bull sperm [16]. Inositol
has cryoprotective and antioxidative properties resulting in
higher antioxidant GSH activity, acrosome integrity, and
intact morphological rates [16].

Cysteine is a low-molecular weight amino acid contain-
ing thiol; it is a precursor of intracellular glutathione[64].
It has been shown to penetrate the cell membrane easily,
enhancing the intracellular GSH biosynthesis both in vivo
and in vitro and protecting the membrane lipids and proteins
due to indirect radical scavenging properties [37]. It is also
thought that GSH synthesis under in vitro conditions may
be impaired because of deficiency of cysteine in the media,
due to its high instability and auto-oxidation to cysteine [45].
Cysteine has cryoprotective effect on the functional integrity
of axosome and mitochondria improving postthawed sperm
motility. It has been proved that thiols such as glutathione
and cysteine prevented the loss of sperm motility in frozen
thawed bull semen [64]. Cysteine has been shown to
prevent the loss in motility of frozen thawed bull, ram,
and goat semen and to improve viability, the chromatin
structure, and membrane integrity of boar sperm during
liquid preservation [64]. Cysteine has improved the porcine
oocytes maturation and fertilization in vitro [37].

Trehalose or taurine, a sulfonic amino acid, acts as
nonenzymatic scavenger that plays an important role in

the protection of spermatozoa against ROS, in case of
exposure to aerobic conditions and the freezing—thawing
process [65]. A nonpermanent disaccharide has a protective
action related both to osmotic effect and specific interactions
with membrane phospholipids, rendering hypertonic media,
causing cellular osmotic dehydration before freezing and
then decreasing the amount of cell injury by its crystallization
[46]. Trehalose performs better cryoprotection postthaw
fertilizing ability in ram, bull, and mouse sperm due to
diminished death and damage of sperm [46]. A recent study
has demonstrated that antioxidant capacity of trehalsoe is
observed upon the performance of incubation at 37◦C for
3 h and no difference is obtained at 0 h postthawing of
ram semen [46]. Tuarine displayed antioxidative properties
by elevating catalse level in close association with super-
oxide dismutase concentration in ram, rabbit, and bull
spermatozoa[65].

Hyaluronan, an essential component of the extracellular
matrix and nonsulfated glycosaminoglycan, is involved in
important physiological functions such as motility, capaci-
tation of spermatozoa and preserve postthaw spermatozoa
viability, and in vitro membrane stability [46]. Hyaluro-
nan improves sperm motility, viability and membrane
integrity after freezing and thawing procedure and decrease
polyspermy with declining motility in humans and boars
[46].

Bovine serum albumin (BSA) is known to eliminate free
radicals generated by oxidative stress and protect membrane
integrity of sperm cells from heat shock during freezing-
thawing of canine semen [64].

Carotenoids such as beta-carotene and lycopene are
also important components of antioxidant defense. Beta
carotenes protect the plasma membrane against LPO in rat
[64].

Addition of antioxidants vitamin E, butylated hydrox-
ytoluene (BHT), and Tempo to extended turkey semen
improves sperm survival and membrane integrity and
reduces the loss of motility after 48 h of storage [64].

Since long it has been known that supplementation of
culture media with antioxidants such as, ROS scavengers,
disulfide reducing, or divalent chelators prolongs the motility
of reactivated bull spermatozoa after freezing and thawing
[66]. It has been suggested that antioxidant therapy appears
to be efficient not only in vitro but also in vivo [66].

Numerous antioxidants have proven beneficial in pro-
tecting damaging effects of ROS on sperm movement and
against oxidative damage [67].

12. Cryopreservation/Freezing
Thawing-Oxidative Stress

Semen cryopreservation is an important procedure which
allows specific advantages to livestock industry [63]. The
improvement of semen cryopreservation techniques requires
in depth knowledge of the gamete physiology and the
biochemical processes occurring during semen collection,
processing, and freeze-thawing. Freezing/thawing of sperm
sample is routinely performed in cattle breeding industries
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in order to perform artificial insemination. These procedures
are known to produce ROS in sperm samples. During cryop-
reservation, semen is exposed to cold shock and atmospheric
oxygen, which in turn increases the susceptibility to lipid
peroxidation due to higher production of ROS [45]. As the
sperm plasma membrane is one of the key structures affected
by cryopreservation [22, 67], sperm cryopreservation and
thawing is associated with increased ROS production and
decreased antioxidant level. Both freezing and thawing cause
tremendous alterations in cell water volume. Spermatozoa
discard most of their cytoplasm during the terminal stages of
differentiation and lack the significant cytoplasmic compo-
nent containing antioxidants that counteract the damaging
effect of ROS and LPO [46]. Due to this, spermatozoa are
susceptible to LPO during cryopreservation and thawing
[46], which confers considerable mechanical stress on the cell
membrane [67]. It has been noted in humans that ROS level
has a positive correlation with the extent of apoptotic sperms
[68]. Despite recent morphological advances, cryopreserva-
tion exerts detrimental effects on spermatozoa that lead to a
significant decrease in sperm viability and motility, and, ulti-
mately in decreased cryopreserved sperm rates (CSR). The
fertility potential of cryopreserved mammalian spermatozoa
is lower than that of fresh sperm [69]. Frozen-thawed ram
sperm demonstrates serious cryopreservation damage and
thus a highly reduced fertilizing capacity [64]. Long-term
(freezing) and short-term (liquid) storage of sperm may lead
to membrane deterioration due to membrane phase tran-
sition occurring in the regions of highly specialized sperm
plasma membrane [63]. Antioxidant capacity of semen
may, however, be insufficient in preventing LPO during the
freezing thawing process. The protective antioxidant systems
in sperm are primarily of cytoplasmic origin and sperm
discard most of their cytoplasm during terminal stages of dif-
ferentiation [16]. Thus mammalian sperm lack a significant
cytoplasmic component, which contains sufficient antioxi-
dants to counteract the damaging effects of ROS and LPO.
For this reason, sperm are susceptible to LPO during cry-
opreservation and thawing process [16]. The improvement
of cryopreservation technique requires in depth knowledge
of the gamete physiology and the biochemical processes
occurring during semen collection, processing, and freezing-
thawing. Damage due to oxidative stress may be by passed by
the inclusion of antioxidants prior to freezing processes [45].

Cryopreservation induces extensive biophysical and bio-
chemical changes in the membrane of spermatozoa that
ultimately decrease the fertility potential of the cells [70].
Procedure of cryopreservation increases premature capac-
itation of spermatozoa [65]. These alterations may not
affect motility but reduces life span, ability to interact
with the female reproductive tract and sperm fertility.
Freezing and thawing processes also lead to the generation
of reactive oxygen species (ROS) [45]. Excessive production
of ROS during cryopreservation has been associated with
the reduced postthaw motility, viability, membrane integrity,
antioxidant status, and fertility and sperm functions. The
postthaw motility of the cryopreserved buffalo semen is poor
and the success rate of IVF with buffalo sperm is only 10%–
20% as compared to cattle which is 30%–35% [64].

13. Oxidative Stress and Contraception

Lipid peroxidation induced by H2O2 not only disrupts sperm
motility, but, also impairs all the sperm functions which are
dependent on the integrity of plasma membrane, including
sperm-oocyte fusion and ability to undergo acrosomal
exocytose. Such findings have raised the possibility that
hydrogen peroxide or reagents producing them on contact
with spermatozoa might be an effective way of contraception.

14. Conclusions

Evaluation of OS and the use of antioxidants are not routine
in clinical practice. The immediate need is to simplify and
validate the evaluation of ROS and OS status so that it
can be performed routinely without the use of sophisticated
equipment. Also, it is important to establish reference values
for ROS above which antioxidants could be used for male
infertility treatment. The dose and duration of these antioxi-
dants should also be determined and standardized. With the
increase in the use of ART procedure, there should be an
effort to develop optimum combinations of antioxidants to
supplement sperm preparation media. The proposal to use
hydrogen peroxide producing agents as possible means of
contraception warrants further investigation.
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stress and protection against reactive oxygen species in
the pre-implantation embryo and its surroundings,” Human
Reproduction Update, vol. 7, no. 2, pp. 175–189, 2001.

[26] E. de Lamirande and C. Gagnon, “Impact of reactive oxygen
species on spermatozoa: a balancing act between beneficial
and detrimental effects,” Human Reproduction, vol. 10, sup-
plement 1, pp. 15–21, 1995.

[27] A. Agarwal, S. Gupta, and R. K. Sharma, “Role of oxidative
stress in female reproduction,” Reproductive Biology and
Endocrinology, vol. 3, article 28, 2005.

[28] A. Agarwal and S. A. Prabakaran, “Mechanism, measurement,
and prevention of oxidative stress in male reproductive
physiology,” Indian Journal of Experimental Biology, vol. 43,
no. 11, pp. 963–974, 2005.

[29] S. C. Sikka, “Relative impact of oxidative stress on male
reproductive function,” Current Medicinal Chemistry, vol. 8,
no. 7, pp. 851–862, 2001.

[30] V. Darley-Usmar, H. Wiseman, and B. Halliwell, “Nitric oxide
and oxygen radicals: a question of balance,” FEBS Letters, vol.
369, no. 2-3, pp. 131–135, 1995.

[31] M. Gavella and V. Lipovac, “NADH-dependent oxidoreduc-
tase (diaphorase) activity and isozyme pattern of sperm in
infertile men,” Archives of Andrology, vol. 28, no. 2, pp. 135–
141, 1992.
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The present paper highlights aspects of the cryopreservation of boar semen, a species with particular large, fractionated ejaculates,
and a cumbersome cryotechnology that had prevented its commercial application. With the dramatic increase of use of liquid
pig semen for artificial breeding over the past decade, developments on cryopreservation alongside the routine use of stud boar
semen for AI had been promoted. Recent advances in our laboratory, accommodating the best use of portions of the sperm-rich
fraction of the ejaculate for cryopreservation of the sperm-peak portion (P1) and parallel use of the rest of the collected ejaculated
spermatozoa, appears as a suitable commercial alternative.

1. Introduction

Freezing of boar spermatozoa started already by the 1960’s
and their fertility was reassured using cervical artificial
insemination (AI) by 1971 [1].We made the hltd change
in the second address. Still, despite documented efforts to
reach acceptable fertility and prolificacy after AI, overall
boar sperm cryosurvival is consistently low in comparison
to other species, owing to damage during a processing
that is time consuming, costly and yields few doses per
ejaculate. Here we succinctly describe major advancements
of boar semen cryopreservation, relevant for research but,
particularly, for pig breeding. Selected results had been
presented elsewhere (APVS, Japan, 2009).

2. What Happens during Cryopreservation of
Boar Spermatozoa?

The biophysical changes brought about by the transition
of liquid water to ice during the relatively slow cooling
most often used, are the assumed main causes for sperm
damage. If spermatozoa are solely frozen in seminal plasma
(neat semen) or simply extended with a buffer, such “unpro-
tected freezing” is basically lethal, since ice is formed both

outside and inside the cell, damaging essential structures,
particularly the plasma membrane and the mitochondria.
Even when the extender contains a proper Cryo-Protectant
Agent (CPA), damage occurs; but many cells survive the
process. Under these conditions, ice is formed in the aqueous
extender medium surrounding the spermatozoa and, as ice
crystals grow in the free water that builds the bulk of
this extracellular milieu, the amount of solvent decreases
while the solute becomes more and more concentrated.
Spermatozoa loose intracellular water in order to com-
pensate for this effective osmotic stress, leading to freeze
dehydration of the cells. Eventually, when temperatures are
below ∼−80◦C, the highly concentrated, highly viscous
solution within and outside the spermatozoa turns into
a metastable glassy matrix, which is basically maintained
when spermatozoa are stored at −196◦C (LN2). The imaging
(using a Cryo-Scanning Electron Microscope, Cryo-SEM [2],
Figure 1) of the concentrated medium where spermatozoa
are embedded (the so-called veins, arrows in Figures 1(a) and
1(b)) contrasts with the frozen free water (so-called lakes,
∗in Figures 1(a) and 1(b)). Most spermatozoa in the veins
appear intact (Figure 1(b)), that is, they seem to survive
the process of cooling. Interesting enough, intracellular
ice is rarely formed here, since the speed of cooling is
usually low and the presence of the CPA increases viscosity,
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Figure 1: Cryo-Scanning Electron microscopy (Cryo-SEM) micrographs of boar semen conventionally frozen in Flat-Pack, showing the
frozen extender (arrows), containing spermatozoa (spz and small arrows) and the areas of frozen free water (∗ = lakes), Bars: (a) 10 μm,
(b)1 μm (Photo: H Ekwall, Uppsala).

enhancing the phenomenon of cell dehydration [3]. So,
when are cells damaged? Most of them during thawing,
with membranes and axonemes deteriorating by the osmotic
imbalance created during cooling [4, 5].

3. Old and New CPA’s: Any Improvement?

Accidentally, the apparently first recorded occasion when
a CPA was added to a semen extender was the addition
of glycerol, a small, polyhydroxylated solute. Glycerol is
highly soluble in water through interaction by hydrogen
bonding, and can permeate across the plasma membrane,
but at a low rate. Since glycerol disturbs cell metabolism
at body temperature, boar spermatozoa are usually exposed
to this CPA at ∼5◦C, which; unfortunately; further slows
membrane permeation. Mixed with the other solutes of
the extender in solution, glycerol depresses their freezing
point and ameliorates the rise in sodium chloride con-
centration during dehydration. Moreover, this simple CPA
increases viscosity with cooling (>100,000 cP by −55◦C)
[6], leading to a retardation of both ice crystal growth
and on dehydration speed on a kinetic basis. Moreover,
glycerol eliminates eutectic phase changes of the extender
[7], making it a very suitable CPA when added at 2%-
3% rates. While such interval does not affect cryosurvival
in “good-freezer” boars, those considered moderate or bad
freezers benefit from a minimum of 3% glycerol [8]. A
broad range of other solutes (mostly alcohols, sugars, diols,
and amides) have also been tested for CPA capacity [9],
but boar spermatozoa react variably. While alcohols and
diols can induce membrane blebbing, sugars (such as the
disacharides sucrose, raffinose or trehalose which both
increase viscosity and stabilise the membrane by interacting
with phospholipids) are not better than glycerol, regarding
cryosurvival [10]. On the other hand, replacing glycerol
with amides (formamide; methyl- or dimethylformamide,
MF-DMF; acetamide; methyl- or dimethylacetamide (MA-
DMA) at ∼5% concentration has proven beneficial for cryo-
susceptible boars, probably because the amide permeates

the plasma membrane more effectively than glycerol, thus
causing less osmotic damage during thawing [11].

4. Do Other Additives than CPA’s
Increase Cryosurvival?

Some do, such as the use of N-acetyl-D-glucosamine which,
at very low rates (<0.1%) has enhanced cryosurvival of
boar spermatozoa [12], possibly by interaction with the
surfactant Orvus Es Paste (OEP) [13]. Use of OEP or
other surfactants [14] are of value when interacting with
egg yolk and the plasma membrane [15] (albeit details are
still unexplained). Use of low-density lipoproteins (LDLs),
most often isolated from egg-yolk from different species
[16], has proven beneficial for sperm function post-thaw,
particularly for DNA-integrity. Similarly, sperm cryosurvival
has been enhanced by the addition of antioxidants [17–
19], hyaluronan [20], or platelet-activating factor (PAF)
[21], although the beneficial effects vary, particularly when
different sperm sub-populations are used.

5. Does Controlled Freezing
Improve Cryosurvival?

Yes, it does. This matter has been tested when rates of
cooling (and of thawing) could be controlled by use of
programmable freezers, and where “optimal” cooling rates
were those that substantially diminished the period during
which heat was released in the sample during the change
of phases of water (i.e., ice was formed). Interestingly
enough, experimentally established (yet often empirically)
optimal rates of the range 30–50◦C/min [22] have been
theoretically predicted [23, 24] and confirmed by use of novel
procedures, such as equilibrium freezing [25]. In sum, boar
spermatozoa are still being “best” cryopreserved (in terms
of cryosurvival) in standard lactose-egg yolk (or LDL)-based
cooling and freezing media, the latter including a surfactant
(often OEP) and glycerol (2%-3% final concentration),
cooled at 30 to 50◦C/min and rapidly (1,000–1, 800◦C/min)
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Table 1: Cryosurvival (examined using Computer-Assisted Sperm Analysis, CASA) mean ± SEM percentages of total motile spermatozoa,
30 min post-thaw at 38◦C) of boar spermatozoa from P1 (1st 10 mL of the sperm-rich fraction, SRF) or the entire SRF when subjected to a
simplified (SF, 3.5 h) or a conventional freezing (CF, 8 h) and an equal thawing (35◦C for 20 s).

Simplified freezing (SF, 3.5 h) Conventional freezing (CF, 8-9 h)

P1-spermatozoa SRF-spermatozoa P1-spermatozoa SRF-spermatozoa

62.9± 3.13a 54.2± 3.50a 70.0± 4.40a 64.0± 2.60a

aP > .05.

thawed. As cited earlier, this protocol would serve most boars
while for those with suboptimal sperm freezability, it must
be modified, particularly regarding glycerol concentration
and warming rates [8]. The entire procedure usually takes
between 8 and 9 hours from collection to storage of the
frozen doses in liquid nitrogen (LN2), being still tedious
(many different steps) and, inconvenient, producing few
AI-doses per ejaculate. Moreover, there is a large variation
between ejaculates and —particularly— among boars, for
their capacity to sustain cryopreservation [26].

6. Are There Any Other Procedures That
Improve Cryosurvival?

Yes, the use of cryobiologically adequate packaging systems
for the extended spermatozoa has proven successful. Boar
semen has been processed in plastic straws of different vol-
umes (0.25 to 5 mL) [27], flattened 5 mL straws [28], metal
[29], or in plastic bags of various types and constitution
[14, 30–34]. The latter, denominated “FlatPacks” proven
equally good or better than 0.25 mL straws in terms of sperm
cryosurvival despite the fact that they held 5 mL of semen
(an entire dose for cervical AI, 5 billion spermatozoa), thus
waiving the need of pooling innumerable straws at thawing.
FlatPacks are considered as cryobiologically convenient (very
thin and with a large surface to dissipate heat during cooling
and warm rapidly during thawing), as those small containers
tested. Consequently, the FlatPack proved successful when
fertility was tested, with acceptable farrowing rates and litter
sizes [35]. However, doses with such large sperm numbers
conspire against the best use of the ejaculates and, with
the introduction of intrauterine deposition of semen, it
opened for the use of smaller containers with high numbers
of spermatozoa to contain a single AI-dose. Recently, boar
spermatozoa was frozen, highly concentrated, in small
volumes (0.5–0.7 mL) in novel containers, the so-called
“MiniFlatPack” (MFP), as 1-2 billion spermatozoa/mL [3].
Interestingly, not only the freezing was more homogeneous
in MFP than in medium straws [36], also cryosurvival [37]
and fertility when using deep-intrauterine AI [38], were
equal or higher than for 0.5 mL plastic straws. However,
processing semen in the current manner is still unpractical
and, therefore, unattractive for routine, commercial use.

7. New Handling of Boar Semen for Freezing

Boar seminal plasma (SP) is a composite, heterogeneous
fluid built up by fractionated secretions of the epididymal

caudae and the accessory sexual glands. In vivo, spermatozoa
contact some of these fractions but not necessarily others,
and different effects (sometimes deleterious, sometimes
advantageous) have been recorded in vitro when keeping
boar spermatozoa in its own SP, depending on the fraction
used [39]. The SP or the sperm-rich fraction (SRF) might not
be necessary for cryosurvival or fertility, since spermatozoa
from boars that were seminal-vesiculectomised were able to
sustain freezing and thawing equally well as spermatozoa
bathing in seminal vesicular proteins [40]. We have recently
determined that boar spermatozoa contained in the first
10 mL of the SRF (also called Portion 1 or P1, where
about 25% of all spermatozoa in the SRF are) were more
resilient to handling (from extension to cooling) and to
cryopreservation than those spermatozoa contained in the
rest of the ejaculate [17, 39, 41–43]. It appeared that it was
actually the SP in this sperm-peak P1 that was beneficial
for spermatozoa, either because of its higher contents of
cauda epididymal fluid and specific proteins, or its lower
amounts of seminal plasma spermadhesins, bicarbonate, or
zinc levels [39], compared to other fractions of the ejaculate
[44]. In any case, an attempt was very recently done to
simplify the cryopreservation protocol by freezing only the
P1-spermatozoa, in concentrated form, for eventual use
with deep-intrauterine AI. These spermatozoa were firstly
kept in their own SP for 30 min, and thereafter, without
centrifugation (i.e., without SP-removal) mixed with lactose-
egg yolk (LEY) extender and cooled down to +5◦C within
1.5 h, before being mixed with LEY + glycerol (3%) and OEP
and packed into MiniFlatPack for customary freezing, using
50◦C/min cooling rate. This “simplified” entire procedure
(SF), lasted 3.5 h compared to the “conventional freezing”
(CF) that was used as control procedure, which lasted 8
h. As controls, spermatozoa from the SRF were compared
to P1-spermatozoa. Cryosurvival was, as seen in Table 1,
equally good (above 60% of the processed cells) [44].
Moreover, recent studies (unpublished) have shown that
there are no major differences when “quickly” freezing the P1
compared to the rest of the SRF-spermatozoa, indicating that
the simplified freezing could be routinely applicable, using
MFPs.

There are several advantages of using this simplified,
shorter protocol, namely, the exclusion of the customary
primary extension and the following removal of this con-
spicuously beneficial SP-aliquot by centrifugation. As well,
it waives the need of expensive refrigerated centrifuges.
Moreover, interboar variation was minimised by use of P1-
spermatozoa which, not only were the “best” spermatozoa
to be cryopreserved, but uses a portion of the SRF where
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the documented “fertility-associated” proteins are present
[39]. Moreover, the procedure frees the rest of the collected
spermatozoa (75% of the total) for additional processing of
liquid semen AI-doses. This simpler protocol ought thus to
be an interesting alternative for AI-studs to—using one and
the same ejaculate-freeze boar semen (P1) for gene banking,
for repopulation or for commercial distribution, along with
the routine production of conventional liquid semen doses
for AI, using the rest of the ejaculate. Such procedures would
not disturb current handling of boars or their ejaculates. We
are at present awaiting the performance of a field trial using
such procedures.
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After spermatogenesis, testicular spermatozoa are not able to fertilize an oocyte, they must undergo sequential maturational
processes. Part of these essential processes occurs during the transit of the spermatozoa through the male reproductive tract.
Since the sperm become silent in terms of translation and transcription at the testicular level, all the maturational changes
that take place on them are dependent on the interaction of spermatozoa with epididymal and accessory gland fluids. During
the last decades, reproductive biotechnologies applied to bovine species have advanced significantly. The knowledge of the bull
reproductive physiology is really important for the improvement of these techniques and the development of new ones. This paper
focuses on the importance of the sperm interaction with the male reproductive fluids to acquire the fertilizing ability, with special
attention to the role of the membranous vesicles present in those fluids and the recent mechanisms of protein acquisition during
sperm maturation.

1. Introduction

In mammalian species, fertilization is a complex process that
occurs in the oviduct of the female reproductive tract [1]. In
bovine, since the ovulation is not synchronized with the time
of the sperm arrival at the site of fertilization (18–20 hours or
more before) and the oocyte fertilization temporal window is
narrow, reproductive strategies have been developed in both
sexes. The male produces a heterogeneous population of
spermatozoa, with different sperm subpopulations available
to fertilize an oocyte at any time during the female ovulation
window. On the other hand, the female selects and retains
attached to the oviductal epithelium the most suitable sperm
subpopulation arrived at the oviduct, keeping them with
a high fertilizing potential until the ovulation time, when
they will be released [2, 3]. From the male side, the testis
is the organ in charged of the continuous production of
spermatozoa, and the epididymis is the organ that ensures
the production of a heterogeneous sperm population capable
of fertilizing an oocyte and also acts as a reservoir of the male
gametes.

After completing spermatogenesis and spermiation in
the testis, the spermatozoa are not capable of fertilizing an
oocyte. The fertilizing ability will be acquired in a tem-
porally controlled manner during different stages towards
the encounter with the female gamete: (1) along the transit
through the epididymal duct, (2) at the encounter with
the seminal plasma during the ejaculation, (3) during the
transit through the female reproductive tract, (4) during the
interaction with oviductal epithelial cells, and (5) during
the interactions with the different female gamete structures.
Sperm changes occurring in the male reproductive tract have
been defined as maturational changes whereas those occur-
ring in the female counterpart are known as capacitation-
associated changes. Epididymal maturation processes need
around 10 days to be completed, a relatively long time
comparing to the processes that occur from the ejaculation
that takes between minutes to hours. This is an indicator of
the level of complexity in the events that take place in the
epididymis.

During maturation, the spermatozoa undergo many
biochemical and morphological modifications. Some of
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them include the addition of epididymal proteins to the
maturating sperm, a process that has been specially studied
[4–6], and also some molecular reorganizational changes
at the cell membrane level. It is interesting to note that
those are common mechanisms between maturation and
capacitation events [7]. Among them, the movement of some
enzymes [8, 9], membrane lipids [10], and cholesterol [11]
can be cited. In addition, changes in membrane fluidity as
a consequence of cholesterol efflux and protein dissociation
from raft domain seems to be also a mechanism that
occurs both in capacitation [12, 13] and in the maturational
processes occurring at the time of ejaculation [14].

Since the spermatozoa must complete all those physio-
logical processes to be able to fertilize an oocyte, a better
understanding of the mechanisms involved has a great
impact in the development of bovine reproductive biotech-
nologies. This paper focuses on the events associated with the
acquisition of the sperm maturation along the epididymal
duct and the postejaculatory sperm modifications with
emphasis on the role of the membranous vesicles present in
the epididymal fluid (epididymosomes) and seminal plasma
(prostasomes) on those processes.

2. The Epididymis

The epididymal duct is a long convoluted tubule tightly
coiled over the testicular surface that connects the efferent
ducts to the vas deferens embryologically originated from the
anterior Wolffian or mesonephric duct [15]. Three different
regions are anatomically distinguished: the head (caput),
the body (corpus), and the tail (cauda) (Figure 1) [16].
All along the epididymal tubule, the lumen is bordered by
an epithelium that is very active in protein synthesis and
secretion [17] under androgenic stimulation [18, 19]. The
pseudostratified epithelium is composed mainly of principal
(85%) and basal cells, accompanied by other specialized
cells distributed in a segment-specific manner including
apical, narrow, clear, and halo cells. Between important
known functions of these cells, secretion, absorption, endo-
cytosis, acidification of the luminal fluid, immune defense,
phagocytosis, and antioxidant production can be mentioned
[20]. The epithelium forms an epididymal barrier by the
presence of tight junction between epithelial cells [20].
Fluid composition in each epididymal segment shows great
variability from one epididymal segment to the other [21, 22]
as well as the pattern of gene expression [23, 24].

The epididymis is the organ responsible for the sperm
transport, concentration, storage, and maturation. The epi-
didymal sperm maturation function involves the acquisition
of the forward motility and the fertilizing ability [4]. The
latter is defined as the acquisition of the many physiolog-
ical properties by the spermatozoon including the ability
to bind the zona pellucida, an extracellular glycoprotein
coat surrounding the oocytes, and to fuse with the egg
plasma membrane. The fertilizing ability is acquired by
the spermatozoa during the epididymal transit, since it
has been demonstrated that spermatozoa collected from
the proximal segments are unable to fertilize an oocyte in
artificial insemination or in vitro fertilization procedures

C

D

B

E

Figure 1: Photography taken from a bull epididymis. Different
anatomical sections are identified: caput (b), corpus (c), and cauda
(d). Vas deferens is also indicated (e). Reproduced from [16] with
permission of the Editorial.

[25] but, in the majority of species, they start to acquire
fertilizing potential in the middle corpus [26].

When spermatozoa reach the elongated spermatid stage
in the testis, their DNA starts to be progressively condensed,
and as a consequence, the DNA transcription will be arrested.
At the time the spermatozoa initiate the epididymal transit,
the synthesis of new proteins is then at a very low range.
Because of this, the sperm maturational process depends
on the sequential interactions of sperm with different
intraluminal fluids [27].

During this transit, spermatozoa undergo many bio-
chemical modifications including the nucleus chromatin
condensation, increases in total surface negative charges
and in disulfide bounds, changes in the plasma membrane
protein and lipid composition (phospholipids composition,
cholesterol/phospholipids ratio), relocalization of surface
antigens, elimination and modifications of surface proteins
[5, 28], structural modifications of the cytoplasmic perin-
uclear theca (PT) [29], and the ability to respond to hypo-
osmotic stress [30].

Spermatozoa are transported through the caput and
corpus epididymal regions by continuous peristaltic contrac-
tions originated in the smooth muscles present in the wall of
the duct, whereas the cauda is maintained quiescent unless it
can be stimulated to contract. The cauda is the main region
responsible for the sperm storage and survival [31]. In bulls
and stallions, the number of sperms stored in the cauda is
sufficient for ten successive ejaculates [32]. The epididymal
cauda environment also keeps spermatozoa in a metabolic
quiescence by preventing premature activation.

The epididymal gene expression and secretion are reg-
ulated by the intraluminal and circulating androgens [33,
34]. Those androgens come from the enzymatic reduction
of the testicular testosterone in the epididymal proximal
regions [35]. Estrogens synthesized by Leydig cells [36]
and epididymal spermatozoa [37] have also a function in
the epididymis, they are involved in water reabsorption
specially in the proximal regions [36, 38–40]. Not only
hormones influence the epididymal function but also the
scrotal temperature [41–44], between 35 and 37◦C in the bull
[45], and the presence of epididymal spermatozoa in close
contact with the epididymal cells [44].
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Figure 2: Schematic representation of apocrine secretion in principal cells of the epididymis. The inset shows electron micrograph of
epididymosomes. AB, apical bleb; EP, epididymosomes; ILC, intraluminal compartment; MV, microvilli. Reproduced from [32] with
permission of the Editorial.

3. Epididymal Fluid and Epididymosomes

Different electrolytes and organic compounds were identi-
fied in bull epididymal fluid. From proximal to distal, there is
a decrease in sodium and chloride with a consequent increase
in organic constituents [46].

Since there is a variation in the gene expression and
the resultant protein expression profile along the epididymal
tubule [5, 23], the spermatozoa must undergo a sequential
maturational process by interaction with different segment
intraluminal fluid and its macromolecules [23]. As it was
mentioned above, the male gamete undergoes many mod-
ifications during the epididymal transit in order to acquire
the fertilizing ability [5, 28], and protein acquisition is
one of the most studied aspects [6]. The acquired proteins
can behave as coating [47], bound trough electrostatic
interactions, or integral plasma membrane proteins [6].
Those integral proteins are mainly glycosylphosphatidylinos-
itol (GPI) anchored to sperm plasma membrane [48] or
integral proteins that lack an N-terminal signal peptide in
their deduced amino acid sequence [49, 50], suggesting that
these proteins cannot be translocated to the endoplasmic
reticulum. On the other hand, it has been demonstrated that
there are epididymal proteins that can be also incorporated
to the sperm intracellular subcompartments [51–53]. All
together these evidences suggest that besides the existence
of a merocrine secretion mechanism, by which the secreted
proteins are expected to be soluble in the intraluminal
fluid, in the epididymal epithelium, there is another unusual
mechanism of secretion [54].

In 1985, Yanagimachi [55] described for the first time the
presence of membranous vesicular structures in the Chinese
hamster epididymal lumen, and he suggested a possible
sperm plasma membrane cholesterol transport function.
Later, the same structures were described in rat [51, 56],
bovine [57–59], and hamster [55, 60].

Membranous vesicles are secreted to the intraluminal
compartment by apocrine secretion (Figure 2) [32]. This

type of secretion is characterized by the formation of blebs
in the apical pole of the epithelial cell that are detached
later, probably by the involvement of cytoskeleton proteins
like actin [61]. Those structures contain selected organelles
and vesicles of various sizes, and there is one hypothesis that
argues that upon detachment they undergo fragmentation
[20]. This process was first described in different tissues in
the rat [62]. Later on, it was described also in epididymal
epithelium of different species (monkey [63], bovine [64],
mouse [65], and cat [66]). Recent studies have confirmed the
existence of this specialized type of secretion [61, 67].

As a result of fragmentation of the apical blebs, these
membranous vesicles called epididymosomes are released in
the epididymal intraluminal compartment. These membra-
nous particles have a diameter of 50 to 500 nm and a highly
complex protein pattern composition [54, 68]. Some of these
proteins are important in the acquisition of sperm-fertilizing
ability [57], whereas others have been proposed to modulate
the acquisition of the sperm forward motility [16, 69], to
protect sperm against reactive oxygen species [70], or to be
involved in the elimination of defective spermatozoa [58].

4. Epididymosomes and Epididymal
Sperm Protein Transfer

In different species, some of the proteins present in the
spermatozoa during their transit through the epididymal
duct have been identified in the epididymosomes. Those
proteins have a wide range of functions. CD52 (HE5)
is a GPI-anchored lymphocyte surface antigen involved
in the modulation of immunological fertility in human,
cynomologus monkey, and rat [71, 72]. The Murine Sperm
Adhesion Molecule 1 (SPAM1)/PH-20 is a GPI-anchored
protein (one of testicular and one of epididymal origin)
that plays a role in sperm-egg cumulus complex interaction
[73]. SPAM1 homologous has been reported in human
[74], cynomologus monkey [75], bovine [76, 77], and rat
[78]. GPX5, a member of the glutathione peroxidase family,
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is added to the spermatozoa in the proximal epididymal
regions and participates in the sperm protection against
oxidative stress [70, 79]. Membranous vesicles found in the
bovine epididymal caput were found responsible for the
transfer of ubiquitin to the spermatozoa [58], suggesting that
this mechanism can be involved in the elimination of defec-
tive spermatozoa. More recently, ADAM7, an epididymal-
expressed disintegrin and metalloproteases lost in sperm
from ADAM2 or ADAM3 knock-out mice [80] with critical
roles in the fertilization process [81], was demonstrated to
be added to the spermatozoa during the epididymal transit
by epididymosomes [82].

P26h is a GPI-anchored protein transferred to the
hamster spermatozoa by epididymosomes involved in the
acquisition of zona pellucida binding ability [83]. It is
localized in the plasma membrane covering the sperm
acrosomal region [60] and participates in sperm-zona pel-
lucida interactions [84]. Its orthologs have been described in
human (P34H [85]), mice (P25m [86]), bovine (P25b [87,
88]), and cynomologus monkey (P31m [89]) with the same
subcellular localization. In the bovine, the amount of P25b in
spermatozoa increases from the corpus to the cauda epididy-
mal regions and the protein seems to be added by epididy-
mosomes since the pattern of expression in those structures
that maintain the same profile and coincubation experiments
revealed that they are able to transfer it to spermatozoa [57].
These observations are in accordance with those observed in
the hamster model with its ortholog p26h [60].

4.1. Mechanism of Interaction between Epididymosomes and
Spermatozoa. In the bull, the proteins associated to the
epididymosomes represent only a low proportion of all the
proteins found in the epididymal fluid, and this association is
characterized by being very strong [50]. From these proteins,
only a selected group can be transferred to the sperm
suggesting that the epididymosomes are not fused to the
sperm plasma membrane but transfer selected molecules
in a regulated manner. Interestingly, those proteins are
transferred to the midpiece and/or the acrosomal cap [59],
regions with important functions in motility and female
gamete interactions, respectively. Indeed, P25b was localized
in the acrosomal cap [87] as well as its ortholog P26h,
involved in the sperm-zona pellucida interactions [84].

The amount of biotinylated cauda epididymal proteins
transferred to the bovine caput spermatozoa in in vitro coin-
cubation experiments increases with the time until reaching
a plateau after 120 to 150 minutes [59]. After this incubation
time, the addition of unbiotinylated proteins to the coincu-
bation experiments is unable to displace the already acquired
biotinylated proteins, suggesting that the transferred proteins
are tightly bound to the sperm membrane [69]. The transfer
is more efficient at physiological epididymal environment
conditions [46, 90, 91]: temperature of 37◦C, pH of 6.0 to
6.5, and in presence of zinc [59]. In accordance with these
observations, the optimum pH for the transfer of P25b was
also slightly acidic [57].

Further studies demonstrated that epididymosomes col-
lected from caput or cauda epididymal fluid have a different
protein composition. Although they have many proteins in

common, as beta-actin, aldose reductase, and MIF, there
are many others whose expression is restricted to one
or the other population. As an example, HSPA5 is more
expressed in caput, and P25b was only found in cauda
epididymosomes [69]. In addition, biotinylated proteins
associated with caput and cauda epididymosomes showed
differences, suggesting that they have a distinctive group of
proteins exposed in the membrane surface and, therefore,
different proteins to interact with the male gamete and in
a different way. This idea is supported by the fact that
whereas caput epididymosomes transfer a different pattern
of biotinylated proteins to the caput than to the cauda
spermatozoa, cauda epididymosomes can transfer the same
biotinylated protein pattern to both sperm populations.
Thus, it was demonstrated that caput epididymosomes
are unable to compete with cauda epididymosomes in
coincubation experiments [69]. In summary, it is proposed
that each epididymosome population has a different protein
composition, capable to transfer a different set of protein to
the maturating spermatozoa and interacting with them in a
different way.

Those interactions could be regulated by the presence of
different functional membrane domains. It is well known
that the plasma membrane of both somatic [92] and
sperm cells [93] is compartmentalized in different struc-
tures. Cholesterol- and sphingolipid-enriched detergent-
resistant membrane domains or “rafts” are special mem-
brane domains with an important role in the compart-
mentalization of specific lipids and proteins, driving also
cell signal transduction and vesicular trafficking events [94].
These microdomains are enriched in GPI-anchored and
transmembrane signaling molecules like protein tyrosine
kinases [95, 96]. In the bull epididymal spermatozoa, it has
been reported that some proteins are excluded from rafts
(aldose reductase and MIF) and others are detected in rafts
domains (P25b and AK1). However, along the epididymal
transit, they can undergo important compositional modifi-
cations [97] and a topographical reorganization of different
components [10, 11]. This is the case of AK1 that, distally
in the epididymal duct, can be found equally associated to
the raft and nonraft sperm plasma membrane domains [14].
Based on these findings, it is proposed that the raft domains
have a role in the mechanism of protein transfer from the
epididymosomes to the spermatozoa. In agreement with
this hypothesis, it was demonstrated that raft and nonraft
domains also exist in cauda epididymosomes and that the
raft surface-associated P25b protein can be transferred to
the same localization and membrane domain to the caput
spermatozoa [98].

As it was discussed above, there exist different epididy-
mosomes populations according to the epididymal segment
where they are secreted. It has been also reported the
presence of two different populations of vesicles in the rat
cauda epididymal fluid according to their ultrastructure
and enzymatic composition [99]. In bovine, it has also
been recently reported the existence of two different cauda
epididymosomes populations, not differentiated by their
size but by their density, protein and lipid composition,
and ultrastrutural appearance. The low-density population
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is characterized by having a higher cholesterol/phospholid
ratio than the high-density one. They also have a higher
amount of proteins associated to lipid rafts, like P25b, in
contrast to the high-density population, that are enriched
in beta-actin. Despite these differences, they are capable of
transferring the same biotinylated protein pattern, suggest-
ing that those differences could have played a role in other
aspects of the interaction mechanisms [100].

5. The Role of Epididymis in Sperm Survival and
the Acquisition of Sperm Motility

Under androgen control, the epididymal epithelial cells
secrete many factors to the lumen of the tubule involved in
the spermatozoa survival and storing processes [19]. It has
been described that the cauda epididymal secretions have
the ability to store sperm cells for several days maintaining
their fertilizing ability [31]. It was observed that spermatozoa
establish specific interactions with epididymal principal cell
cultured in vitro [101], including the observation of a
high percentage of spermatozoa anchored to the epididymal
cell membranes [102]. In bovine, the presence of cauda
epididymal cells or their secretions can improve the sperm
motility [102–104]. Those effects were also observed in the
human model [101, 105]. However, the same response is
observed when spermatozoa are coincubated with cells from
different tissue origin, including oviductal epithelial cells
[106, 107]. Studies carried out in bovine demonstrated that
several protease inhibitors [108] and a 42-kDa protein are
secreted and are capable of maintaining the sperm motility.
The later is adsorbed to the sperm surface during incubation
with epididymal cells culture medium, and this protein
was identified as the bovine estrogen sulfotransferase (EST).
This protein was also found in the acrosomal region of the
hamster spermatozoa, acquired along the epididymal transit
[109]. One of the possible functions suggested was to inhibit
the activation of the acrosomal protease acrosin [109, 110].

Estrogen sulfotransferase (EST) is a cytosolic enzyme
that catalyzes a specific sulfonation with high substrate affi-
nity for estrogens (estrone and estradiol) [111]. It is present
in the acrosomal region of epididymal caput spermatozoa
as well as in caput epididymal tissue and epididymosomes.
Recombinant EST was able to add a sulfate group to
cholesterol on epididymal spermatozoa. Even EST has a high
affinity for estradiol, the concentration of this compound
decreases dramatically in the proximal segments of the
epididymis, favoring other sterols present in the sperm
membrane to be sulfated [112].

It has been demonstrated that other molecules prob-
ably involved in the regulation of the sperm motility are
transferred from epididymosomes to spermatozoa; this is the
case for enzymes belonging to the polyol pathway and the
cytokine, macrophage inhibitor factor (MIF).

The enzymes aldose reductase (AKR1B1) and sorbitol
dehydrogenase (SODH) are members of the polyol pathway
and their presence has been reported in rat [113], human
[114], and bovine epididymis [16]. AKR1B1 is an enzyme
that reduces glucose into sorbitol using NADPH as an elec-
tron donor. On the other hand, SODH can oxidize sorbitol

into fructose by using NAD as an electron acceptor [115].
Since both, sorbitol and fructose, are energy sources for the
spermatozoa [116], it is proposed that those molecules could
play a role in the modulation of sperm motility. Both proteins
have been identified in the spermatozoa and the principal
cells of the epididymal epithelium and epididymosomes,
suggesting that they are being secreted by apocrine secretion.
In fact, this statement is enforced by the absence of the
signal peptide in AKR1B1 sequence [50]. Aldose reductase
expression and activity are maximal in the proximal and
middle segments of the epididymis and decreasing to distal
[50] while for SODH are higher in the proximal and distal
segments of the epididymis compared to the middle segment
[16]. Interestingly, the optimal pH for aldose reductase
maximal enzymatic activity is 6.5, the physiological pH of
the epididymal milieu, whereas for SODH, the enzymatic
activity is higher at pH 7.0, closer to the pH that the
spermatozoa encounter after ejaculation. Those observations
suggest that in proximal segments the polyol pathway could
collaborate to maintain a sperm transient immobilization.
This could be explained by the hyperosmolarity of the
epididymal milieu generated by sorbitol and the deprivation
of energy sources to the sperm intracellular compartment,
since sorbitol is poorly permeable to the sperm plasma
membrane. But at the end of the epididymal transit, sorbitol
is oxided in fructose, a permeable energy source that now can
be used by spermatozoa.

Macrophage migration inhibitory factor (MIF) is a T-
cell cytokine [117], whose presence has been also reported in
many other tissues including the male reproductive tract [50,
51]. In the rat, it was found in small vesicles secreted by the
epididymal epithelium that interact with the spermatozoa
in the epididymal lumen. Later in the epididymal transit,
MIF was found associated with the sperm dense fibers
suggesting a role of MIF in the sperm motility acquisition
[51]. In the bovine, MIF is also present in the epididymal
spermatozoa and epididymosomes. The localization of MIF
in the principal cells of the epididymal epithelium and the
lack of the signal peptide in the MIF sequence reinforce
the idea that MIF is secreted in an apocrine way. Another
possible role for MIF in the acquisition of the sperm motility
is the fact that MIF has a thiol-protein oxydoreductase
catalytic property that can participate in the thiol status of
the maturating epididymal spermatozoa [51].

The control of sperm motility is a complex process
involving different pathways. Protein phosphorylation is
another mechanism implicated on the motility startup.
The signaling kinase, glycogen synthase kinase-3 (GSK-3),
regulated by serine and tyrosine phosphorylation [118], and
the protein phosphatase PP1γ2 are present in the epididymal
spermatozoa and are critical for the regulation of sperm
motility and fertility [119].

6. Seminal Plasma Proteins and Prostasomes

Seminal plasma is composed of mixed secretions of the male
accessory reproductive glands. Vesicular structures similar
to epididymosomes have been also found in the seminal
plasma. Those structures were first described in the human
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semen as a prostate secretion, and due to this, they were
called prostasomes [120, 121]. Prostasomes-like vesicles were
found in seminal plasma from many other species [122–
125], including bovine [57]. Whereas in bovine, those are
secreted by seminal vesicles [126]; in human, seminal vesicles
do not seem to be the accessory gland responsible for
the production of this secretion [127]. Those particles, as
epididymosomes, have also a diameter of 50 to 500 nm,
a cholesterol/phospholipid ratio of 2, a high content of
sphingomyelin, and many proteins associated with them, like
many enzymes [128], aldose reductase, P25b, MIF, and PDC-
109 [14]. Recently, the presence of chromosomal DNA in
those structures was demonstrated, suggesting its possible
transfer to the spermatozoa [129]. However, the mechanism
by which they are produced is slightly different. They are
formed in the cytoplasm of the prostatic cells in storage
vesicles and then, by exocytosis, their content is released into
the extracellular lumen [121]. It has been reported that the
fusion of prostasomes isolated from human semen to the
spermatozoa is favored at an acidic pH [130].

Their functions have been better studied in humans. It
is well known that prostasomes have immunosuppressive
activity via protection against complement attack [131–133],
increase the sperm motility [134, 135], and have a role in the
sperm capacitation process [136] and in the stabilization of
the sperm plasma membrane [54].

7. Changes in the Spermatozoa at the
Time of Ejaculation

Once in the female reproductive tract, spermatozoa start to
undergo changes directed to prepare the male gamete to
fertilize the oocyte. Those processes involve the formation
of the oviductal epithelium reservoir, designed to keep the
spermatozoa with fertilizing ability until the moment of
the ovulation, the molecular changes that occur to display
the hyperactivated motility, and the capacitating associated
changes that prepare the spermatozoa to penetrate the female
gamete.

At ejaculation, the spermatozoa are mixed with the
seminal plasma components. In the bovine, the seminal
vesicles secrete a family of proteins called bovine seminal
plasma or BSP proteins. They contain two fibronectin type
II domains in tandem [137–139] that bind to choline phos-
pholipids [140] on the sperm membrane and stimulate their
phospholipid and cholesterol efflux [141]. This is one of the
first events that occur during capacitation [142]. Cholesterol
efflux alters the lipid raft stability and the distribution of
these domains [93, 143] and, as a consequence, proteins
associated with lipid rafts are also disarranged [12].

Bovine cauda epididymal spermatozoa have proteins
associated to rafts (P25b and AK1) and nonrafts domains
(aldose reductase and MIF) [14]. When the localization of
those proteins is evaluated in spermatozoa recovered from
60-min postejaculated semen, P25b and AK1 proteins are
excluded from the raft domains. Whereas AK1 is displaced
to nonrafts domains as early as 15 minutes after ejaculation,
P25b completes its migration after 30 minutes. Those
changes were accompanied by a decrease in the cholesterol

content in ejaculated compared with cauda epididymal sper-
matozoa. Incubation of cauda epididymal spermatozoa with
seminal plasma without prostasomes or metabolites could
reproduce the same results, but not with the BSP proteins.
PDC-109, previously described as a protein responsible for
the cholesterol efflux in the bovine sperm at the ejaculation,
was capable of dissociating the P25b from the raft domains
after 4 hours of incubation. Instead, Niemann-Pick C2
(NPC2), also found in the seminal plasma of various species
[144, 145], was able to induce those changes earlier. The
ejaculated spermatozoa plasma membrane reorganization
could have an important role in the correct positioning of
molecules involved with the attachment to the oviductal
epithelium and female gamete interactions. In fact, AK
activity is important for biosynthesis of ATP and then for
flagellar motility [146], and P25b was demonstrated to be a
bull fertility marker [87].

8. Molecular Markers of Bull Fertility

All the maturational processes that the spermatozoa undergo
once they leave the testis prepare them to fertilize the oocyte.
As it was discussed above, in many of them, like protein
acquisition and molecular reorganization, epididymosomes
and prostasomes are involved. Since those mechanisms have
been well studied, their occurrence may be associated with
sperm maturation and the fertilizing ability acquisition. This
is the case of P25b, involved in the sperm maturation, since
it is a protein acquired by the spermatozoa in the epididymis
by epididymosomes transfer [57] and in the acquisition of
fertilizing ability, since it is present in a higher amount in
bulls with high fertility rates compared to those that are
subfertile [87]. This fact is confirmed for its role in human
(P34H), whose expression was decreased in a significant
proportion of men investigated for male infertility [85, 147].

Comparative analysis of the protein composition of
accessory glands fluid [148, 149], cauda epididymal fluid
[150], and ejaculated spermatozoa [151] between bulls with
high and low fertility rates allowed to associate some other
proteins to the sperm fertilizing ability whose mechanism of
acquisition has not been described yet.

In the accessory sex glands fluid of high fertility rates
bulls, it was found a higher amount of osteopontin and
phospholipase A2 than in the fluids coming from low fertility
rates bulls [148]. Osteopontin is a protein found in the
postacrosomal region of cauda epididymal and ejaculates
spermatozoa with a role suggested in fertilization and the
blocking of the polyspermy [152], and PLA2 is present in
the bull sperm plasma membrane [153], and it is related to
acrosome reaction events [154], sperm-egg fusion [155, 156],
and probable implications in sperm motility [157]. On the
other hand, a lower amount of spermadhesin Z13 was found
the protein extracts from those bulls, with a variable associa-
tion of BSP5 expression. Spermadhesin Z13 is a protein with
dual effects on bovine sperm motility, stimulating at average
concentrations, but inhibitory at high levels [158]. On the
contrary, a member of the spermadhesin protein family
from the boar seminal plasma, PSP-I, has been proposed as
candidate fertility marker [159]. BSP5 facilitates fertilization
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by cholesterol efflux induction, but higher amounts became
detrimental to fertility [160]. BSP5 was demonstrated to have
an inhibitory activity on PLA2 [161]; probable explanation
for the noncorrelated results is observed.

Fertility-associated antigen (FAA) is a heparin-binding
protein (HBP) whose presence was associated with high
fertility in bulls [149]. The protein is detected in seminal
vesicle, prostate accessory glands, and sperm membranes.

In the cauda epididymal fluids, α-L-fucosidase and
cathepsin D were more predominant in high-fertility bulls,
while 3 isoforms of Prostaglandin D synthase (PGDS) were
associated to low-fertility scored bulls [150]. α-L-fucosidase
may participate in the modification of carbohydrate moieties
of sperm membrane proteins during epididymal transit, and
it was absent in seminal plasma of bulls with elevated per-
centage of abnormal sperm [162]. Cathepsin D is synthesized
mainly in caput and corpus epididymal regions of the stallion
[145] and may participate in the proteolytic remodeling of
membrane components of sperm during epididymal transit.
The role of PGDS is not clear, but it was suggested that
they act on polyunsaturated fatty acid in the sperm [163],
regulating membrane fluidity [164].

D’Amours et al. [151] found three proteins more abun-
dant in sperm extracts from low fertility rates bulls: T-
complex protein 1 subunits 3 and q (CCT5 and CCT8),
proteasome subunit a type-6 (PSMA6), two isoforms of
epididymal sperm-binding protein E12 (ELSPBP1) and
BSP1, and two proteins significantly more associated to
high-fertility bulls: adenylate kinase isoenzyme 1 (AK1)
and phosphatidylethanolamine-binding protein 1 (PEBP1).
CCTs and AK1 explained 64% of the fertility scores. CCTs are
members of the class II chaperonins, and after working dur-
ing spermatogenesis it would be discarded in residual bodies
at spermiation [151]. PSMA6 is part of the proteasome
multicatalytic protease that degrades polyubiquitinated pro-
teins [151], and its presence has been associated with sperm
ubiquitination and DNA defects in bulls [151]. ELSPBP1
has epididymal origin [165] with structural similarities to
BSPs, suggesting that those proteins could stimulate lipid
efflux and destabilize the membranes, reason supported by
the finding of ELSPBP1 and BSP1 in immotile but still alive
sperm subpopulation. AK1 is an enzyme acquired during
the epididymal transit with functions in sperm motility
[146, 166], and PEBP1 is a GPI-anchored receptor [167] with
inhibitory effect on sperm capacitation [168], probably the
explanation for its negative correlation with BSP1.

9. Conclusion

The secretion of membranous vesicles by the epididymal and
accessory glands epithelia to the epididymal fluid or seminal
plasma, respectively, is one of the mechanisms by these cells
are capable to control the sperm posttesticular maturation.
These processes occur in a time and tissue sequential manner
under hormonal control. The experimental data summarized
in this paper support the important role of this mechanism
in the acquisition of the fertilizing ability by the spermatozoa.

The possibility of epididymosomes purification and the
demonstration of its ability to transfer proteins under in

vitro conditions to the maturating spermatozoa open a
possibility of its uses in reproductive biotechnologies like
semen freezing or in vitro fertilization.

It is also known that processes associated to cryop-
reservation can reduce sperm fertility by causing several
damages and capacitating-associated events on them [169–
171]. Lessard et al. [88] demonstrated that the loss of P25b
during the cryopreservation procedures could be one of the
responsible events that cause a decrease in the bull semen
fertility. In this case, coincubation of spermatozoa with
epididymosomes could be thought as a rescuing therapy.

Since some of the proteins acquired by the spermato-
zoa during the maturational processes have been already
described, these can be used as fertility markers, having the
possibility to select male with higher fertility performance.

All together, it can be concluded that the membranous
vesicles have an important role in the sperm physiology
and it is, at the moment, the main process involved in
the acquisition of the sperm fertilizing ability. Its use in
reproductive technologies is still an area to explore.
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This study evaluated the effects of semen extension and storage on forward progressive motility % (FPM%) in agouti
semen. Three extenders were used; sterilized whole cow’s milk (UHT Milk), unpasteurized (CW) and pasteurized coconut
water (PCW), and diluted to 50, 100, 150, and 200 × 106 spermatozoa/ml. Experiment 1: 200 ejaculates were extended for
liquid storage at 5◦C and evaluated every day for 5 days to determine FPM% and its rate of deterioration. Experiment 2:
150 ejaculates were extended for storage as frozen pellets in liquid nitrogen at −195◦C, thawed at 30◦ to 70◦C for 20
to 50 seconds after 5 days and evaluated for FPM% and its rate of deterioration. Samples treated with UHT milk and
storage at concentrations of 100 × 106 spermatozoa/ml produced the highest means for FPM% and the slowest rates of
deterioration during Experiment 1. During Experiment 2 samples thawed at 30◦C for 20 seconds exhibited the highest means
for FPM% (12.18 ± 1.33%), 85% rate of deterioration. However, samples were incompletely thawed. This was attributed to
the diameter of the frozen pellets which was 1 cm. It was concluded that the liquid storage method was better for short term
storage.

1. Introduction

The agouti (Dasyprocta leporina) is a Neotropical edible
rodent [1] which belongs to the order Rodentia and the
family Dasyproctinae. The female agouti produces up to
three parturitions per year in captivity with litter sizes
ranging between 1 and 6 [2]. The meat of the agouti
is very popular in the Republic of Trinidad and Tobago
and is considered a delicacy [1, 3]. As estimated 80,000
agoutis are harvested from the local forests annually [3].
Due to harvesting and depletion of the agoutis’ habitats,
anxieties have arisen concerning the survival of the species
on this twin island state. This paper can address this
problem by providing information that can be used by
animal production personnel to produce agoutis [4] for
consumption and release into the wild.

There is little information in the area of preservation
of semen from Neo-tropical species although semen from
other mammalian species has been extended and stored for
decades [5]. Semen has been preserved from domesticated
animals [6] using various extenders including cow’s milk
[7] and coconut milk. Semen was also collected from
nondomesticated animals, such as hares (Lepus europaeus)
[8]. After storage for 48 hours in liquid nitrogen the 0.25 mL
plastic straws were thawed in a water bath heated to 37◦C
for 30 seconds. The motility in the thawed semen was
reduced by 52.63%. However, they concluded that semen
collected from the hare by electroejaculation was adequate
for cryopreservation.

This study was conducted to evaluate the effects on sper-
matozoa forward progressive motility percentage in agouti
semen extended with UHT milk, unpasteurized coconut



2 Veterinary Medicine International

water, and pasteurized coconut water, after storage in liquid
form at 5◦C and in frozen form in liquid nitrogen at−195◦C.

2. Methodology

2.1. Semen Collection. Animals were anaesthetized with a
combination of xylazine and ketamine (dosage 40 mg/kg
live body weight) before electro-ejaculation with an AC-
1 Electroejaculator (manufactured by Beltron Instruments,
Blanco Lane Bryan, TX). Anesthetics were administered
by intramuscular injection in the hind quarter using 1 mL
syringes and twenty-two gauge needles.

Semen was collected by electro-ejaculation (EE). Animals
were EE after they were overcome by the drug. The stimuli
sequence began by applying 2 volts. Voltage was applied
for 3 seconds (on period) and halted for 3 seconds (rest
or off period). The voltage was then incrementaly increased
by 1 volt until the maximum of 12 volts was attained. At
each increase the “on” and “off” sequence was repeated. At
this point the entire sequence was repeated until the animal
ejaculated. Ejaculates were collected in 15 mL centrifuge
tubes. These procedures were approved by the Animal
Welfare Committee. This was a modification of the electro-
ejaculation protocol developed by Mollineau et al. [9].

2.2. Criteria for Ejaculate Selection. The forward progressive
motility % (FPM%) had to be ≥50% or more, and this was
calculated from ten viewing fields for each sample. Sperma-
tozoa concentration had to be≥100 × 106 spermatozoa/mL.
Ejaculate volume had to be ≥0.2 mL. All microscopic semen
parameters were observed at a magnification of 40X.

2.3. Animals. Animals were caged reared in an intensive
agouti production unit at the university’s farm and were
proven sires between 2 to 3 years of age. Two weeks prior to
the experiments animals were randomly selected and housed
in individual cages (width = 46 cm, length = 60 cm, and
height = 46 cm), which allowed for easier handling. This
served to reduce the stresses associated with capturing the
animals. Agoutis were fed ad lib with rabbit pelleted feed
(17% crude protein, 2.5% crude fat, and 15% crude fibre)
(manufactured by Master Mix of Trinidad Limited, Republic
of Trinidad and Tobago) and given clean, fresh water daily.
Animals were fasted for 12 hours prior to electroejaculation.

2.4. Semen Extenders. Ultrahigh temperature (UHT) whole
cow’s milk, unpasteurized coconut water (CW) and pasteur-
ized coconut water (PCW) were used as semen extenders.
The coconut water was first strained by running it through
a piece of Indian cotton cloth. It was then used to extend the
semen either pasteurized or unpasteurized. Coconut water
was pasteurized by boiling for 15 minutes at 65◦C. Extenders
were frozen in 25 mL aliquots in plastic bottles. Ejaculates
were diluted with the particular semen extender to 50, 100,
150, and 200 × 106 spermatozoa/mL at 18–21◦C. Fir,st one
half of the required volume of semen extender was slowly
added to the ejaculate. After 20 minutes the other half was

added. This was done to minimize osmotic shock to the
spermatozoa.

2.5. The Two Experiments

Experiment 1. Two hundred agouti ejaculates met the quality
requirements, representing 71.4% of all ejaculates collected
from 20 males over a 20-week period. Two ejaculates
were collected daily from two males and each animal was
electroejaculated every 7 days. Ejaculates were sequentially
assigned an extender treatment until the desired quota (320
extended samples) for each extender treatment was reached.
Ejaculates were extended to 50, 100, 150, or 200 × 106

spermatozoa/mL treatments until the desired quota (80
extended samples) for each concentration treatment was
reached depending on the initial volume and spermatozoa
concentration of the ejaculates. Nine hundred and sixty
samples were extended from the 200 ejaculates collected
and stored at 5◦C. The 960 samples included 320 samples
extended with each of the three extenders. Each of these
320 samples included 80 samples with each of the four
spermatozoa concentrations. Ejaculate, semen extender, and
all equipments used were cooled to 18–21◦C. The aliquots
were cooled to 5◦C over one hour by placing them into a
200 mL beaker containing 50 mL of cooled water (18–21◦C),
which was then placed into a 5◦C refrigerator. Samples were
filled into 0.25 mL safe lock microtubes and stored at 5◦C.
The FPM% and the rate of deterioration of FPM% of samples
were evaluated every 24 hours for 5 days.

Experiment 2. This followed the same format as
Experiment 1 however the sample size per treatment
was lower, 50 samples were used, and samples were stored in
frozen pellets in liquid nitrogen (−195◦C). The FPM% and
the rate of deterioration of FPM% of samples were evaluated
after 5 days.

2.6. Thawing. Samples were thawed in a water bath heated to
temperatures of 30◦, 40◦, 50◦, 60◦, or 70◦ C for 20, 30, 40, or
50 seconds.

2.7. Statistical Analysis. The experimental design was a 3
(extenders) by 4 (spermatozoa concentrations) factorial
design. Statistical analysis was performed with Microsoft
Excel 2007. Analysis included means, standard error of the
means, and ANOVA (analysis of variances). ANOVA is a
statistical method for making simultaneous comparisons
between two or more means. P-values less than .05 were
considered significant; liquid storage n = 960; frozen storage
n = 600. The rate of deterioration for FPM% over time
was calculated based on the initial FPM% of the ejaculate.
The data for the various spermatozoa concentrations for each
extender was pooled.

3. Results

3.1. Experiment 1. Initial ejaculate means and ranges during
Experiment 1 for ejaculate volume were 0.26±0.01 mL, range
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Table 1: Data table for Figure 1 listing means ± SD for FPM% over time.

Extenders/concentrations
Time

Day 1 Day 2 Day3 Day 4 Day 5

UHT 50 55.5± 6.99 42.5± 18.08 32.86± 16.17 22.86± 10.55 12.14± 4.83

UHT 100 59.5± 7.75 50.5± 6.75∗ 40.5± 6.75 29.5± 7.78 22.0± 6.24

UHT 150 55.0± 16.41 45.63± 21.21 34.38± 15.32 25.63± 10.49 13.75± 9.19

UHT 200 52.5± 10.06 44.55± 4.12 33.5± 6.58 18.0± 8.43 20.0± 3.5

CW 50 39.5± 4.92 32.0± 17.35 29.0± 12.74 15.0± 9.72 8.3± 6.58

CW 100 54.0± 12.35 40.0± 22.9 26.25± 17.87 20.0± 11.65 5.0± 8.16

CW 150 53.5± 7.91 46.5± 17.91 35.0± 16.87 18.0± 10.66 5.0± 13.13

CW 200 40.0± 18.59 34.0± 17.55 29.0± 9.56 20.0± 9.66 10.0± 6.32

PCW 50 56.5± 14.99 41.86± 14.68 28.75± 16.53 8.7± 10.66 5.0± 6.85

PCW 100 59.5± 16.17 45.5± 20.01 29.0± 17.2 13.0± 11.05 5.0± 6.26

PCW 150 45.0± 12.65 32.1± 23.69 26.0± 17.03 15.0± 14.49 5.0± 10.07

PCW 200 40.0± 14.94 37.0± 20.45 25.0± 16.84 10.0± 10.75 5.0± 7.47

Table 2: lists the mean rates of deterioration and SD for FPM% where the various spermatozoa concentrations of the various extenders over
time are pooled.

Extenders
Time

Day 1 Day 2 Day 3 Day 4 Day 5

UHT Milk
15.70± 3.72 36.84± 3.90 54.36± 3.28 71.39± 2.74 90.21± 2.32

SD = 23.51 SD = 24.64 SD = 20.72 SD = 17.35 SD = 14.70

CW
18.96± 3.30 52.51± 5.83 64.55± 4.70 79.24± 3.06 89.59± 2.54

SD = 20.88 SD = 36.90 SD = 27.71 SD = 19.35 SD = 16.07

PCW
19.47± 4.53 50.22± 5.60 67.85± 4.73 81.25± 3.08 92.02± 1.87

SD = 28.64 SD = 35.43 SD = 29.90 SD = 19.45 SD = 11.84

0.10 to 0.60 mL; sperm concentration was 635.90 ± 42.20 ×
106 spermatozoa/mL with a range of 130.0 to 2,440.0 ×
106 spermatozoa/mL. The rates of deterioration and the
standard deviations (SDs) in FPM% over time for samples
extended with the various extenders are listed in Table 1.

Samples extended with UHT milk recorded the slowest
rate of deterioration for FPM% over time (Table 2). The
survival of spermatozoa was more dependent on the UHT
milk than the other extenders. Such samples showed the
best survival rates over time. There were significant dif-
ferences among the various stored concentrations (P =
.004), where samples diluted to concentrations of 100 ×
106 spermatozoa/mL and extended with UHT milk pro-
duced the best results over time (Figure 1).

3.2. Experiment 2. Initial ejaculate means and ranges during
Experiment 2 for ejaculate volume were 0.29 ± 0.04 mL,
range 0.10 to 1.00 mL; and spermatozoa concentration was
697.7 ± 12.1 × 106 spermatozoa/mL, with a range of 140.0
to 1, 410.0 × 106 spermatozoa/mL, and FPM% was 61.92 ±
0.32%, with a range of 50 to 85%.

Interactions of thawing temperatures and thawing times
also had significant effects on the frozen-thawed FPM%
(P = .000). Higher temperatures and longer exposure
times increased the rate of deterioration of FPM%. The
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Figure 1: displays means and SD for FPM% for the various
extenders at the various concentrations over time.
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highest mean frozen-thawed FPM% was 12.18 ± 1.33 and
this was obtained when samples were exposed to a thawing
temperature of 30◦C for 20 seconds. However, these pellets
were incompletely thawed. The rate of deterioration in
FPM% was 85% after thawing.

4. Discussion

There was significant (P < .05) variation among the various
extenders used in Experiment 1. Sharma and Tomar [10] also
observed a significant difference among the various semen
extenders used to dilute Murrah buffaloes semen which
were stored at 5◦C. The reason that samples extended with
UHT milk showed the slowest rate of deterioration over
time (Figure 1) could be attributed to possible physiological
differences between the effects of the various extenders on
the survival of the spermatozoa as suggested by Sharma and
Tomar [10].

During Experiment 1 it was observed that the stored
spermatozoa concentration had significant (P < .05) effects
on the survival of spermatozoa (Table 1). Ashworth et al.
[11] observed that spermatozoa death was strongly depen-
dent on spermatozoa concentration. At the higher stored
spermatozoa concentrations of 150 × 106 spermatozoa/mL
and 200× 106 spermatozoa/mL the energy source (fructose)
in the stored volume of extended semen may not have
been sufficient to provide adequate energy supplies to the
spermatozoa at these concentrations for the longer periods of
time. Cerovsky [12] and Čerovský [13] also indicated lower
survival rates for semen samples containing higher sperma-
tozoa concentrations. It was also indicated by Čerovský [13]
that higher spermatozoa survival rates were recorded at lower
concentrations. Thus higher FPM% means were observed for
spermatozoa concentrations of 100× 106 spermatozoa/mL.

Spermatozoa were also observed forming rosettes. This
may act as a means of spermatozoa survival [14]. Lower
spermatozoa concentrations may affect the formation of
effective rosettes. Joyal et al. [15] also observed that motil-
ity percentage declined as the spermatozoa concentrations
decreased. Hence this is the reason why at 50 × 106

spermatozoa/mL the mean FPM% was less than at 100× 106

spermatozoa/mL.
The means for frozen-thawed FPM% were low. Thus the

rate of deterioration for FPM% for frozen-thawed agouti
semen was higher (85%) than the frozen-thawed motility
rate of 52.63% for hare semen as reported by Kozdrowski
et al [8]. However the samples in Experiment 2 were not
completely thawed. Only at 70◦C and the longer periods
(40 and 50 seconds) did complete thawing occur, but the
FPM% was below 1%. Failure of samples to have thawed
completely could be attributed to the diameter (1 cm) of
the storage pellets. Nakagata et al. [16] successfully thawed
wild mice semen stored at −195◦C in 0.25 mL plastic straws
in a water bath maintained at 20–24◦C for five minutes.
Kozdrowski et al. [8] also stored extended hare semen
in 0.25 mL plastic straws. These researchers did achieve
complete thawing in a water bath of 37◦C for 30 seconds.
The larger diameter of the frozen pellets could have presented

more resistance to heat penetrating throughout the sample
than with the 0.25 mL straws. Therefore the samples were
incompletely thawed, and only spermatozoa at the periphery
were thawed and possessed very low motility. Therefore
leaving the samples for longer periods only destroyed more
of the viable spermatozoa. The spermatozoa at the periphery
moving inwards were exposed to longer heat periods. It is
recommended that more research be conducted in this area
to develop a protocol for thawing extended agouti semen
stored in frozen pellets.

5. Conclusion

The liquid storage method for storing extended agouti semen
is recommended for short-term storage over the frozen
storage method. Frozen storage should be better for long-
term storage. However more research in this area is required
to identify more effective protocols.
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Transplantation of isolated germ cells from a fertile donor male into the seminiferous tubules of infertile recipients can result in
donor-derived sperm production. Therefore, this system represents a major development in the study of spermatogenesis and a
unique functional assay to determine the developmental potential and relative abundance of spermatogonial stem cells in a given
population of testis cells. The application of this method in farm animals has been the subject of an increasing number of studies,
mostly because of its potential as an alternative strategy in producing transgenic livestock with higher efficiency and less time and
capital requirement than the current methods. This paper highlights the salient recent research on germ cell transplantation in
farm animals. The emphasis is placed on the current status of the technique and examination of ways to increase its efficiency
through improved preparation of the recipient animals as well as isolation, purification, preservation, and transgenesis of the
donor germ cells.

1. Development of Male Germ Cell
Transplantation Technique in Rodents

Germ cell transplantation (GCT), also referred to as sper-
matogonial stem cell (SSC) transplantation, is a power-
ful technology first introduced in 1994 by Brinster and
colleagues. Although initially developed using a mouse
model, GCT has important applications in the study and
manipulation of spermatogenesis in many species. In this
method, testis cells obtained from a fertile donor male are
transferred into the seminiferous tubules of infertile recipient
testes where donor-derived sperm production can occur,
allowing the recipient to sire progeny [1, 2] (Figure 1). In
essence, donor SSCs deposited in the lumen of the recipient
seminiferous tubules are allowed by the Sertoli cells to
migrate to the basolateral compartment of the tubule, to
proliferate, form new colonies and initiate donor-derived
spermatogenesis [3, 4]. Following the original introduction
of GCT in mice [1, 2], the technique was also successful
among rats [5, 6]. In laboratory rodents, GCT not only
provides a unique opportunity for gaining new insight into

spermatogenesis and the biology of the stem cell niche,
but also presents a unique functional bioassay to test the
competence of putative SSCs. Furthermore, GCT also offers
a new strategy for preservation of male fertility and an
alternative approach for generation of transgenic animals
[7, 8].

2. Cross-Species Application of
Male Germ Cell Transplantation

Rather surprisingly, cross-species (xenogeneic/heterologous)
transplantation of testis cells from donor rats into recipient
mice resulted in complete rat spermatogenesis [9]. This
development sparked an interest in the idea of using the
laboratory mouse as a universal recipient model for testis
cells from different donor species. However, while hamster
testis cells transferred into recipient mouse testes also
developed complete donor-derived spermatogenesis [10],
GCT from genetically more distant donor species, including
farm animals, into mice only resulted in colonization or
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proliferation of SSCs but not in complete spermatogenesis
[11–15] (Table 1). This block in differentiation of donor
germ cells is believed to be due to the incompatibility of
donor germ cells and mouse Sertoli cells [16]. Although GCT
from nonrodent species into the mouse testis did not result
in complete spermatogenesis, it still is the only available
bioassay for detecting the colonization potential of SSCs in
a given population of donor testis cells from any species [11,
13, 17]. Interestingly, when (rather than transferring isolated
testis cells into the seminiferous tubules) small fragments
of testis tissue were transplanted under the back skin of
recipient mice, complete donor-derived spermatogenesis was
observed from a wide range of donor species, including farm
animal species [18–26].

3. Cell Transfer Techniques

The original procedures described for the transfer of donor
male germ cells into the seminiferous tubules of recipi-
ent mice could not be directly applied in farm animals.
Therefore, we used ultrasound-guided cannulation of the
centrally located rete testis [41] to infuse donor germ cells
by gravity flow which was successful in vivo for pigs and
goats [32, 33]. The procedure could be completed in 15–
30 min and resulted in filling of about half of the recipient
seminiferous tubules with donor cells. This methodology has
been successfully adapted for use in rams and bulls in vivo
[36, 40, 42]. Injection into the extratesticular rete testis using
ultrasound guidance or surgical dissection was also reported
to be applicable for use in rams [39, 43]. The success of
the rete testis injection approach was further shown through
donor-derived sperm production by the recipients [34, 44]
and birth of progeny carrying the donor characteristics [34,
40].

4. Preparation of Recipient Animals

The success of GCT between unrelated laboratory rodents
appears to depend on the availability of recipients of strain
that are genetically compatible with the donor animals, are
inherently immunodeficient, or have undergone immuno-
suppressive treatments [1, 45, 46]. Surprisingly, however,
recipient pigs, goats, sheep, and bulls with fully functional
immune systems did not reject germ cells from unrelated
donors, making the practical application of the approach
more feasible in farm animals [32–34, 39, 40].

Studies show that donor-derived spermatogenesis could
be significantly improved when the recipient’s endogenous
germ cells are suppressed or depleted [6, 47]. Unlike in lab-
oratory rodents, mutant animals with genetically impaired
spermatogenesis are not readily available for use in work with
farm animals. The azoospermic Klinefelter bull used in a
study was determined not to be a useful recipient model for
GCT [42], while limited donor-derived spermatogenesis was
observed after GCT into two boars affected by the immotile
short-tail sperm defect [37].

An alternative to the use of recipient animal models with
congenital germ cell deficiency is removal of endogenous

germ cells by cytoablative methods to facilitate further access
to, and the availability of, the stem cell niche. We and
others have achieved partial ablation of endogenous germ
cells using busulfan (a chemotherapy agent) treatment of
postnatal pigs [37, 48] and also during the in utero devel-
opment of piglets [48]. This latter approach is particularly
useful for preparation of piglets because treating a pregnant
sow will result in producing multiple potential recipients
at higher efficiency, but without the harmful health effects
observed after treating postnatal piglets [48]. Where the
facilities are available, local irradiation of testes can also be
very effective in reducing the number of endogenous germ
cells in recipient goats, rams and bulls [36, 48, 49].

For practical reasons, most researchers have used imma-
ture recipients for GCT in farm animals, while recipients
for GCT in laboratory rodents are typically adults. The use
of immature recipient testis not only facilitates access of
the transplanted donor germ cells to the tubular basolateral
compartment (because it lacks the hindering multiple layers
of germ cells), it also provides a more favorable environment
than adult testes for engraftment and expansion of donor
germ cells [50]. In our previous studies, we used immature
pig and goat recipients with no pretreatment [32–34],
resulting in ∼7% donor-derived progeny in goats [34],
while after preparation of immature recipients with testis
irradiation, the progeny rate averaged ∼8% or 10% in sheep
and goats, respectively, [27, 40]. These results may indicate
that while gradual progress in the efficiency of GCT in farm
animals is being achieved, recipient preparation of immature
recipients may not be as critical as that for adult recipients
[6, 50]. It may also be concluded that recipient preparation is
only part of the requirements for a successful GCT, and that
other aspects of the system also need to be optimized before
a higher efficiency is expected.

5. Preparation of the Donor Germ Cells

The efficiency of GCT is also highly dependent on the relative
abundance of SSCs transplanted [3, 51–53]. In the adult
testis, SSCs are a rare population, making up only∼0.02% to
0.2% of testis cells in mice and rats [54–56]. The efficiency of
colony establishment is also low, and only 1% [53] or 7–20%
of the transplanted SSCs will actually colonize the recipient
testis [3, 52, 53]. Naturally, increasing the number of SSCs in
the donor population of cells prior to GCT will have a direct
effect on the number of expected spermatogenic colonies in
recipients [51, 52, 57].

5.1. Choice of Donors. For GCT in rodents, several strategies
including the use of cryptorchid, vitamin-A deficient or Steel
(Sl) mutant mice can be used to increase the proportion
of nondifferentiated spermatogonia in the population of
donor cells [58–61]. Surgical induction of cryptorchidism in
the donor, 2-3 months prior to use in GCT, is a common
strategy resulting in elimination of a large number of
differentiated germ cells, and thereby up to 23-fold increase
in the relative number of SSCs [51]. These strategies have
not been well pursued for use in farm animal GCT, partly
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Table 1: Summary of germ cell transplantation in different donor and recipient species.

Donor-derived

Donor Recipient Colonization of SSCs Spermatocytes Spermatozoa Offspring Transgenic progeny

Mouse Mouse + + + [2] + + [1, 27, 28]

Rat Rat + + + + + [29, 30]

Rat Mouse + + + [9, 31] — —

Hamster Mouse + + + [10] — —

Rabbit Mouse + [11] — — —

Dog Mouse + [11] — — —

Pig Mouse + [13] — — —

Cattle Mouse + [13] — — —

Horse Mouse + [13] — — —

Baboon Mouse + [14] — — —

Mouse Pig − [32] − — — —

Goat Goat + [33] + + + + [34]

Cattle Cattle + [35] + + [36] — —

Cat Mouse + [12] — — —

Pig Pig + [32] + + [37] — —

Dog Dog + + + [38] — —

Sheep Sheep + + + [39, 40] + [40] —

+: positive results;: negative results.

Isolation of

germ cells

Mating or
in vitro fertilization

Allow time for
donor-derived

spermatogenesis

Recipient testis preparation
by busulfan injection

or irradiation

Transplantation
into recipient

testis

Offspring derived
from donors

Preservation of
cells by
hypothermic or
cryopreservation

Transfection
of SSC

Enrichment of

SSCs

Figure 1: A schematic representation of procedures involved in germ cell transplantation in farm animals. A single-cell suspension of
germ cells is prepared after enzymatic digestion of the donor testis for transplantation into recipient testes. Alternatively, the number of
spermatogonial stem cells (SSCs) can be enriched in the donor cells and the resultant cells can be used fresh or preserved (for short term
through hypothermic preservation or long-term by cryopreservation) and/or transfected with genes of interest before transplantation. The
recipient animal can be treated with busulfan or undergo local irradiation of the testes to reduce the number of endogenous SSCs, in
preparation for germ cell transplantation. Transplanted SSCs can form colonies of donor-derived spermatogenesis and produce sperm to
allow the recipient to sire progeny carrying the donor haplotype.
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to avoid the added complication of the procedure. On
the other hand, testes from immature donors have been a
frequent source of cells for use in farm animal GCT, because
they provide a population of cells with a naturally higher
proportion of germline stem cells than those of adults. In
the neonatal testis, gonocytes are the only type of germ
cells present, comprising 1-2% of total number of isolated
testis cells in rodents [62, 63] or ∼7% of intratubular
cells in piglets [48]. Gonocytes have germline stem cell
potential and upon transplantation into recipient testes are
able to establish complete spermatogenesis [62]. Therefore,
the neonatal/immature testis provides a logical source for
GCT, especially for farm animals.

5.2. Isolation of Donor Germ Cells. Procedures for isolation
of testis cells vary among laboratories, depending on the
target cell types and the donor species. Two-step enzymatic
digestion has been widely applied to isolate both gonocytes
and SSCs in many species. In the first digestion step, collage-
nase and hyaluronidase enzymes are usually used to largely
remove testis interstitial cells. As a second step, trypsin-
EDTA (with or without additional enzymes) is used to break
down seminiferous cords/tubules, while DNase is added to
prevent cellular aggregation [64]. Using two-step digestion
usually results in a maximum of 10% gonocytes/SSCs in the
freshly isolated testis cells [62, 63, 65–70]. As outlined above,
the proportion of SSCs can be increased using physically or
genetically modified donors [58–61].

After a systematic evaluation of several potential factors
affecting germ cell isolation, we recently developed a novel
three-step strategy (combining vortexing and digestion) to
isolate porcine testis cells with a gonocyte proportion of
∼40%, (among fresh cells and before applying enrichment
methods) [71] as compared with the conventional two-
step enzymatic digestion resulting in collection of ∼7%
gonocytes.

5.3. Enrichment/Purification of Donor Germ Cells. Depend-
ing on the donor cells, diverse strategies can be used to enrich
(but rarely purify) SSCs [72]. These strategies are generally
based on fluorophore-labeled antibody separation of testis
cells using fluorescent activated cell sorting (FACS) [51,
65, 68, 73–75], magnetic activated cell separation (MACS)
[57, 65, 75–78], forward/side scatter measurements in FACS
[51, 68, 79], density gradient centrifugation [43, 65, 67, 74,
80, 81], or differential plating [43, 65, 67, 74, 81]. Using
these approaches, SSCs have been enriched to as high as
75% in the population of donor testis cells from farm
animals [43, 65, 67, 74]. However, work on enrichment
of gonocytes, as opposed to SSCs, has been limited to a
few reports in rodents and pigs [69, 82–84]. We recently
assessed the efficiency of porcine gonocyte enrichment using
density gradient and differential plating strategies. We found
that gonocytes can be enriched to more than 80% using
either Nycodenz density gradient or differential plating (with
fibronectin and poly-D-lysine coatings), and to a purity of
more than 90% by combining the two strategies (Yang and
Honaramooz, unpublished data).

5.4. Preservation of Donor Testis Tissue and Cells. Different
from the situation for GCT in rodents, preparation of the
required high numbers of germ cells from testes of donor
farm animals for same day transplantation could be a time-
management challenge. Aside from the time needed for
collection of donor testes from farm animals, the high
volume of the tissue and presence of dense connective
tissue make the process of digestion time consuming and
often requiring the tissue or cells to be stored overnight
before GCT [32, 39, 40, 43, 74]. If the time required for
enrichment of germ cells followed by their transgenesis is
added, the preparation time could be longer, and the need
for preservation of the tissue/cells is even greater.

Cryopreservation of isolated germ cells allows their
storage for extended periods of time; however, not only is it
not suitable for short-term preservation, it can also damage
cells, as cryopreservation of bovine germ cells resulted in
cell survival rates of ∼50–70% [85]. We also showed the
feasibility of cryopreserving fragments of porcine testis tissue
[86, 87] resulting in a postdigestion cell survival of∼55–88%
while maintaining the in vivo developmental potential [86].

Short-term preservation of testis cells and tissue, on the
other hand, is necessary and could be more suitable for
immediate applications such as in GCT and for shipment of
cells/tissue between collaborating laboratories. Hypothermic
temperatures (above freezing point but below the body
temperature) cause a decrease in cellular metabolism rate,
oxygen demand, and energy consumption and therefore
prolong cell viability. Ice-cold storage of testis tissue for
1 or 2 days was suggested to improve donor-derived
spermatogenesis after xenografting [87, 88]. Testis tissue
stored at refrigeration temperature for 3 days maintained its
structural integrity [89], but cell viability starts to decrease
[87]. We recently showed that using proper media, isolated
cells from donor piglets could be maintained even at room
temperature for at least 24 hours and up to 6 days at
refrigeration temperature, resulting in up to 88% after-
storage cell viability, and without changing the germ cell
proportions or cell culture properties [89, 90].

5.5. Identification of Donor Cells after Transplantation. The
availability of donor models providing cells with visual
markers was critical for original development of GCT
technique in mice [1, 2], because they allowed monitoring
of the long-term fate of donor cells. Similar donor models
are not readily available for use in farm animal GCT.
Therefore, to track donor cells, researchers largely rely on
fluorescence labeling of donors cells (although only traceable
for a short period of time) [32, 39, 43] or use genetic
identification of donor-derived cells/sperm. As a proof-of-
principle study, we transplanted testis cells from transgenic
donor goats into testes of wild-type recipient goats, resulting
in production of donor-derived sperm and subsequently
transgenic progeny [34]. Microsatellite detection has also
been used to identify donor-derived sperm DNA in the
semen of recipient rams [44]. Alternatively, transplantation
of normal testis cells into recipients with genetic aberrations
such as the immotile short-tail sperm syndrome has been
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used to facilitate detection of normal pig sperm in the semen
of recipient pigs as indication of GCT success [37].

5.6. Insertion of Genes into Donor Germ Cells. All adult
stem cells have the ability to self-renew and to produce
differentiated cells; however, SSCs are unique because they
produce a lifetime supply of sperm in adults with the
potential to contribute genes to progeny. Therefore, if SSCs
are incorporated with genes of interest prior to transplan-
tation, their resultant sperm will carry the transgene in the
recipient. The desired genes for example can include those
of visual markers to facilitate GCT studies and to serve as
a step toward generating transgenic farm animals through
GCT. Methods of DNA delivery into cells include chemical,
lipofection, electroporation, and viral vectors. Compared
with nonviral methods, recombinant viral vectors generally
have very high cell transfection efficiency rates, and some are
able to integrate the transgene into the SSC genome for stable
expression. However, construction of the desired viral vectors
is more involved and their use requires a facility with a higher
biosafety level. Nonviral alternatives, on the other hand, are
relatively easy to use and pertain virtually no biosafety risk to
the operator or the public but their efficiency rates are usually
much lower.

The work in transgenesis of germ cells for farm animal
GCT is at early stages. Electroporation of bovine testis
tissue in vitro resulted in transfection of SSCs shown after
xenografting into the back of immunodeficient mice [91].
Transfection of pig germ cells was also reported after
injection of plasmids mixed with a lipofection reagent into
busulfan treated testes; however, it was unclear from the
report whether SSCs were indeed transfected [92].

In a preliminary study, we used a recombinant adenoas-
sociated virus (rAAV) containing the GFP reporter gene
and CMV promoter to transfect isolated pig testis cells in
vitro and observed GFP expression in cultured cells and
in spermatogenic colonies for several months after GCT
into recipient testes [93]. Subsequent use of rAAV vectors
carrying the GFP for transfection of goat testis cells prior
to GCT into recipient goats led to long-term expression of
GFP in recipient testes and presence of transgenic sperm
in 35% of the ejaculates. When semen from these recipient
goats was used for in vitro fertilization, 10% of embryos
were transgenic, showing germline transmission [27]. These
results indicate that transgenesis via GCT in farm animals is
a promising approach to generate transgenic animals.

6. Potential Applications of Male Germ Cell
Transplantation in Farm Animals

Although technically still at an experimental level, there are
significant potential applications for GCT in farm animals.
This includes genetic modification of farm animals through
transplantation of genetically altered male germ cells for
improving productivity traits or producing transgenic farm
animals. As such, GCT would be an alternative strategy to
the currently inefficient and costly methods of generating
transgenic farm animals [94, 95]. The development of

transgenic pigs, for instance, is of interest because of its
potential to provide tissues and organs for xenotransplan-
tation to humans and as a model for biomedical research
[96]. Genetically altered dairy goats, sheep, and cows are
also of significant economic value for the production of
biopharmaceutical proteins in their milk [95, 96]. It has
also been proposed that GCT can be used as an alternative
way to artificial insemination for dissemination of elite
sire bull genetics in extensive beef cattle grazing systems
where animal handling is a limiting factor [35, 97]. Another
important potential application of GCT is to restore fertility
by cryopreservation followed by transplantation of genetic
material from immature males (as shown for testis tissue
grafting [86]) of rare or valuable livestock breeds that die
while they are premature or from horses that undergo
early castration but display superior traits later in life.
The advantage of using SSCs for genetic dissemination or
fertility restoration is that SSCs can be harvested, cultured,
propagated, cryopreserved, or transfected and still preserve
the potential to colonize the recipient testes [1, 27, 28, 32,
34, 98–102]. Since SSCs can both self-renew and produce
a lifetime supply of sperm in adults, they have tremendous
potential in modifying the male germ line as compared with,
for example, the use of a finite amount of frozen semen from
a given donor.

7. Production of Live Progeny after
Male Germ Cell Transplantation

The birth of offspring carrying the donor haplotype after
mating of a recipient can be viewed as the most convincing
evidence for any successful GCT. In the initial report of
GCT in mice, some of the infertile recipients produced
enough donor-derived sperm to allow them to sire progeny
[1]. As summarized in Table 1, among nonrodent species,
live progeny has so far been produced following GCT in
only goats and sheep, with an efficiency of ∼7–10% [34,
40]. The field application of this new technology for farm
animals relies upon the efficient production of donor-derived
offspring in the end. Therefore, the feasibility and efficiency
of live offspring production via GCT in farm animals need to
be investigated further and improved (Figure 1).

8. Conclusions and Future Directions

In a short period of time since the first reports in 2002-
2003 [32–34, 36, 42], GCT in farm animals has shown
great potential and promising initial results. Currently the
percentage of donor-derived sperm in the semen of recipients
after GCT is rather low, but evidence indicates that the
efficiency can be improved. As we move beyond the stage
of proof-of-principle studies, it is expected that the research
in this area will focus more on improving a number of
factors related to the success rate of the technique and on
making it a viable option for downstream applications. These
improvements are especially needed for obtaining higher
numbers and purity of SSCs in the donor populations of
cells. Another area of high potential is work on increasing the



6 Veterinary Medicine International

efficiency of nonviral transfection of germ cells, particularly
if the ultimate transgenic animals are to be considered for
generating products for human consumption. There are
several advantages in pursuing farm animal transgenesis
through GCT. For instance, the time from GCT into prepu-
bertal recipient farm animals to first detection of transgenic
sperm in the ejaculate is only a few months. Therefore,
the time required to start collecting transgenic sperm may
be reduced by one generation to about one half of that
required by current methods. This time saving factor alone
can significantly reduce the maintenance cost and accelerate
the generation of a transgenic herd needed for large-scale
production.
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The use of testis tissue xenografting as a valuable tool to rescue endangered and genetically valuable individuals that die young
or otherwise fail to produce sperm has been the subject of much interest. Although the technique has been successfully applied
to a wide variety of species, little is known about what determines the outcome. Furthermore, to improve the applicability of
xenografting, new methods to preserve and transport testis tissue from valuable animals are emerging. However, one major issue
remains: the application of xenografting implies the development of subsequent ART techniques to produce offspring from the
recovered material. This paper focuses on these three aspects of testis tissue xenografting as a tool for rescuing endangered and
valuable genetic pools.

1. Introduction

Xenografting is the transplantation of tissues across a species
barrier, that is, from one species to another. Testis grafting
was described in the early twentieth century, not as a tool to
rescue fertility but rather to rescue prominent men from old
age, claiming that it restored physical and intellectual abilities
[1]. The technique fell into ridicule and was forgotten until
the twentieth century, when it was rediscovered as a tool to
study spermatogenesis and testis endocrine function [2–4].
In 2002 Honaramooz and colleagues boosted interest in the
technique when they described the production of functional
sperm from several mammalian species in testis grafts placed
in immunodeficient mice (NCr nu/nu) [5]. Subsequently live
progenies were obtained using sperm extracted from grafts
of immature mouse and rabbit testes by intracytoplasmic
sperm injection (ICSI) and embryo transfer [6, 7]. These
results suggested new applications for the methodology,
including preserving fertility in young cancer patients and
rescuing genetic material from endangered or rare transgenic
animals.

2. Animal Models for Endangered Species

The loss of genetic diversity due to infertility or to the
premature death of valuable individuals is a significant
problem in animal conservation programs. Current attempts
to address this problem through assisted reproduction
involve collection of spermatozoa from live or recently
deceased males. Testis tissue xenografting presents two major
benefits when compared to sperm banking: it can be used
for the study of spermatogenesis and testicular maturation
in species which are difficult to manipulate or ethically
restricted [8], and it provides a previously unavailable system
to obtain spermatozoa from immature animals. Importantly,
xenografting seems to preserve the testicular microenviron-
ment, as evaluated in a porcine model by comparing gene
expression patterns in development-matched grafted and
donor tissue [9]. Groups interested in conservation issues
have extended this technique to animal models representative
of different subsets of animals, ranging from ungulate
herbivores to carnivores and from seasonal to nonseasonal
animals. Although there are less studies in the literature
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involving ovarian tissue xenografting in model species for
endangered animals, the available information has been
eloquently reviewed by Paris and Schlatt [10]. Rodent species
have been extensively and successfully used in testis tissue
xenograft experiments, including model mice and rats, or
seasonal animals such as the golden hamster [5, 7, 11–
13].

Donor tissue from 1 to 4 week-old goats, an ungulate
herbivore, was used in the first experiment by Honoramooz
and coworkers in 2002, resulting in the development from
an immature state to full spermatogenesis, with seminiferous
tubules showing normal stages of germ cell development
[5]. Furthermore, significant amounts of mature and viable
sperm (67 millions sperm per gram of tissue recovered)
were collected from the grafts. Xenografting using testis
of immature bulls was described [14], but in this case
the number of tubules that is able to produce elongating
spermatids is very low (maximum 10% of all seminiferous
tubules recovered), and further experiments were later per-
formed in an attempt to improve xenograft success [14–17].
However in the only attempt made to recover haploid cells
from grafts of an endangered bovid, the banteng calf (Bos
javanicus), no round or elongating spermatids were observed
after 15 months of grafting, although spermatocytes were
observable after 3 months, indicating spermatogenesis arrest
[18].

Sheep have also been used as a model for endangered
ungulates. Sheep graft development in an immunocompro-
mised mouse presented higher success than bovine testis
xenografts, and in fact, followed the same developmental
timing as normal testis [19]. Other studies were carried
out using smaller or bigger sheep testis grafts, alone or
cografted with spermatogonia [20]. Pigs have been exten-
sively used in xenograft experiments [9, 21–23] culmi-
nating in the production of live offspring [24]. Finally,
spermatogenic differentiation following horse testis tissue
grafting in nude or SCID mice ranged from no differen-
tiation to progression through meiosis with appearance of
haploid cells, depending on the age of the donor, with
best results in grafts of peripubertal animals. For more
mature donor testis samples where spermatogenesis had
progressed through meiosis with appearance of haploid cells,
graft development did not progress beyond mitotic division
[25].

Limited studies have been conducted in other species.
Snedaker and coworkers [26] extended the use of the
technique to carnivores demonstrating development of
spermatogenesis and collection of sperm from grafts of
immature domestic cats, as a model for endangered felines.
The dog was also used as a model for endangered
canids, with recovery of approximately 36 million sperm
per gram of tissue when immature tissue was used for
xenografting [27]. The genetic potential of endangered
birds may also eventually be preserved using xenograft-
ing, although at this time point only allografting of tes-
ticular tissue of day-old chicks was tested, resulting in
functional seminiferous tubules that produced sufficient
sperm to fertilize eggs, producing donor-derived offspring
[28].

3. Explaining Xenograft Outcomes

The reports of xenograft success described above always
include a major limitation: only testicular tissue from
immature animals gave rise to sperm. The success rate of
xenografts from pubertal or adult animals is minimal or
nonexistent in the various species tested (Figure 1). Kim
and coworkers used cat testis tissue from immature (1
to 8 weeks), prepubertal (9 to 16 weeks), pubertal (5 to
7 months), and adult animals. They observed that the
success of xenografting decreased abruptly when tissue was
recovered from pubertal animals (only one graft presented
haploid cells after 50 weeks of grafting), and all the grafts
from adult animals degenerated after 50 weeks following
xenografting [29]. The same kind of observations was made
using dog testis [27].

In a more comprehensive study Arregui and coworkers
presented results from adult testis graft development using
several species. Pigs and goats, animals with a greater daily
sperm output per gram of testis tissue (compared to bulls and
rhesus monkey), showed more rapid degeneration postgraft-
ing with no tubular structures remaining. In donor tissue
with less intense spermatogenesis at the time of grafting
(bulls and rhesus monkeys (Macaca mulatta)), seminiferous
tubule degeneration was slower, but no somatic or germ cells
remained in the tubules after 24 weeks. In this same paper
donkey and rhesus monkey subadult testis tissue survived in
the nude mice and produced elongating spermatids after 24
weeks [30].

All these studies raised the question of what makes
xenografts develop and produce sperm in nude mice. Can
we manipulate existing protocols in order to increase sperm
retrieval?

3.1. Hormonal/Endocrine Environment. Before the success of
xenografting many believed that the endocrine environment
of the nude mice would not be able to support the devel-
opment of spermatogenesis, given that the regulation of the
secretion pattern of the hypothalamo-pituitary hormones
[31], as well as, hormones and receptors themselves, differs
between species [32]. However there is only one documented
species where this problem actually occurred, the marmoset
(Callithrix jacchus) [11, 33]. It was hypothesized that a
mutation in the LH receptor prevented recognition and
signaling through luteinizing hormone caused this xenograft
failure [34]. However, neither the administration of human
chorionic gonadotropin (a substitute for LH signaling in
the marmoset) to nude mice, nor cografting with hamster
testis tissue, which restores blood and local testosterone levels
to normal, recovered spermatogenesis in these grafts [33].
Low survival of marmoset testis tissue after collection was
eliminated as a cause for arrested xenograft development
in the nude mice given that autologous transplant of
immature testicular tissue to the scrotal skin resulted in
the production of spermatozoa [35]. The same paper also
discussed temperature (in terms of graft localization) as a
factor influencing spermatogenesis in the grafts, pointing
towards a more intricate regulation of spermatogenesis in
marmosets [35].
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Figure 1: Potential of testis xenograft from immature and pubertal animals. The histology pictures represent cat testis and cat testis
xenografts stained with Hematoxylin/Periodic acid/Schiff reagent (Mota et al., unpublished data). The amplitude of arrows is representative
of percentage of seminiferous tubules with the illustrated outcome.

In order to determine if the regulatory mechanisms of the
hypothalamus/pituitary-testis axis would interfere with graft
survival, development studies were also carried out using
castrated and noncastrated nude mice as graft receptors.
Castration of recipients has been reported to be absolutely
necessary for successful development of spermatogenesis
in rhesus monkey testis xenografts [36] while in bovine
xenografts successful restoration of complete spermatogen-
esis has been reported in both intact and castrated recipients
[17]. The regulation of the hypothalamus-pituitary axis was
further tested using immature testis from boars. Kaneko
and coworkers describe the establishment of a feedback
loop 60 days postgrafting between the castrated mouse
hypothalamus-pituitary axis and the grafted porcine tissue,
with testosterone and FSH levels similar to those of intact
mice. Only inhibin-alpha showed an increase in relation
to intact mice [37]. However, when murine testis tissue is
grafted in castrated nude mice, the establishment of the same
feedback occurs in 2 weeks, demonstrating the maintenance
of species-specific characteristics in the grafts [7].

The early onset of meiosis in the xenografts of very
immature testis in relation to the normal development in
the donor species is thought to be related to the endocrine
environment. Many authors believe this acceleration in
spermatogenesis is caused by the sudden exposure of the
grafted immature testis tissue to an adult endocrine profile
in the recipient mouse [5, 7, 38]. Regardless of this first
response, there are still species-specific differences in the time
needed to obtain sperm from the xenografts. In some species
the entire spermatogenesis development is accelerated in the
grafts, such as in the rhesus monkey [36]. Testis grafts from
bulls and rams follow the same developmental timing as
testis in the intact animal, while in the cat, after an initial
acceleration sperm production is delayed. Snedaker and
coworkers speculate that the timing of testicular maturation
in the cat is inherent to the testis and therefore cannot be
modified by exposure to adult levels of mouse gonadotropins
or that a mismatch between donor and recipient endocrine
environment occurs, resulting in insufficient hormonal sup-
port to maintain spermatogenesis [26, 29].
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3.2. Xenograft Nutrition and Oxygenation. When comparing
spermatogenesis in grafts from the same species (bulls) but
with different donor ages, the timing for restoration of sper-
matogenesis in grafts is constant, suggesting that spermato-
genesis must be reinitiated postgrafting from spermatogonial
stem cells or early differentiating spermatogonia [17]. This
suggests that more differentiated cells present in xenografts
die either in the pregrafting period or immediately after
xenografting, probably due to insufficient nutritional and
oxygen support [17, 25].

Like any other tissue that is transplanted to a new loca-
tion, xenograft survival is also dependent on recipient tissue
for nutrients and oxygen. Indeed, a significant difference in
the number of blood vessels between functional and non-
functional testis grafts indicate an essential role for angio-
genesis in graft survival and development [16]. Schmidt and
coworkers [16] have attempted to improve/stimulate vessel
growth by treating xenografted tissue with recombinant
VEGF. This treatment resulted in an increase in graft size
and an increase in the percentage of seminiferous tubules
with elongating spermatids. However, no differences were
observed in the number or diameter of the seminiferous
tubules in treated and nontreated testis tissue grafts. This
pointed towards a direct role of VEGF on germ cell sur-
vival/differentiation [39]. These findings may be explained
if one considers the vascularization of GFP-expressing rat
testis xenografts in nude mice [12]. Because in this particular
case GFP is expressed in endothelial cells, it was possible
to confirm the origin of the vessels that enabled graft
survival. Small vessels formed by GFP-labeled endothelial
cells stretched through the fibrotic capsule formed by the
nude mice to isolate the xenograft. These small vessels
then connected to nude mice vessels with bigger diameter
[12]. This finding implies that graft capacity to induce
growth of new vessels determines its survival, and this
may be determined by donor age. This hypothesis was
further supported by microarray analysis of genes expressed
in bovine testis at different developmental time points.
Angiogenic and growth factors such as angiogenin, trans-
gelin, thrombomodulin, early growth response 1, insulin-
like growth factor 2, and insulin-like growth factor-binding
protein 3 were lower in tissues from older animals [40].
Concomitantly, BrdU labeling also showed that, although
proliferating endothelial cells were observed in all types of
blood vessels in the adult rat testis, other characteristics
typical of new blood vessel formation were missing, which
may reflect a continuous high turnover of endothelial cells
rather than classical angiogenesis seen in immature testis
tissue [41]. On the other hand, there are some mammalian
species with the same capability for angiogenesis in adult
and prepubertal testis tissue, such as the golden hamster
[42]. In the first week of exposure to long day photoperiod
(which triggers spermatogenesis in this seasonal breeder)
there is an increase in vessel density and permeability, with
the de novo forming of new vessels as well as the recovery
of vessels already in place before testis regression. However,
when testis tissue of photoregressed animals was grafted in
the nude mice, there was very limited recovery, and most
of the tissue degenerated [11]. Given that spermatogenesis

in the hamster testis was fully regressed [11] and that the
ability to form new vessels is preserved in these animals [42],
the reason for the different outcomes using immature and
adult testis grafts is still unknown and seems to deny both
spermatogenesis activity and angiogenic plasticity as the only
causes that determine xenograft success.

4. New Methods to Preserve Testis Tissue

One of the challenges of xenografting testis tissue is
preserving the tissue to be used when and where it is
necessary. When surveying the literature there seems to be
no consensus in terms of what the better cryoprotectant or
cryopreservation protocol for testis tissue might be.

The first report on cryopreserved testis tissue xenografts
came from Schlatt and coworkers using murine testis
[11]. The grafts were equilibrated for 20 min in 1.5 M
dimethyl sulphoxide (DMSO), put in vials, and loaded
into a programmable freezer. No obvious adverse effect of
cryopreservation of the tissue was reported. Milazzo and
coworkers also suggest DMSO 1.5 M as the best cryoprotec-
tant for prepubertal murine testis tissue after testing 19 cry-
opreservation protocols using DMSO and 1,2-propanediol
[42]. Other results in different species seem to point in
the same direction. Cryopreservation and allografting of
testicular tissue of day-old chicks with 10% DMSO (1.4 M)
resulted in functional seminiferous tubules that produced
sufficient sperm to fertilize eggs and give rise to donor-
derived offspring [28]. In rhesus monkey 1.4 M DMSO was
also able to protect some of the developmental potential of
the grafts, although with a reduction of xenograft survival,
increase in the number of seminiferous tubules with only
Sertoli cells and lower numbers of spermatogonia. However
grafts cryopreserved with 0.7 M DMSO showed no recovery,
with loss of the entire population of spermatogonia. When
ethylene glycol was used as a cryoprotectant the survival rate
also decreased substantially [43]. The human testis tissue
has been successfully cryopreserved using 0.7 M DMSO.
This has been demonstrated either using light and TEM
microscopy [44, 45] or xenografting [46, 47]. Xenografting
is clearly a more reliable method to assess cryopreservation
success, as given that different concentrations of DMSO (0.7
and 1.4 M) result in very different xenografting outcomes
although histological morphology of thawed testis grafts at
the time of xenografting was identical [43].

Interestingly, and after an extensive study of several
strategies for cryopreservation of immature testis tissue,
Abrishami and coworkers determined that glycerol was a
better cryoprotectant for the pig. After testing programmed
slow freezing with DMSO, glycerol, or ethylene glycol and
solid-surface vitrification using these same cryoprotectants,
these authors reported that, although not as efficiently as
fresh testis tissue, programmed slow-freezing and vitrifica-
tion using glycerol resulted in grafts which developed well,
with spermatogenesis restored to the phase of round and
elongated spermatids after 16 weeks of grafting [23]. These
results suggest that each species/family of species may need
a different cryopreservation protocol, with a concomitant
need to adjust for concentration of cryoprotectant or even
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adapting different cryoprotectants. These differences may
be related to testicular architecture (% of fibrotic tissue),
morphology and even lipid composition [23].

Although it has some drawbacks, mainly in terms of
time to send and xenograft the tissue, another method to
preserve testis tissue is cooling it to approximately 4◦C. This
methodology was first described by Schlatt and coworkers
who cooled murine testicular tissue for 24 hours [11]. In
the rhesus monkey, cooling of testicular tissue for 24 hours
also presented the same results as fresh grafting [43]. The
cooling time was then extended to 48 or 72 h [9, 23]. The
authors [9, 23] showed that the developmental competence
of tissues cooled for 24, 48, or 72 h was comparable or higher
than that of fresh testis tissue, speculating that low but stable
metabolism prior to grafting induced by proper cooling
might help prepare the graft for the hypoxic conditions that
probably exist immediately after xenografting [9, 23].

5. Development of ART Technologies Necessary
for Full Usage of Xenografting Methodology

Xenografting allows sperm production from immature tes-
ticular tissue. However, this does not necessarily mean recov-
ery of the donor genetic pool. As shown by Honaramooz
et al., porcine spermatozoa obtained from xenografts were
able to fertilize oocytes but at a lower percentage (24%)
in comparison with testicular, epididymal, and ejaculated
spermatozoa (58%, 68%, and 62%, resp.). The embryos
produced developed to the blastocyst stage but also at a
lower rate (8% versus 22%, 27%, and 25%, resp.) [22]. These
results, although seemingly poor, were only possible because
intracytoplasmic sperm injection (ICSI) and in vitro culture
of early embryos had already been developed in the pig.

In fact, the use of xenografting to recover sperm implies
in vitro fertilization using mature oocytes, culture of the early
embryo, and embryo transfer to an appropriate recipient
female, with or without estrus synchronization. In mice all
these steps have been established and are performed with
a high success rate, but this is not the case for all species.
For many species these assisted reproduction techniques are
still unavailable or represent a high health risk for the female
partner limiting xenograft application.

In farm animals, models species for endangered ungu-
lates, all the steps necessary for using sperm derived from
xenografts have also been described, although with lower
success rates than those obtained for mice. However, many
articles describe developmental abnormalities that manifest
themselves during pregnancy, after birth, or later in the life of
the offspring produced by assisted reproduction techniques.
The number of abnormalities increases with increasing
number of steps performed in vitro, which may suggest less
than ideal culture conditions (reviewed by [48]). Abnormal
ploidy is also detected in pig embryos after in vitro oocyte
maturation [49].

In the domestic cat and some endangered felids some
or all the steps have either been described or are within
the realm of possibility. Pope and coworkers described the
production of live offspring from two endangered felid
species, the fishing cat (Prionailurus viverrinus) and caracals

(Caracal caracal), using assisted reproduction techniques.
Ovarian stimulation was induced with gonadotropins, and
preovulatory oocytes and immature oocytes were retrieved
by laparoscopy. The preovulatory oocytes recovered were
used directly for in vitro fertilization experiments while
immature oocytes were matured in vitro and also used to
produce embryos. Of the 12 embryo transfer procedures
done in fishing cats, one pregnancy was obtained, and one
live kitten was born. In caracals a total of 46 embryos
were transferred to six recipients, one of which delivered
two live kittens. Cryopreserved caracal embryos were also
transferred to nine recipients, and a total of three kittens were
born from the three pregnancies established [50]. ICSI has
also been described using ejaculated cat spermatozoa [51].
However, when testicular sperm is used for this procedure
the number of blastocysts obtained is reduced although this
problem may be solved by the injection of midpieces from
ejaculated sperm together with the head of a testicular sperm
[52]. From this and other attempts (reviewed by [53, 54])
the conclusion to be drawn is that, although all steps are
possible, and some have been demonstrated in wild felids,
the success rate is very low, and this is clearly the major
drawback in the application of xenografting to rescue the
genetic pool of wild felids. In canids, another carnivore
family, the insurmountable issue so far seems to be in
vitro oocyte maturation which limits the amount of oocytes
available, and thus the possibilities for in vitro fertilization
[55].

6. Conclusion

Although promising data is now available in many animal
models for endangered species, xenografting and all other
associated techniques have to be tested for each individual
species on a trial and error basis, since species variability
is almost certain to be an important factor in terms of
perfecting successful protocols. The transmission of genetic
abnormalities to the offspring generated using xenografting
must also be evaluated. At this time, testis tissue xenografting
application for offspring production represents a major
economical and time-consuming effort for conservation
programs and should only be suggested for species where
the low number of animals and low genetic variability
of the population makes the individual variability of one
male so important, such as in the case of the Iberian lynx
(Lynx pardinus). Moreover, given that xenografting is much
more successful in immature tissue, special attention should
be paid to fragile and rare cubs, who are clearly good
candidates for this procedure in case of developmental failure
or untimely death.

However, broader use of xenografting arises from the
possibility of subjecting the “same” tissue (one testis sample)
to different stimuli, drugs or environmental contaminants.
This represents a step forward in the unraveling of different
regulatory mechanisms, in drug selection for treatments
or in evaluating toxic effects in testis development and
spermatogenesis. This is especially true for species that have
mostly been unavailable/sealed for such experiments until
now, including humans, a not so endangered species.
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[12] S. Schlatt, B. Westernströer, K. Gassei, and J. Ehmcke, “Donor-
host involvement in immature rat testis xenografting into
nude mouse hosts,” Biology of Reproduction, vol. 82, no. 5, pp.
888–895, 2010.

[13] J. Ehmcke, K. Gassei, and S. Schlatt, “Ectopic testicular
xenografts from newborn hamsters (Phodopus sungorus)
show better spermatogenic activity in aged compared with
young recipients,” Journal of Experimental Zoology A, vol. 309,
no. 5, pp. 278–287, 2008.

[14] J. M. Oatley, D. M. de Avila, J. J. Reeves, and D. J. McLean,
“Spermatogenesis and germ cell transgene expression in
xenografted bovine testicular tissue,” Biology of Reproduction,
vol. 71, no. 2, pp. 494–501, 2004.

[15] J. M. Oatley, J. J. Reeves, and D. J. McLean, “Establishment of
spermatogenesis in neonatal bovine testicular tissue following
ectopic xenografting varies with donor age,” Biology of Repro-
duction, vol. 72, no. 2, pp. 358–364, 2005.

[16] J. A. Schmidt, J. M. de Avila, and D. J. McLean, “Effect of
vascular endothelial growth factor and testis tissue culture
on spermatogenesis in bovine ectopic testis tissue xenografts,”
Biology of Reproduction, vol. 75, no. 2, pp. 167–175, 2006.

[17] S. Huang, B. L. Sartini, and J. E. Parks, “Spermatogenesis in
testis xenografts grafted from pre-pubertal Holstein bulls is
re-established by stem cell or early spermatogonia,” Animal
Reproduction Science, vol. 103, no. 1-2, pp. 1–12, 2008.

[18] A. Honaramooz, W. Zeng, R. Rathi, J. Koster, O. Ryder, and
I. Dobrinski, “193 testis tissue xenografts to preserve germ
cells from a cloned banteng calf,” Reproduction, Fertility and
Development, vol. 17, no. 2, p. 247, 2005.

[19] L. Arregui, R. Rathi, S. O. Megee et al., “Xenografting of sheep
testis tissue and isolated cells as a model for preservation of
genetic material from endangered ungulates,” Reproduction,
vol. 136, no. 1, pp. 85–93, 2008.

[20] J. R. Rodriguez-Sosa, R. A. Foster, and A. Hahnel, “Develop-
ment of strips of ovine testes after xenografting under the skin
of mice and co-transplantation of exogenous spermatogonia
with grafts,” Reproduction, vol. 139, no. 1, pp. 227–235, 2010.

[21] W. Zeng, G. F. Avelar, R. Rathi, L. R. Franca, and I. Dobrinski,
“The length of the spermatogenic cycle is conserved in porcine
and ovine testis xenografts,” Journal of Andrology, vol. 27, no.
4, pp. 527–533, 2006.

[22] A. Honaramooz, X.-S. Cui, N.-H. Kim, and I. Dobrinski,
“Porcine embryos produced after intracytoplasmic sperm
injection using xenogeneic pig sperm from neonatal testis tis-
sue grafted in mice,” Reproduction, Fertility and Development,
vol. 20, no. 7, pp. 802–807, 2008.

[23] M. Abrishami, M. Anzar, Y. Yang, and A. Honaramooz, “Cry-
opreservation of immature porcine testis tissue to maintain
its developmental potential after xenografting into recipient
mice,” Theriogenology, vol. 73, no. 1, pp. 86–96, 2010.

[24] M. Nakai, H. Kaneko, T. Somfai et al., “Production of viable
piglets for the first time using sperm derived from ectopic
testicular xenografts,” Reproduction, vol. 139, no. 2, pp. 331–
335, 2010.

[25] R. Rathi, A. Honaramooz, W. Zeng, R. Turner, and I.
Dobrinski, “Germ cell development in equine testis tissue
xenografted into mice,” Reproduction, vol. 131, no. 6, pp.
1091–1098, 2006.

[26] A. K. Snedaker, A. Honaramooz, and I. Dobrinski, “A game
of cat and mouse: xenografting of testis tissue from domestic
kittens results in complete cat spermatogenesis in a mouse
host,” Journal of Andrology, vol. 25, no. 6, pp. 926–930, 2004.

[27] M. Abrishami, S. Abbasi, and A. Honaramooz, “The effect
of donor age on progression of spermatogenesis in canine
testicular tissue after xenografting into immunodeficient
mice,” Theriogenology, vol. 73, no. 4, pp. 512–522, 2010.

[28] Y. Song and F. G. Silversides, “Production of offspring from
cryopreserved chicken testicular tissue,” Poultry Science, vol.
86, no. 7, pp. 1390–1396, 2007.

[29] Y. Kim, V. Selvaraj, B. Pukazhenthi, and A. J. Travis, “Effect
of donor age on success of spermatogenesis in feline testis
xenografts,” Reproduction, Fertility and Development, vol. 19,
no. 7, pp. 869–876, 2007.

[30] L. Arregui, R. Rathi, W. Zeng et al., “Xenografting of adult
mammalian testis tissue,” Animal Reproduction Science, vol.
106, no. 1-2, pp. 65–76, 2008.

[31] F. J. Karsh, “Reproduction in mammals,” in Book 3: Hormonal
Control of Reproduction, C. R. Austin and R. V. Short, Eds., pp.
1–21, Cambridge University Press, Cambridge, UK, 1997.

[32] M. D. Li and J. J. Ford, “A comprehensive evolutionary analysis
based on nucleotide and amino acid sequences of the α- and



Veterinary Medicine International 7

β-subunits of glycoprotein hormone gene family,” Journal of
Endocrinology, vol. 156, no. 3, pp. 529–542, 1998.

[33] J. Wistuba, M. Mundry, C. M. Luetjens, and S. Schlatt,
“CoGrafting of hamster (Phodopus sungorus) and marmoset
(Callithrix jacchus) testicular tissues into nude mice does not
overcome blockade of early spermatogenic differentiation in
primate grafts,” Biology of Reproduction, vol. 71, no. 6, pp.
2087–2091, 2004.

[34] J. Gromoll, J. Wistuba, N. Terwort, M. Godmann, T. Müller,
and M. Simoni, “A new subclass of the luteinizing hor-
mone/chorionic gonadotropin receptor lacking exon 10 mes-
senger RNA in the new world monkey (Platyrrhini) lineage,”
Biology of Reproduction, vol. 69, no. 1, pp. 75–80, 2003.

[35] C. M. Luetjens, J.-B. Stukenborg, E. Nieschlag, M. Simoni,
and J. Wistuba, “Complete spermatogenesis in orthotopic but
not in ectopic transplants of autologously grafted marmoset
testicular tissue,” Endocrinology, vol. 149, no. 4, pp. 1736–1747,
2008.

[36] A. Honaramooz, M.-W. Li, M. C. T. Penedo, S. Meyers, and
I. Dobrinski, “Accelerated maturation of primate testis by
xenografting into mice,” Biology of Reproduction, vol. 70, no.
5, pp. 1500–1503, 2004.

[37] H. Kaneko, K. Kikuchi, M. Nakai, and J. Noguchi, “Endocrine
status and development of porcine testicular tissues in host
mice,” Journal of Reproduction and Development, vol. 54, no.
6, pp. 480–485, 2008.

[38] R. Rathi, A. Honaramooz, W. Zeng, S. Schlatt, and I. Dobrin-
ski, “Germ cell fate and seminiferous tuble development in
bovine testis xenografts,” Reproduction, vol. 130, no. 6, pp.
923–929, 2005.

[39] K. C. Caires, J. de Avila, and D. J. McLean, “Vascular
endothelial growth factor regulates germ cell survival during
establishment of spermatogenesis in the bovine testis,” Repro-
duction, vol. 138, no. 4, pp. 667–677, 2009.

[40] J. A. Schmidt, J. M. de Avila, and D. J. McLean, “Analysis of
gene expression in bovine testis tissue prior to ectopic testis
tissue xenografting and during the grafting period,” Biology of
Reproduction, vol. 76, no. 6, pp. 1071–1080, 2007.

[41] I. F. Lissbrant, E. Lissbrant, A. Persson, J.-E. Damber, and
A. Bergh, “Endothelial cell proliferation in male reproductive
organs of adult rat is high and regulated by testicular factors,”
Biology of Reproduction, vol. 68, no. 4, pp. 1107–1111, 2003.

[42] A. Mayerhofer, A. P. Sinha Hikim, A. Bartke, and L. D.
Russell, “Changes in the testicular microvasculature during
photoperiod-related seasonal transition from reproductive
quiescence to reproductive activity in the adult golden ham-
ster,” Anatomical Record, vol. 224, no. 4, pp. 495–507, 1989.

[43] K. Jahnukainen, J. Ehmcke, S. D. Hergenrother, and S. Schlatt,
“Effect of cold storage and cryopreservation of immature non-
human primate testicular tissue on spermatogonial stem cell
potential in xenografts,” Human Reproduction, vol. 22, no. 4,
pp. 1060–1067, 2007.

[44] V. Keros, B. Rosenlund, K. Hultenby, L. Aghajanova, L.
Levkov, and O. Hovatta, “Optimizing cryopreservation of
human testicular tissue: comparison of protocols with glyc-
erol, propanediol and dimethylsulphoxide as cryoprotectants,”
Human Reproduction, vol. 20, no. 6, pp. 1676–1687, 2005.

[45] V. Keros, K. Hultenby, B. Borgström, M. Fridström, K.
Jahnukainen, and O. Hovatta, “Methods of cryopreservation
of testicular tissue with viable spermatogonia in pre-pubertal
boys undergoing gonadotoxic cancer treatment,” Human
Reproduction, vol. 22, no. 5, pp. 1384–1395, 2007.

[46] C. Wyns, M. Curaba, B. Martinez-Madrid, A. Van Langen-
donckt, W. François-Xavier, and J. Donnez, “Spermatogonial

survival after cryopreservation and short-term orthotopic
immature human cryptorchid testicular tissue grafting to
immunodeficient mice,” Human Reproduction, vol. 22, no. 6,
pp. 1603–1611, 2007.

[47] C. Wyns, A. van Langendonckt, F.-X. Wese, J. Donnez, and M.
Curaba, “Long-term spermatogonial survival in cryopreserved
and xenografted immature human testicular tissue,” Human
Reproduction, vol. 23, no. 11, pp. 2402–2414, 2008.

[48] T. G. McEvoy, F. M. Alink, V. C. Moreira, R. G. Watt, and
K. A. Powell, “Embryo technologies and animal health—
consequences for the animal following ovum pick-up, in
vitro embryo production and somatic cell nuclear transfer,”
Theriogenology, vol. 65, no. 5, pp. 926–942, 2006.

[49] K. Kikuchi, N. Kashiwazaki, T. Nagai et al., “Selected aspects
of advanced porcine reproductive technology,” Reproduction
in Domestic Animals, vol. 43, supplement 2, pp. 401–406, 2008.

[50] C. E. Pope, M. C. Gomez, and B. L. Dresser, “In vitro
embryo production and embryo transfer in domestic and
non-domestic cats,” Theriogenology, vol. 66, no. 6-7, pp. 1518–
1524, 2006.
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To optimize the procedure for testis tissue xenografting, we grafted 2, 4, 8, or 16 small fragments of immature porcine testis tissue
under the back skin of immunodeficient castrated mice (n = 10 mice/group). At 8 months post grafting, the graft recovery rate did
not differ between groups; however, not only the total but also the average graft weights were higher (by ∼12-fold and ∼2.5-fold,
resp.) in mice receiving 16 fragments than those receiving 2 fragments (P < .05). The recipient mice with 16 fragments had the
largest vesicular glands (indicators of testosterone release by the grafts) compared with those with 2 fragments (P = .007). The
grafts in the group of 16 fragments also had more (P < .05) percentage of tubules with round spermatids than those of the group
of mice receiving 2 fragments. Therefore, recipient mice can be grafted with at least 16 testis tissue fragments for optimal results.

1. Introduction

The neonatal testis contains immature interstitial Leydig
cells and seminiferous cords enclosing gonocytes, the only
germ cell type present and precursors of spermatogonial
stem cells, as well as immature somatic Sertoli cells. During
prepubertal development, the testis tissue undergoes a num-
ber of developmental changes to transform into a mature
tissue capable of androgen release and spermatogenesis, a
highly organized cyclic process that continuously produces
haploid spermatozoa from diploid male germline cells [1].
The underlying mechanisms controlling this process and
especially the maturational changes in the testis of humans
and large animals are difficult to study in situ and are best to
be studied in a proper model [2, 3].

In the absence of an in vitro model that can faithfully
replicate testicular maturation and spermatogenesis [4],
xenografting of testis tissue has emerged in recent years
to overcome these limitations by providing an in vivo
culture system. In this approach, small fragments of testis
parenchyma from an immature donor of any mammalian
species are grafted under the back skin of immunodeficient
mice [5, 6]. This strategy maintains the structural integrity

and cell associations needed for the subsequent development
of spermatogenesis. Testis tissue xenografting has been
successful in inducing maturation in the grafted tissue and
development leading up to complete spermatogenesis using a
wide range of immature donor species including laboratory,
farm, or companion animals as well as primates in a recipient
mouse model [5–13]. Xenogeneic spermatozoa have been
retrieved from testis tissue xenografts by mechanical disper-
sion and used for intracytoplasmic spermatozoa injection
(ICSI) to confirm fertilization competence or to produce
offspring even from newborn donor animals [5, 14–19].
Testis tissue xenografting has shown promise in a number
of important applications such as allowing the study and
manipulation of spermatogenesis, providing insights into
testis function, and offering a new option for male germline
preservation especially from neonatally lethal phenotypes
and rare or endangered animals that die before puberty
[17, 18, 20–23].

Following the methodology described in the first reports
of successful testis tissue xenografting [5, 6], most researchers
have used 8 testis tissue fragments, of ∼1 mm3 (or ∼5 mg)
each, to graft under the back skin of recipient mice. This
number of grafts per mouse was chosen for practical reasons
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as 4 grafts could be easily grafted on either side of the
midline and spaced out between the neck and sacral region.
It is desirable to maximize the mass of harvested grafts;
however, no study has systematically evaluated the optimum
number of the initial tissue fragments that can result in the
highest growth and development of the grafted testis tissue.
Therefore, the objective of this study was to determine the
effect of the initial number of porcine testis tissue fragments
grafted per recipient mouse on the outcome of testis tissue
xenografting.

2. Materials and Methods

2.1. Study Design. We examined the effect of using different
numbers of testis tissue fragments per recipient mouse on
the outcome of testis tissue xenografting. Groups of castrated
immunodeficient mice (n = 10 mice/group) received 2, 4,
8, or 16 fragments of donor testis tissue under the back
skin. At 8 months postgrafting, the recipient mice were
sacrificed and the visible xenografts were recovered. The
retrieved xenografts were then evaluated for graft weight,
recovery rate, and histological development. The weight of
the vesicular glands in the recipient mice was also evaluated
as an indication of androgen production by the testis grafts.
Experimental procedures involving animals were approved
by the University of Saskatchewan’s Institutional Animal
Care and Use Committee.

2.2. Donor Testis Tissue. Donor testis tissue was obtained
through aseptic castration of 1-week-old Yorkshire-cross
piglets (Camborough-22 × Line 65, PIC Canada Ltd.,
Winnipeg, MB, Canada) at a swine facility. Immediately after
castration, the testes were immersed in ice-cold Dulbecco’s
phosphate buffered saline (DPBS, Cat. No. 20-031-CV,
Mediatech, Manassas, VA, USA) containing 2% w/v antibi-
otic/antimycotic solution (Cat. No. 30-004-CI, Mediatech).
The testes were transferred to the laboratory within 1 h,
where they were rinsed 3 times with DPBS and the tunica
albuginea, rete testis, and overt connective tissues were
removed. Small fragments of testis, approximately 5 mg
in weight or 1 mm3 in volume, were cut from the testis
parenchyma using a scalpel and maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Cat. No. 10-013-CM,
Mediatech) on ice until grafting within 2 h. As a reference for
graft development, samples of the fragments were fixed in
Bouin’s solution overnight, washed with and kept in 70% v/v
ethanol, and processed for histology.

2.3. Recipient Mice and Procedures for Xenografting of Testis
Tissue. Male immunodeficient nude mice (NCr, nu/nu,
Taconic, Germantown, NY, USA) were randomly assigned
to one of four groups (n = 10 mice/group) to receive 2,
4, 8, or 16 testis tissue grafts. At the time of grafting, mice
were ∼10 wk old and maintained aseptically in groups of 10
in perplexiglass microinsulators in a room with controlled
photoperiod (lights on from 0600 through 1800). The mice
were provided with sterile water and mouse chow ad libitum.

At the time of surgery, the mice were anesthetized with intra-
peritoneal injection of ketamine hydrochloride (100 mg/kg;
Ketalene, Bimeda-MTC, Cambridge, ON, Canada) and
xylazine hydrochloride (10 mg/kg; Vet-A-Mix, Shenandoah,
IA, USA). All recipient mice underwent castration using an
abdominal midline approach. A transverse linear incision
(∼5 mm in length) per planned graft was made into the back
skin of each mouse, a small subcutaneous pouch was created
using blunt dissection and a testis tissue fragment was placed
in the subcutaneous pouch. Wound clips were used to close
the incisions (Michel Clips 7.5 mm, Miltex, York, PA, USA).

2.4. Gross and Histological Analysis. At 8 months postgraft-
ing, the mice were anesthetised, sacrificed, and weighted. Vis-
ible xenografts were retrieved, weighted, and fixed in Bouin’s
solution overnight. The testis tissue xenografts were washed
with and kept in 70% ethanol solution prior to histological
processing. After processing, the grafts were paraffin blocked
and sectioned (at 6 μm thickness) at the largest diameter. The
tissue sections were stained with haematoxylin and eosin,
and evaluated under light microscopy using a calibrated
microscope (BX41, Olympus Inc., Markham, ON, Canada)
equipped with a digital camera (DP71, Olympus Inc.).

From each mouse as the experimental unit, 16 digital
micrographs were captured from randomly selected areas
of the sectioned xenografts so each graft was represented
in at least one micrograph. The micrographs were captured
at 200x magnification and given codes that were unknown
to the operator analyzing them. All seminiferous tubules
(or up to 200, if there were more) in each micrograph
were evaluated, and measured using a software (Image pro
Express, version 6.0.0.319 for Windows XP/Professional,
Media Cybernetics Inc, Bethesda, MD, USA). The endpoints
for evaluation included the number of tubule cross sections
to calculate the tubular density (per mm2), tubular diameter
in the widest cross section, the morphology of seminiferous
tubules, and the most advanced germ cell type in the tubules.

To evaluate the morphology of the seminiferous tubules
and the most advanced germ cell type, we recorded the
presence of (1) mature spermatozoa in the lumen of the
seminiferous tubule cross section; (2) elongated spermatids
as the most advanced germ cells; (3) round spermatids as
the most advanced germ cells; (4) spermatocytes as the most
advanced germ cells; (5) spermatogonia as the only type
of germ cells; (6) Sertoli-cell-only tubule; and (7) complete
tubular degeneration or fibrosis.

We also dissected out and weighed the vesicular glands
to calculate the vesicular gland index. The index (% of the
vesicular gland weight/body weight) has been used as an
indicator of the levels of bioactive androgens released by the
xenografts [5, 16].

2.5. Statistical Analysis. Since the recipient mouse was
considered an experimental unit, the data obtained from
all testis tissue xenografts within a mouse were pooled.
The evaluated endpoints were the mouse body weight (g),
graft recovery rate (% of visible grafts retrieved compared
with the original number of fragments grafted), total and
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average graft weight (mg), vesicular gland index (%),
seminiferous tubule diameter (μm), tubular density (/mm2),
the percentages of tubule cross sections with spermatozoa,
elongated spermatids, round spermatids, and spermatocytes
or spermatogonia as the most advanced germ cell type, in
addition to the categories of seminiferous tubules containing
Sertoli-cell-only or showing degeneration or fibrosis.

The data were analyzed for the effect of the number of
testis tissue fragments using one-way ANOVA. The Pearson
product-moment correlation coefficients were calculated
for the mouse body weight, average or total graft weight,
and the above-mentioned endpoints related to testis graft
development. Data are expressed as means ± SEM and P <
.05 was considered significant.

3. Results

3.1. Mouse Body Weight, Graft Weight, and Graft Recovery
Rate. Out of 40 recipient mice, 3 died before the scheduled
time of sacrifice and were thus excluded from the data. In
the remaining 37 mice, the body weight did not differ among
groups (P = .2) and a total of 275 out of 294 grafts had
survived (overall, 94% graft recovery). The graft recovery
rate, ranging from 86% to 98%, did not differ among the four
groups of recipient mice (P = .7, Table 1).

At 8 months postgrafting, the recovered grafts in all
groups had increased in average weight, compared with the
original weight of 5 mg each (P = .008), with the group of
mice receiving 16 testis tissue fragments showing the highest
and the group of mice receiving 2 fragments showing the
lowest average graft weight (P = .02, Table 1). The total
weight of grafts per recipient mouse was higher in the groups
of mice receiving 16 or 8 fragments, and lower in the groups
of mice receiving 4 or 2 fragments (P < .001, Table 1).

The absolute (in mg) and relative weight, (index, in %)
of the vesicular glands at the time of sacrifice were higher in
the group of mice receiving 16 testis tissue fragments than
those in the group of mice receiving 2 fragments (P = .007,
Table 1).

3.2. Histological Evaluation of the Recovered Testis Grafts

3.2.1. Tubular Diameter. The seminiferous cords diameter
in newborn donor testis tissue was 47 ± 1.1μm at the time
of grafting. The tubular diameter in the grafts examined
at 8 months postgrafting did not differ among the groups
of recipient mice receiving various numbers of testis tissue
fragments (P = .4, Table 1).

3.2.2. Tubular Density. Neonatal donor testis tissue had
a seminiferous tubular density of 95 ± 6.1 tubule cross
sections/mm2 at the time of grafting. Tubular density of the
grafts recovered from recipient mice did not differ among
the groups of recipient mice receiving different numbers of
fragments (P = .3, Table 1).

3.2.3. Tubular Morphology. At the time of grafting, the
histology of neonatal donor testes showed interstitial tissue

containing Leydig cells as well as seminiferous cords con-
taining somatic Sertoli cells and gonocytes. At 8 months
postgrafting, the retrieved xenografts had complete sper-
matogenesis, comparable to the expected status in age-
matched pig testes. Representative histological photomi-
crographs of the recovered testis tissue xenografts from
different groups of recipient mice are shown in Figure 1.
The most advanced germ cell type and the morphology of
the seminiferous tubule cross sections were evaluated in the
retrieved xenografts and the results were compared among
groups as follows

Spermatozoa were observed within the lumen of semi-
niferous tubule cross sections in the testis tissue xenografts
from the majority of the recipient mice in all four groups
(the exceptions were grafts from one or two recipient mice
in groups of mice receiving 2, 4, or 8 fragments at the time
of grafting). The percentage of graft tubule cross sections
containing spermatozoa, as the most advanced germ cell
types present, did not differ among the four groups (P = .6),
and that of elongated spermatids only tended to differ among
the groups (P = .06, Table 1).

The percentage of seminiferous tubules with round
spermatids, as the most advanced germ cell type, differed
among groups (P = .03), with higher values observed
in grafts from the group of mice receiving 16 testis tissue
fragments, compared with those receiving 2 fragments (P <
.02, Table 1).

The difference in the percentage of graft tubular cross
sections with spermatocytes, as the most advanced types of
germ cell present, only approached significance (P = .06),
and those of the tubules with spermatogonia or only Sertoli
cells did not differ among the four groups (P = .97, .2, resp.,
Table 1).

The percentage of degenerated seminiferous tubules in
the xenografts varied among the groups (P = .01), with
those in the group of mice receiving 2 testis tissue fragments
showing higher degenerated tubules than those in the groups
of mice grafted with 4 or 8 fragments (P = .02, Table 1).

Table 2 summarizes the results of correlation analysis
between each of the measured outcomes of testis tissue
xenografting and the average graft weight, total graft weight,
or the mouse body weight. No significant correlations were
found between the mouse body weight and the average or
total graft weight. When significant correlations were present
for the average graft weight and the different parameters
of grafting outcome, they were positive in most cases and
negative for the percentages of tubules with spermatogonia
or Sertoli-cell-only. An almost similar pattern of correlations
was observed for those of the total graft weight. The
mouse body weight had positive significant correlations only
with tubular diameter and a negative correlation with the
percentage of tubules containing only Sertoli cells.

4. Discussion

Testis tissue xenografting has provided a novel in vivo culture
system to study testis function and to preserve spermatogenic
potential of immature donors from diverse mammalian
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Table 1: Characterization of testis tissue xenografts recovered from recipient mice at 8 months postgrafting.

Number of testis tissue fragments grafted (per mouse)

2 4 8 16

Number of mice analyzed∗ 8 10 9 10

Mouse body weight (g) 29± 0.5 29± 1.5 30± 0.6 32± 0.9

Graft recovery rate (%) 86± 9.2 98± 2.5 90± 8.7 95± 3.8

Average graft weight (mg) 106± 38.0a 196± 25.5ab 208± 36.6ab 278± 39.4b

Total graft weight (mg) 192± 76.2a 704± 82.2a 1, 619± 289.9b 2, 443± 338.8b

Vesicular gland index (%) 0.1± 0.06a 0.3± 0.06ab 0.3± 0.05ab 0.5± 0.06b

Vesicular gland weight (mg) 35± 16.7a 84± 16.1ab 94± 18.3ab 154± 21.9b

Tubular diameter (μm) 126± 18.2 121± 14.7 141± 9.1 144± 2.6

Tubular density (/mm2) 31± 6.4 39± 3.4 38± 3.1 32± 1.6

Spermatozoa (% of tubules) 17± 7.5 23± 6.3 26± 6.1 28± 3.2

Elongated spermatids (% of tubules) 4± 1.9 10± 2.0 8± 2.1 11± 1.6

Round spermatids (% of tubules) 3± 1.3b 8± 2.2ab 8± 1.9ab 11± 1.5a

Spermatocytes (% of tubules) 4± 2.4 16± 3.4 13± 2.3 12± 2.7

Spermatogonia (% of tubules) 4± 1.9 5± 1.4 4± 1.6 3± 2.4

Sertoli-cell only (% of tubules) 42± 8.8 28± 6.4 29± 6.9 21± 3.0

Degenerated (% of tubules) 27± 5.7a 11± 3.3b 12± 1.6b 14± 2.6ab

Four groups of recipient mice were grafted with different numbers of porcine testis tissue fragments, and the xenografts were evaluated at 8 months
postgrafting for spermatogenic development. Recipient mice were gonadectomized male nude mice and randomly assigned into groups receiving 2, 4, 8,
or 16 testis tissue fragments per mouse (n = 10 mice/group). ∗The number of recipient mice per group that survived to the time of analysis at 8 months
postgrafting (the original number was 10 mice per group). Graft recovery rate was defined as the relative number of visible xenografts retrieved compared
with the number of fragments grafted. The average graft weight and histological evaluations were based on the recovered grafts. The average seminiferous
tubule diameter and tubular density (the number of the seminiferous tubules/mm2) were calculated in the largest cross section of the recovered grafts. For
comparison, at the time of grafting, the donor tissue had seminiferous cords that were 47± 1.1μm in diameter and at a density of 95± 6.1 tubules/mm2. Data

are presented as mean ± SEM. abValues with different superscript letters within each row are significantly different (P < .05).

species in a laboratory mouse [20, 22]. This study represents
the first systematic examination of the optimal number of
testis tissue fragments for xenografting into recipient mice.
Although it should be emphasized that in our study we
have examined pig-to-nude mouse model for testis tissue
xenografting which may not necessarily reflect the situation
in testicular xenografting using other donor species.

As the source of donor tissue, we used piglet testes
since the outcome of porcine testis tissue xenografting is
well established [5, 14]. We previously showed that the
piglet testes from our source (a university-affiliated swine
farm) are a homogenous supply of testis tissue [24]. For
recipients, we used castrated male nude mice since they have
been the conventional choice as recipients for testis tissue
xenografting [5, 6, 25]. We also used testis tissue fragments
that were of the same size (∼1 mm3 or ∼5 mg) as those in
the majority of previous reports, but used 2, 4, or 16 donor
fragments as compared with the conventional number of 8
fragments.

In the present study, the rate of graft recovery did not
differ among the four groups of recipient mice (range,
86%–98%). However, not only was the total weight of
the recovered grafts ∼12-fold higher in the group of mice
receiving 16 fragments than that of the group receiving 2
fragments, but interestingly the average graft weight was also
∼2.5-fold as high in the 16-fragment group compared with
that in the 2-fragment group of mice. This demonstrated
that the recipient mouse is fully capable of supporting the

development of a much larger mass of grafted donor testis
tissue than routinely used.

In a recent report of testis tissue xenografting using
donor lambs [26], two flat strips of testis tissue (∼ 9 ×
5 × 1 mm or ∼45 mm3 each) were grafted per recipient
mouse and recovered after 4 months resulting in a growth
of 2.4-fold in the size of grafts. Although in the latter
study a direct comparison with the conventional size of
testis fragments was not made, it may be deduced that the
relative physical growth of the flat stripes of testis tissue
per mm3 was much less than that of cube fragments used
in our study. In other words, whereas in that study [26]
an average 45 mm3-flat stripe grew by ∼2-fold, an average
1 mm3-cube fragment in our study grew by ∼21, 39, 41, or
55-fold (in 2, 4, 8, or 16-fragement groups, resp.). Similarly,
the expansion of the total mass of grafted tissue was also
much higher using our small fragments than using flat stripes
in the above study. For instance, given the available data
from the two studies, even 8 mm3 (8 × 1 mm3) total mass
of small cube fragments grafted per mouse in our study
resulted in a greater expansion of the tissue (to ∼323 mm3

or ∼1,619 mg) than that of 90 mm3 (2 × 45 mm3) of flat
stripes (to ∼216 mm3 or ∼1,080 mg). In the above study
[26], it was also concluded that the percentage of grafts
that survived and percentage of seminiferous tubules that
developed spermatogenesis were the same as those reported
after xenografting small fragments of ovine testis tissue [21].
The differential rate of growth between our observations and
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Figure 1: Histological photomicrographs of testis tissue xenografts recovered from recipient mice at 8 months post grafting. Representative
xenografts from the group of recipient mice receiving 2 (a), 4 (b), 8 (c), or 16 (d) testis tissue fragments. The grafts from mice receiving 16
fragments were overall larger and more developed than those from mice receiving 2 fragments at the time of grafting. Scale bar = 200μm.

Table 2: Correlations between the mouse body weight, average graft weight, or total graft weight and characteristics of testis tissue xenografts
at the time of sacrifice at 8 months postgrafting.

Mouse body weight (g) Average graft weight (mg) Total graft weight (mg)

r P r P r P

Mouse body weight (g) — — 0.2 .3 0.3 .1

Graft recovery rate (%) −0.02 .9 0.3 .1 0.3 .1

Average graft weight (mg) 0.2 .3 — — 0.8 .0001

Total graft weight (mg) 0.3 .1 0.8 .0001 — —

Tubular diameter (μm) 0.5 .002 0.3 .1 0.3 .1

Tubular density (mm2) −0.1 .4 −0.01 .9 −0.04 .8

Vesicular gland index (%) 0.1 .4 0.4 .02 0.4 .02

Spermatozoa (% tubules) 0.07 .1 0.5 .01 0.5 .001

Elongated spermatids (% tubules) 0.3 .1 0.5 .002 0.7 .0001

Round Spermatids (% tubules) 0.3 .07 0.5 .001 0.6 .0004

Spermatocytes (% tubules) 0.2 .3 −0.1 .6 0.01 .96

Spermatogonia (% tubules) −0.01 .97 −0.5 .01 −0.4 .01

Sertoli-cell-only (% tubules) −0.4 .02 −0.5 .01 −0.6 .0002

Degenerated (% tubules) 0.1 .6 −0.2 .3 −0.3 .1

Pearson’s correlation coefficients (r) were calculated for the combined data from four different groups of recipient mice grafted with different numbers of
porcine testis tissue fragments, and the grafts evaluated at 8 months postgrafting for spermatogenic development. Correlation coefficients were considered
significant when P < .05.
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those of the above study may be more due to the differences
in shape of the grafted tissue, where small fragments may
allow better vascularisation [27, 28]. Although differences
in the species or sampling times cannot be ruled out in
explaining these observation, in our experience with ovine
testis tissue [21], these grafts reach physical growth and
spermatogenic development earlier than those of the porcine
tissue grafts and by 4 months postgrafting. Therefore,
especially if the goal of testis tissue xenografting is to
expand the limited tissue, such as when the donor is a
rare or endangered immature individual, then using small
fragments of testis tissue (of ∼1 mm3) is recommended.

The accessory sex glands, particularly the vesicular glands
in mice, are highly androgen dependent and will regress to
less than 10% of their normal weight (130–340 mg) within
a few weeks after castration [16]. This process is reversible
and therefore, measuring the weight of the vesicular glands in
recipient mice castrated prior to testis tissue xenografting can
be used as an assay to evaluate the production of bioactive
androgens by the grafted testis tissue [5, 16]. In the current
study, the vesicular gland indices in the group of mice
receiving 16 fragments were ∼5-fold as high as those of mice
receiving 2 fragments (0.5% versus 0.1%, resp.), likely as a
consequence of higher mass of the testis tissue grafts capable
of producing androgens. For comparison, the vesicular gland
index in an intact 30-gram nude mouse is 0.4% to 1.1% [16].

In the present study, spermatogenic development also
differed among the groups since grafts from the group of
mice receiving 16 fragments had ∼3-fold more tubules with
round spermatids (as the most advanced germ cell type)
than those of the group of mice receiving 2 fragments. The
grafts from the group of mice receiving 2 fragments also had
about one third the percentages of tubule cross sections with
elongated spermatids or spermatocytes but ∼2-fold higher
the percentage of degenerated tubules than those of other
groups. These results collectively indicate that the grafts
from the group of mice receiving 16 testis tissue fragments
in general tended to yield grafts that were higher in tissue
mass and were also more developed. This may be due to
the higher levels of androgen produced from grafts in this
group of recipient mice which might have had a positive
effect on the gross and histological development of single
grafts. This conclusion is also consistent with the results
of our correlation analysis in which higher average or total
graft weights were mostly correlated with indicators of graft
development.

We also observed significant correlations between the
average graft weight and most endpoint of testis tissue
xenografting examined in the present study. Generally, bigger
grafts tended to be more developed than smaller grafts.

5. Conclusions

The current study provided the first systematic evaluation of
the effect of changing the number of tissue fragments on the
outcome of testis tissue xenografting using a donor porcine
model. This study demonstrated that total number of donor
testis tissue fragments can be as many as 16 fragments for
optimal results.
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The preservation of the female portion of livestock genetics has become an international priority; however, in situ conservation
strategies are extremely expensive. Therefore, efforts are increasingly focusing on the development of a reliable cryopreservation
method for oocytes, in order to establish ova banks. Slow freezing, a common method for cryopreservation of oocytes, causes
osmotic shock (solution effect) and intracellular ice crystallization leading to cell damage. Vitrification is an alternative method
for cryopreservation in which cells are exposed to a higher concentration of cryoprotectants and frozen with an ultra rapid freezing
velocity, resulting in an ice crystal free, solid glass-like structure. Presently, vitrification is a popular method for cryopreservation
of embryos. However, vitrification of oocytes is still challenging due to their complex structure and sensitivity to chilling.

1. Introduction

Many domestic breeds of livestock are experiencing a gradual
diminishment of genetic diversity; therefore, it is in the
interest of the international community to conserve the
livestock genetics. Ideally populations are saved as live
animals; however, this approach is expensive, and unless
the breed can be used for production, it is not likely to
succeed. Therefore, ex situ in vitro conservation strategies
are developed to cryopreserve animal genetic resources in
genome/gene banks to regenerate a particular population
in future [1, 2]. Although significant progress has been
made in both semen and embryo cryopreservation of
several domestic species, oocytes are extremely sensitive to
chilling, and to date a standardized procedure has not been
established. Long-term storage of oocytes would develop of
ova banks, permitting female genetic material to be stored
unfertilized until an appropriate male germplasm is selected.
Successful cryopreservation of oocytes would also preserve
the genetic material from unexpectedly dead animals and
facilitate many assisted reproductive technologies [3–5].

2. Loss of Farm Animal Genetic Diversity

In the last few decades, farm animal genetic diversity has
rapidly declined, mainly due to changing market demands
and intensification of agriculture. Agriculture is moving
away from small production systems to large commercial
systems, and as a result, selection goals and production
environments are now very similar throughout the world.
Modern reproductive technologies have allowed a large
number of progeny to be produced from a single individ-
ual,and contemporary transport has enabled the distribution
of germplasm around the world rapidly and efficiently.
Livestock diversity has also been diminished by many
breeding programs carried out by national and international
companies, which place intense selection pressure on few
breeds [6].

According to the FAO, approximately 20 percent of the
world’s breeds of cattle, goats, pigs, horses, and poultry
are currently at risk of extinction, and at least one live-
stock breed has become extinct per month over the past
several years, resulting in its genetic characteristics being
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lost forever [7]. It is imperative to conserve and maintain
animal genetic resources to ensure the ability to respond
to selection plateaus, consumer demand changes but more
importantly biosecurity, environmental, and food safety
risks by maintaining biodiversity and keeping alternative
and potentially useful genes available in the gene pool
[3, 8].

3. Strategies for Farm Animal
Genetic Conservation

Increasing awareness on the reduction of breed diversity
has prompted global efforts for conservation of threatened
breeds through launching organizations such as Rare Breeds
Canada, conferences like the Convention on Biological
Diversity, and programs such as the Canadian Animal
Genetic Resources. Efforts have focused on conservation
of farm animal breeds for several reasons, for example, to
keep potentially useful genes and gene combinations, to take
advantage of heterosis, and to overcome selection plateaus,
as well as for cultural reasons, research, and food security.
Maintaining genetic diversity also provides insurance against
climate change, disease, changing availability of feedstuffs,
social change, selection errors, and unforeseen catastrophic
events such as Chernobyl where many local breeds’ diversity
became threatened [6, 9, 10].

The goals of conservation are to keep genetic variation as
gene combinations in a reversible form and to keep specific
genes of interest such as the Booroola fecundity gene in
sheep [11]. In order to achieve these goals several steps are
necessary. First an inventory must be taken to assess and
monitor the risk status of a breed in an ongoing basis by
examining the number of breeding males and females, the
overall breed numbers, the number of subpopulations, and
the trends in population size. The evaluation of stocks for
phenotype and genotype must be done to determine the
genetic distance of one group from another and the choice
of breeds for conservation [6].

3.1. In Situ Conservation. Ideally, populations should be
saved as live animals through in situ conservation programs;
however this approach needs extensive infrastructure and
management and thus is expensive [6]. Hence, ex situ
in vitro strategies have been developed to cryopreserve
animal genetic resources in a genome bank that creates
a global gene pool to manage the exchange of genetic
diversity or regenerate a population decades or centuries
later [1, 2]. The Convention on Biological Diversity rec-
ommended that ex situ conservation be complementary
to in situ conservation for farm animal genetic resources
[12].

3.2. Ex Situ Conservation. One of the major issues surround-
ing genome banks is the amount and type of material that
needs to be stored, which is a function of the intended future
use of the material [12]. In order to avoid inbreeding, a gene
bank of male and female genetics formed from the largest
number of individuals would be ideal [13]. Ex situ in vitro
conservation programs of livestock genetic resources have

focused efforts on cryopreservation of gametes, embryos,
and somatic cells as well as testis and ovarian tissues,
effectively lengthening the genetic lifespan of individuals in
a breeding program even after the death [1, 8].

3.2.1. Semen. Semen is one of the most practical means
of storing germplasm due to its abundant availability and
ease of application [1, 14]. Stored spermatozoa could be
introduced back into existing populations either immedi-
ately or decades or centuries afterwards. Stored frozen-
thawed semen from genetically superior males of threatened
livestock breeds could be used for artificial insemination
(AI) or in vitro fertilization (IVF) and has the potential
to protect existing diversity and maintain heterozygosity
while minimizing the movement of living animals [8,
15]. Breed reconstruction solely from semen is possible
through a series of back-cross generations; however, the
entire genetics of the original breed will not be recovered
[12].

Semen from most mammalian and a few avian species
has been successfully frozen in the past several years [14].
However, the protocols currently used to conserve semen are
still suboptimal and cannot be easily applied across species
[16]. First-service conception rates vary drastically between
different breeding programs, but on average conception rates
are fairly high in cattle, pigs, goats, and sheep.

3.2.2. Embryos. Embryo cryopreservation allows the con-
servation of the full genetic complement of both dam
and sire and has tremendous opportunities for maintaining
heterozygosity and population integrity, but it is more
complex and costly procedure than semen cryopreservation.
Moreover, a large number of embryos would be required for
complete reconstruction of a population and are unlikely to
be available from donor females of endangered breeds [12].
Embryos of virtually all mammals have been successfully
frozen, thawed, and transferred to synchronized recipient
females in the past; however, embryos from species such
as swine or equine are much more cryosensitive compared
to bovine or ovine embryos. Currently, the widespread
use of embryo cryopreservation is limited to cattle, sheep,
and goats [17, 18]. Table 1 demonstrates embryo sensitivity
towards cryopreservation in different species, developmental
stages, and origin. It is apparent that earlier and in vivo
derived embryos withstand cryopreservation better than
later stage and in vitro produced embryos. Therefore, the
current challenge is to develop a standardized protocol that
can be applied to embryos of different species at various
developmental stages [3, 14, 19].

3.2.3. Oocytes. Oocytes are large cells, with a low surface to
volume ratio, surrounded by zona pellucida. Immediately
adjacent to the oocyte are corona radiata cells that have long
cytoplasmic extensions which penetrate the zona pellucida,
ending in oocyte membrane. These processes and gap junc-
tions are important in the metabolic cooperation between
the oocyte and surrounding layers of granulosa cells, which
form the cumulus-oocyte complex (COC) during the growth
phase.
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Table 1: Differences of animal oocyte and embryo cryopreservation
resistance among species, developmental stages, and origin.

More resistance Less resistance

Species Bovine, ovine Porcine, equine

Developmental
Stages

Morula, YBL, and
BL

Hatched BL and oocytes

Origin
In vivo derived

embryos
In vitro produced embryos,
micromanipulated embryos

YBL: young blastocyst; BL: blastocyst. Adapted from Pereira and Marques,
2008 [3].

Oocytes collected from slaughterhouse derived ovaries
are at the germinal vesicle (GV) stage in which the genetic
material is contained within the nucleus. Since this stage has
no spindle present, GVs are assumed to be less prone to
chromosomal and microtubular damage during cryopreser-
vation. However, oocytes can also be cryopreserved at the
metaphase II (MII) stage of maturation. During MII stage,
the cumulus cells surrounding the oocyte are expanded,
microfilaments of actin are involved in cell shape and
movements, and microtubules form the spindle apparatus
[20].

Oocytes collected by in vivo pickup or at slaughter
can be frozen for extended periods of time for subsequent
IVF to produce embryos. Oocyte banks would enlarge the
gene pool, facilitate several assisted reproductive procedures,
salvage female genetics after unexpected death, and avoid
controversy surrounding the preservation of embryos [4,
5]. Like semen, oocyte cryopreservation is beneficial for
international exchange of germplasm, as it avoids injury and
sanitary risks involved in live animal transportation [3].

Oocytes are extremely sensitive to chilling, and the
technique is not as established as in semen or embryos, due
to the fact that oocytes typically have a low permeability
to cryoprotectants [16]. The major differences between
oocytes and embryos are the plasma membrane, presence
of cortical granules, and spindle formation at metaphase
II (MII) stage of meiosis [21]. To date, there has been no
consistent oocyte cryopreservation method established in
any species, although, there has been significant progress
and offspring have been born from frozen-thawed oocytes in
cattle, sheep, and horses [16, 22, 23]. During the process of
cryopreservation, oocytes suffer considerable morphological
and functional damage, although, the extent of cryoinjuries
depends on the species and the origin (in vivo or in vitro
produced). The mechanism for cryoinjuries is yet to be fully
understood, and until more insight is gained, improvement
of oocyte cryopreservation will be difficult [3].

4. Oocyte Cryopreservation

4.1. Principles. Cryopreservation involves cells or whole
tissues preservation by exposure to subzero temperature in
LN2 (−196◦C) [16]. At such a low temperature, biological
activity is effectively stopped, and the cells functional status

may be preserved for centuries [24]. However, several
physical stresses damage the cells at these low temperatures.
Intracellular ice formation is one the largest contributors to
cell death; therefore, freezing protocols use a combination
of dehydration, freezing point depression, supercooling, and
intracellular vitrification in an attempt to avoid cell damage
[25].

It is important to consider the nature and concentration
of the cryoprotectant(s) for preservation of germplasm in
any cryopreservation protocol. Dimethylsulfoxide (DMSO),
ethylene glycol (EG), or glycerol alone or in combination
protects the cells and tissues from freezing damage. More-
over, the cooling rate and freezing method are also important
factors to consider in preventing cryoinjuries of cells. Slow
freezing, using a controlled freezing curve, is commonly
used for cell cryopreservation; however, vitrification, in
which high concentrations of cryoprotectants and ultra rapid
freezing velocity are used, is gaining popularity due to its
promising success rates in certain species [3].

4.2. Cryoinjuries. During cryopreservation, the extent of
injury incurred in cells largely depends on the size and shape
of the cell, the permeability of the membranes, and the
quality of the oocyte. However, these factors vary between
species, developmental stage, and origin [26]. Although
offspring have been born using frozen-thawed oocytes from
various species, the ability to support embryo development
following cryopreservation procedures is low. This may be
attributed to the susceptibility of oocytes to damage during
cooling and/or freezing and subsequent thawing because of
their complex structure. Unfertilized mammalian oocytes are
much larger therefore have small surface:volume ratio [21].
This makes dehydration and penetration of cryoprotectants
difficult to achieve, which contributes to the complexity
in cryopreservation. Moreover, the plasma membrane of
oocyte differs drastically from that in embryo. Following
fertilization, there is a rise in intracellular free calcium,
which modifies the ionic strength and membrane potential
of the plasma membrane [27]. The submembranous poly-
merized filamentous actin concentration increases, and its
conformation changes, which facilitate the permeation of
water and cryoprotectants that promotes dehydration and
reduces intracellular ice crystal formation. Additionally, the
higher strength of the cell membrane increases the osmotic
tolerance during thawing and allows embryos to withstand
freezing and thawing better than oocytes [21].

Freezing immature, in vitro matured or ovulated oocytes
often results in morphological and functional damage.
Although the specific molecular pathways disrupted during
freezing are not well understood, many ultrastructural
elements that are critical to maintenance and development
are damaged [28]. Postthaw oocytes often exhibit zona
pellucida or cytoplasmic membrane fractures, and cooling
oocytes from approximately 37◦C to 20◦C or below can result
in various cytoskeletal and chromosomal modifications,
although some oocytes have the ability to fully or partially
repair themselves [20, 26]. The major adverse consequences
following freezing procedures are due to ice crystal for-
mation, osmotic injury, toxic effects of cryoprotectants,
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concentrated intracellular electrolytes, and chilling which
lead to zona fracture, alterations in intracellular organelles
and cytoskeleton [29, 30]. Strategies to overcome these mani-
festations involve reducing container volumes, increasing the
thermal gradient, altering the cell surface to volume ratio,
and the addition of substances to increase cryotolerance [3].
The addition of molecules such as antifreeze proteins, sugars,
or antioxidants have been shown to stabilize the membrane
during cooling [4].

Various meiotic stages exhibit different sensitivities to
freezing. Oocytes may be cryopreserved at immature GV
stage or at mature MII stage. Reports have shown that
freezing immature oocytes is ideal as there is no meiotic
spindle present and the genetic material is confined within
the nucleus; however, immature oocytes are thought to be
more sensitive to anastomotic stress and have lower cell
membrane stability than MII stage oocytes [4, 31–33]. The
success of immature oocyte cryopreservation largely depends
on the ability to preserve the structural and functional
integrity of the entire oocyte and cumulus cells surrounding
the oocyte. The gap junctions between oocytes and cumulus
cells play an important role in the maturation process
by providing nutritive substances that have a supportive
role during IVF [20]. It has been demonstrated that GV
stage oocytes stripped of cumulus cells exhibit deficient
nuclear and cytoplasmic maturation [31, 34, 35]. However,
cumulus cells can also be an obstacle to the penetration of
cryoprotectants [30].

Cooling immature oocytes below 4◦C hinders the for-
mation of meiotic spindles and fertilization while exposing
mature oocytes to cryoprotectants, and low temperatures can
result in damage to the meiotic spindle, actin filaments, and
chromosomal dispersal and microtubule depolymerization
[20, 36]. Abnormalities in the meiotic spindle is related with
the loss of fertilization and embryo development as spindle
is crucial for completion of meiosis, second polar body
formation, migration of the pronuclei, and formation of the
first mitotic spindle [37]. Spindle disorganization can result
in chromosomal dispersion, failure of normal fertilization,
and incomplete development [21, 38].

The microtubule, which is a component of the spindle,
is a cylindrical bundle, comprising 13 protofilaments, a
heterodimer consisting of α and β-tubulin. Microtubules
begin from microtubular organizing centers at both poles
and anchor chromosomes at the kinetochores [21]. The
chromosomes align at the equatorial plane of the meiotic
spindles. A recent study in porcine oocytes found that
paclitaxel treatment improved the normality of microtubules
by strengthening the bond between α and β-tubulin and
improved the developmental ability of vitrified MII oocytes
[36, 39].

Regardless the stage of oocytes, DNA is damaged during
cryopreservation [20]. Cryopreserved oocytes have altered
distribution of cortical granules, increased polyspermy, and
zona hardening due to premature cortical granule release,
which deters the entry of sperm and thus fertilization [3, 39–
42]. The use of intracytoplasmic sperm injection (ICSI)
overcomes the effects of zona hardening. In 1995, using ICSI
for frozen-thawed oocytes resulted in higher fertilization

Table 2: Comparison of oocyte and embryo cryopreservation
methods.

Freezing procedures

Conventional slow-freezing
method

Vitrification

(1) Standard 0.25 ml straws

(1) Several devices for loading
embryos and oocytes
(conventional straws, open
pulled straw, cryoloop, cryoleaf,
cryotop, etc.)

(2) Low cryoprotectant
concentration

(2) High cryoprotectant
concentration/ reduced volume
and time with vitrification
solution

(3) Seeding at −5 to −7◦C,
controlled slow cooling (0.1
to 0.3◦C/min)

(3) Ultra-rapid cooling rates
(−2500◦C/min or 20000◦C/min
using OPS and cryoloop)

(4) Plunging at −30 to
−70◦C and storage in
liquid nitrogen (−196◦C)

(4) Plunging into liquid nitrogen
(−196◦C)

Adapted from Pereira and Marques, 2008 [3].

rates than IVF; however, in animals the use of ICSI is not
as established as IVF and thus requires further investigation
[21, 43].

4.3. Freezing Procedures. Currently, two main methods for
cryopreservation of oocytes are slow freezing and vitrifica-
tion. With the exception of cryoprotectants concentration
and cooling rate, these two methods differ slightly with
regards to storage, warming, and rehydration [26]. Table 2
compares conventional freezing and vitrification methods
for oocyte and embryo cryopreservation [3].

Conventional slow freezing was introduced first and is
currently the gold standard for cryopreservation of embryos.
This method typically involves the use of a single cryopro-
tectant in low concentrations (approximately 1 to 2 M) to
minimize chemical and osmotic toxicity and attempts to
maintain a balance between the various factors that influence
cell damage [3]. During the controlled cooling rate, water is
exchanged between the extracellular and intracellular fluids
without serious osmotic effects [26]. However, during slow
cooling, extracellular water precipitates as ice resulting in ice
crystal formation. Slow freezing gives acceptable results for
oocytes of species that are not sensitive to chilling such as
cat [44], human [45], and mouse [46]. However, bovine and
porcine oocytes are more sensitive to chilling and yield poor
results following slow cooling [4].

The physical definition of vitrification is the glass-like
solidification of solutions at low temperatures, without the
formation of intracellular ice crystals. During this method of
cryopreservation, ice crystal formation is prevented due to
the viscosity of the high concentrations of cryoprotectants
(approximately 7 to 8 M) used in vitrification media that
makes water solidify without expansion [30]. Cells undergo-
ing vitrification are frozen at an extremely rapid cooling rate
and often undergo fewer physiological detrimental effects
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compared with slow freezing [47]. Although, some transi-
tional and very short freezing of the solutions can occur dur-
ing warming following vitrification, this is generally harmless
to the oocyte. However, the high concentrations make
cryoprotectants toxic to the cells. As a result, oocytes can
only be exposed to a minimal volume of vitrification media
for a very short time, that is, <1 min [3]. Extensive research
in the past 20 years has resulted in new approaches which
have created an acceptable balance between the positive and
negative effects of vitrification. Ultra-rapid cooling rates have
allowed decreased cryoprotectant concentrations and have
made vitrification an extremely competitive alternative to
conventional slow freezing [26]. Presently, vitrification is a
popular method for cryopreservation of many different cell
types, tissues, and organs; however, the extent of cryoinjury
and developmental rates are highly variable depending on the
species [3, 20].

Despite the fact that slow freezing is the most widely
used cryopreservation technique, vitrification is a viable and
promising alternative that is increasingly becoming more
attractive to the commercial sector. Many reports comparing
conventional embryo slow freezing and vitrification have
reported either equal or better in vitro or in vivo survival rates
following vitrification [48, 49]. Vitrification of oocytes and
embryos has been tested in several species with good results,
does not require costly coolers or special skill, and can be
performed fairly quickly [30, 50–52]. It has been suggested
that with time, conventional slow freezing will be replaced
entirely by vitrification techniques [26].

4.4. Cryoprotectants. Cryopreservation strategies are based
on two main principles: cryoprotectants and cooling-
warming rates [26]. Because water is not very viscous, it can
only be vitrified by extremely rapid cooling of a small sample
or using high concentrations of cryoprotectants [53]. Cry-
oprotectants such as glycerol, dimethyl sulfoxide (DMSO),
and ethylene glycol (EG) are small molecules that penetrate
cells and limit the amount of intracellular and extracellular
water that converts into ice during cooling. However, cells
do have a biological limit to tolerate the concentration of
cryoprotectants. It is imperative to maximize the cooling
rate while minimizing the concentration of cryoprotectants
during vitrification [53].

Cryoprotective solutions are typically prepared in
buffered media (e.g., TCM-199) with a stable pH between 7.2
and 7.4 [54]. Cryoprotectants are compounds used in cry-
oprotective solutions to achieve cellular dehydration and to
avoid intracellular ice crystal formation upon freezing. Typ-
ically combinations of cell permeating and nonpermeating
cryoprotectants are used. Low molecular weight permeating
cryoprotectants such as glycerol, EG, and DMSO are small
molecules that enter the cell, form hydrogen bonds with
intracellular water molecules, and lower the freezing tem-
perature, preventing crystallization. Low molecular weight
non-permeating cryoprotectants such as sucrose, glucose,
trehalose, and fructose remain extracellular and draw free
water out of the cell by osmosis, resulting in intracellular
dehydration [3]. The addition of sugars to an EG-based
media can strongly influence the vitrification properties of

the solution and assist in stabilizing membrane structures
[55]. Disaccharides act as osmotic buffers to reduce osmotic
shock and the toxicity of EG by decreasing the con-
centration required to achieve successful cryopreservation
[53].

High molecular weight non-permeating polymers or
macromolecules are commonly used to reduce the amount
of intracellular cryoprotectants necessary for vitrification,
reducing the toxicity of the solution. Polymers protect zona
pellucida against cracking. The majority of solutions used for
oocyte vitrification contain a macromolecular component
of fetal calf serum or bovine serum albumin. Other macro-
molecules used in vitrification media include polyethylene
glycol, polyvinylpyrrolidone, Ficoll, and polyvinyl alcohol
[3].

The addition of nonpermeating polymers, a combination
of more than one cryoprotectant, and their stepwise exposure
minimizes the toxic effect of cryoprotectants on cells.
Additionally, it has been shown that adding cells to a lower
concentration of EG before transferring them to a higher
concentration disaccharide mixture can reduce the toxic
effect of cryoprotectants [53].

4.5. Cooling Rate. It has been reported that a cooling rate
of approximately 2500◦C/min can achieve a vitrified state
[54]. However, using a suitable carrier system such as the
open pulled straw, a cooling rate of 20000◦C/min can be
achieved [50]. The main reasons for increasing cooling and
warming rates are to avoid chilling injury and to decrease
the concentration of cryoprotectants in solution [53]. By
passing cells through the critical temperature zone (15 to
−5◦C) quickly, water moves out of the cells and freezes
extracellularly [20]. This prevents chilling injury to the
intracellular lipid droplets, lipid containing membranes, and
the cytoskeleton [30].

As cells are immersed in LN2, it is warmed, resulting
in extensive boiling. Evaporation occurs, and a vapor
coat surrounds the cells and creates an insulative layer
that decreases the temperature transfer and cooling rate.
Minimizing the volume surrounding the cell, avoiding LN2

vapor formation, and establishing direct contact between
the cryoprotectant and the LN2 all assist in increasing the
cooling and warming rates during vitrification of cells [53].
However, techniques based on the direct contact of LN2

and the medium containing the oocytes may be a source of
contamination. These risks can be minimized by using sterile
LN2 for cooling then wrapping the oocytes in a hermetic
container before storage; however, this procedure may be too
complex for everyday application [30].

The development of special carriers such as the open-
pulled straw [56], microdrops [57], cryoloop [58], flexipet-
denuding pipette [59], electron microscopic copper grids
[60], hemistraw system [61], small nylon coils [62], nylon
mesh [63], and cryotops [64] has achieved higher cooling
rates while permitting the use of less toxic and less con-
centrated solutions [20]. These carriers shorten the time
of exposure with the final cryoprotectant before cooling
and after warming, and the small volume of solution
prevents heterogeneous ice formation [30]. Consequently,
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the promising results have led to new method to increase the
cooling rate using supercooled LN2 [53, 65].

In order to avoid cell injury and death during vitrifica-
tion, ice crystal formation needs to be prevented by removing
as much of the intracellular water as possible. However, the
removal of excessive water results in cell injury and death
through the effect of the highly concentrated intracellular
environment on membranes, referred as “solution effect”
[53].

4.6. Criteria to Assess the Quality of Frozen-Thawed Oocytes.
There are several different methods used to test the via-
bility and extent of chilling injuries of oocytes following
cryopreservation. Typically, the primary criteria used to
assess postthaw viability of oocytes are the presence or
absence of degeneration or cytoplasmic vascularisation or
zona pellucida fractures [66]. The membrane damage was
evaluated using probes to indicate the integrity of the plasma
membrane [4]. Recent studies examined the meiotic spindle
in human oocytes, using a polarized microscope apparatus,
which allows the visualization of the polymerisation of the
meiotic spindle following warming. However, this technique
is difficult in domestic animals due to their high cytoplasmic
lipid content, which hinders spindle examination. Therefore,
the oocytes of domestic animals are typically examined
through invasive methods such as fluorescence microscopy
and biochemical or molecular analyses [66].

Current research is focusing on the development of new
noninvasive evaluation techniques or markers. For example,
if the gene expression of the cumulus cells could be correlated
with developmental rates, gene expression could be used
as a marker for oocyte quality before freezing, helping to
select the oocytes most suitable for cryopreservation [67].
Moreover, determining the volumetric response of matured
oocytes to changes in osmolarity during preparation for
cooling would be another non-invasive response to oocyte
evaluation. This may assist in decreasing the toxic and
osmotic effects of cryoprotectants on oocytes. Measuring the
volumetric response to increasing cryoprotectants concen-
trations permits a precise estimate of the ideal timing and
concentration of cryoprotectants exposure [66].

Although the viability of frozen-thawed oocytes has been
tested using in vitro fertilization and ICSI, the best way to
evaluate the capacity of embryos derived from cryopreserved
oocytes is to produce viable offspring [68]. Currently there
have been live offspring born from cryopreserved oocytes in
humans [69] and bovine [70].

5. Vitrification of Oocytes

Over the years there has been considerable effort focused
on reducing the time of freezing procedures and eliminat-
ing the need for programmable cell freezers required for
conventional slow freezing. Moreover, equilibrium freezing
may not be the most advantageous method to cryopreserve
oocytes as they are damaged due to long exposure to
temperatures near 0◦C [20]. Vitrification is the alternative
method of cryopreservation which uses an ultra rapid
cooling rate, eliminating the need for programmable freezing

equipment. Furthermore, the vitrification technique uses
high concentrations of cryoprotectants which avoids water
precipitation, preventing intracellular ice crystal formation
[3]. In the last several years, almost all advancements in
oocyte cryopreservation have been made using vitrification
techniques, and their use for oocyte and embryo cryopreser-
vation will undoubtedly increase in the future [26].

In 1985, vitrification of mouse embryos emerged as an
alternative approach to traditional slow freezing methods
[71]. However, the first successful mouse embryo vitrifica-
tion was documented in 1993 [72]. Bovine oocytes are able
to develop to the blastocyst stage following high cooling
rates [65], and pregnancies have been achieved following
vitrification of human oocytes [73, 74].

Many variables in the vitrification process exist that can
profoundly influence the survival rate of oocytes. The extent
of injury and the differences in survival and developmental
rates are variable depending on the species, developmental
stage, and origin [3]. The type and concentration of the
cryoprotectant, the temperature of the vitrification solution
at the time of cell exposure, and the duration of exposure
to the final cryoprotectant before plunging in LN2 are
important factors to improve the survival rates. The exposure
time of oocytes and embryos to cryoprotectants may be
shortened, or they are often pre-equilibrated in a vitrification
solution containing a lower concentration of permeating
cryoprotectants to avoid any anticipated toxic shock resulting
from exposure to higher concentrations of cryoprotectants
in a final vitrification solution [75–77]. However, it is not
yet clear whether a pre-exposure to lower concentrations of
vitrification is necessary and, if so, what is the optimal time
for such exposure. During warming, the main biophysical
factor causing cellular disruption is osmotic injury, which
can occur during the removal of penetrating cryoprotectants
from the cell. The ideal time for oocytes to be suspended in
warming medium is still uncertain. If the time is insufficient,
cryoprotectants may not be completely removed; however if
left too long, osmotic swelling can occur, especially given that
cryopreserved cells are much more sensitive than nonfrozen
cells [78].

Moreover, the type of cryodevice used for vitrification
influences the cooling rate and size of the vapor coat. Oocytes
from humans [79–81], pigs [82], horses [83], sheep [58, 84],
cattle [85], and buffalo [86, 87] have developed in vitro
following cryopreservation using cryotop. Although results
are inconsistent, meiotic stage is also thought to contribute
to oocyte survivability following cryopreservation [32, 88–
92]. The ideal strategy to improve the success of vitrification
includes increasing the speed of thermal conduction and
decreasing the concentration of cryoprotectants [53].

5.1. Bovine. Although the cryopreservation of bovine
oocytes remains a challenge, some of the most encouraging
results among domestic animals have been obtained in the
bovine, where offspring have been born from immature
and mature vitrified oocytes following IVF and culture
[93, 94]. Vajta [82] reported a 25% blastocyst rate on day
8 following vitrification using open-pulled straw, thawing,
IVF, and culture in vitro. Bovine oocytes are much more
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cryostable than porcine oocytes due to less lipid contents and
intracellular lipid droplets and vesicles, thus porcine oocytes
are much more difficult to successfully cryopreserve than
bovine [95]. GV stage bovine oocytes have homogenous lipid
droplets that show little change following cooling; however
their large size and low surface: volume ratio makes it
difficult for water and cryoprotectants to move across the
plasma membrane [96].

In order to obtain higher blastocyst formation and
healthy offspring following vitrification, good quality bovine
oocytes should be used. Oocytes matured in vivo demon-
strate a significantly higher maturation rate and blastocyst
formation than those matured in vitro [97, 98]. Oocytes
obtained from large growing follicles that are not in the
presence of a dominant follicle and have large enough diam-
eters to be considered competent also assist in improving
cryopreservation rates of bovine oocytes [20]. Moreover, a
partial removal of cumulus cells several hours after the onset
of IVM may facilitate cryoprotectant penetration while still
maintaining supportive and nutritive roles [20].

Although modifying cryopreservation methods to fit
the cell type being cryopreserved may be more preferable,
modifying cells to fit the cryopreservation procedure has also
been proposed to improve survival rates [96]. The cleavage
rate and 8-cell embryo stage improved significantly after
treating bovine oocytes with cholesterol-loaded cyclodextrin
[99]. The centrifugation of mature bovine oocytes for partial
removal of cytoplasmic lipid droplets prior to vitrification
reduced the incidence of polyspermy [100]. Modifying the
lipid content, removing serum albumin from media, and the
addition of a membrane stabilizer such as trehalose to the
cytoplasm are worth investigating factors [96].

5.2. Other Farm Animals. Although offspring have been
produced after the transfer of embryos from frozen-thawed
oocytes in several species [45, 101], the overall success
rate has been low, primarily due to the decreased rate
of fertilization following freezing and thawing [54]. Sim-
ilar to embryos, porcine oocytes are highly sensitive to
low temperatures. Consequently there is yet to be viable
piglets born from cryopreserved oocytes in spite of blasto-
cyst development following cryopreservation of MII stage
oocytes [36, 82]. The meiotic spindle of porcine oocytes is
extremely sensitive to cryopreservation, resulting in impaired
development at meiosis-II [21]. However, the main cause
of poor survival following vitrification can be attributed
to the high intracellular lipid content in porcine oocytes.
Porcine GV oocytes contain 2.4-fold more lipid droplets
than bovine oocytes [102]. Additionally, dark homogenous
lipid droplets as well as grey ones with electron-lucent
streaks change morphologically from round to spherical with
lucent streaks during cooling [3, 95]. However, the removal
of cytoplasmic lipid droplets using delipidation increases
their freezing tolerance [103]. A recent study combined
the removal of cytoplasmic lipid droplets with microtubule
stabilization and found that vitrified porcine IVM MII stage
oocytes could develop to the blastocyst stage and maintain
the ability to develop into fetuses [36]. Furthermore, the use
of cholesterol-loaded cyclodextrin to increase the cholesterol

content of oocyte membranes has improved cryotolerance
[96].

In equine, immature oocytes undergo significant damage
during controlled freezing. Less than 16% reach MII stage
during post thaw maturation, which is less than the 50−80%
of non-cryopreserved oocytes [104, 105]. Although MII
rates are higher in equine oocytes that have been vitrified
(28−46%), approximately 50% of oocytes reaching MII
stage exhibit spindle abnormalities and poor developmental
competence [28, 106, 107]. Much of the damage to equine
oocytes is on the mitochondria and gap junctions between
the oocyte and surrounding cumulus-corona radiata cells
and these interactions are critical for successful maturation
and developmental competence [34].

Currently, a limited number of studies have been done
on the vitrification of small ruminant oocytes, especially
in sheep, where poor developmental rates are obtained
following immature [108, 109] and mature [58] oocyte
vitrification. Poor ovine oocyte cryopreservation has been
attributed to the damage to enzymes such as mitogen-
activated protein (MAPK) kinase, critical for oocyte matura-
tion and subsequent embryo development. The denudation
of immature ovine oocytes prior to vitrification increased
survival and maturation ability, however, the process also
decreases maturation promoting factor (MPF) and MAP
kinase levels, which influence meiotic and mitotic cell cycle
regulation and developmental competence [31]. Current
investigations are focusing on the factors influencing the
ability of vitrified ovine oocytes to undergo IVF and develop
further.

Despite the recent advancements, the cryopreservation
of oocytes of most mammalian species remains a challenge
due to their complex structure. Although there has been
increasing number of publications regarding vitrification of
oocytes, more research is required to further elucidate the
species-specific mechanisms influencing poor survivability
following vitrification. Moreover, additional examination
of modifying oocytes to fit the cryopreservation technique
may be necessary, especially in species whose oocytes have
extremely high lipid contents.

6. Conclusions

The loss of farm animal genetic resources is occurring
at alarming rates across the globe. Traditions, cultural
values, and safeguarding diversity for an unpredictable
future are all driving forces for genetic conservation, which
is a global responsibility. Preserving live animals permits
further evolution of breeds; however, in many cases, in
situ conservation strategies are not practical or adequate.
Therefore, establishing genetic resource banks to conserve
the current genetic status would provide a crucial interface
between ex situ and in situ conservation strategies.

Cryopreservation of oocytes is a crucial step for the
conservation of the female portion of genetics; however
despite decades of research, it remains a challenge in virtually
all species due to the complex structure of the oocyte.
Conventional slow freezing commonly leads to intracellular
ice crystallization and cell damage, and although vitrification
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of bovine oocytes is gaining popularity, it is still challenging
due to oocyte’s complex structure and sensitivity to chilling.
Vitrification is a relatively simple and inexpensive method of
cryopreserving oocytes; however, despite the tireless efforts
over the past 20 years, vitrification has yet to achieve
convincing results capable of widespread application. It is
critical that researchers achieve more consistent results and
establish a “universal” protocol that can be applied for
the cryopreservation of oocytes at different developmental
stages.
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The aim of this study was to investigate the efficiency of in vitro embryo production in cattle utilizing sexed sperm from
two bulls and oocytes recovered by OPU. Twenty donor animals were employed in eight OPU replicates: the first four OPU
trials were conducted on animals without hormone treatment, and the last four were run on the same animals, following FSH
subcutaneous and intramuscular administration. A higher rate of blastocyst development was recorded in stimulated, as compared
to nonstimulated animals, (25.2% versus 12.8%, P = .001). Ocytes derived from slaughterhouse (SH) ovaries were also fertilized
with sperm from the same bulls. Overall, non-sexed sperm used with oocytes derived from SH ovaries was significantly more
efficient for blastocyst development than was sexed sperm with these same SH derived oocytes and sexed sperm with stimulated
donor oocytes (39.8% versus 25.0% and 25.2%, P = .001). In conclusion, the use of sexed sperm with OPU-derived oocytes
resulted in a significantly higher blastocyst development when donors were hormonally stimulated; furthermore, the level of
efficiency achieved was comparable to that attained when the same sexed sperm was tested on oocytes derived from SH ovaries.

1. Introduction

Reliable sorting of X- and Y-bearing sperm through a
fluorescence-activated flow cytometry will impact breed-
ing schemes and enable the cattle industries to enhance
and accelerate the diffusion of production traits [1–3]. In
addition, it appears that breeders could exploit this new
technology for maximizing herd production and repro-
ductive management. Even if the cost of each straw of
sexed sperm is doubled compared to unsexed straw, it
would still be profitable due to the increased production of
replacement dairy heifers, or steers [4–6]. After invention
of sperm sorting, sexed sperm have been used for artificial
insemination (AI), in vitro fertilization (IVF) and intracy-
toplasmic sperm injection (ICSI) in a number of species

[7–9]. A reduced efficiency in the production of embryos
in vitro is usually reported though, when using sexed
spermatozoa. This is largely attributed to substandard sperm
quality following sorting/freezing/thawing, and possibly also
inadequate fertilization and culture conditions [5, 10, 11].
Furthermore, technical aspects of the cell sorting technology,
such as speed and pressure may affect the sperm and lower
its quality, and therefore, the quantity of embryos produced
[12, 13]. Currently, the retrieval of oocytes through the
use of ultrasound guided follicle puncture, or ovum pick-
up (OPU), is inescapably linked to the procedures for in
vitro embryo production, as it can exploit the most elite
males and females to combine for an accelerated genetic
gain [14]. Ovum pick-up has been shown to be a valuable
technology greatly enhancing the potential of IVF systems
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in a variety of breeding conditions and species [8, 15–19].
Since its initial development, a number of interesting aspects
have arisen highlighting, for example, the donor cow effect
on oocyte retrieval and in vitro embryo production [20].
Additional aspects related to the OPU/IVF system have been
investigated with the goal of optimizing the efficiency, that
is, number of oocytes and IVM/IVF/IVC droplet volume and
size [21], number and quality of collected oocytes, as well as
frequency of collection and hormonal stimulation [15, 19].
Furthermore, evidence has mounted that the number of
retrieved oocytes per animal may not be positively correlated
with the number of blastocysts produced, and that there
is a general tendency for oocyte donors to maintain their
position as either good or poor embryo producers through-
out OPU replicates [20]. Within the toolbox of reproductive
technologies, the availability of sexed sperm cell populations
represents an additional implement yet to be fully applied
and optimized. Despite the current limitations, constraints,
and inefficiencies of in vitro embryo production procedures,
it is likely that a synergistic positive effect can be achieved
by utilizing sperm sexing technology. In fact, IVF requires a
much lower number of spermatozoa than does AI, in order
to achieve a reasonable number of embryos produced in vitro
[7]. Moreover, a higher efficiency will ultimately be reached
because producing offspring of the desired sex will be cost
effective, nearly half cost of those animals produced with
unsexed sperm. Expenses associated with embryo biopsy
and waste due to compromised postbiopsy embryos, or
unwanted gender pregnancies could be virtually avoided.
More importantly, in this study, we tested the possibility
whether exogenous hormonal stimulation would improve
embryo yield when sexed sperm was used on oocytes
recovered by OPU. Our objective was, therefore, to evaluate
the efficiency of sexed sperm from two bulls following IVF,
using oocytes acquired via OPU from nonstimulated versus
FSH stimulated donor animals.

2. Materials and Methods

All chemicals were provided by Sigma Aldrich (St. Louis,
MO) unless otherwise noted.

2.1. Animals and Hormonal Stimulation. Twenty Holstein
animals, ranging from heifers to 6–8 year old pluriparous
cows, were used for OPU as oocyte donors. The study
lasted for four weeks in the month of August, and OPU
sessions were conducted on a twice-weekly schedule for a
total of 8 OPU sessions. The animals were stall fed and
maintained in the barn under controlled conditions. Their
feeding regimen was standard for sustaining energy input
and milk production. Mean values for temperature and
humidity relative to the period of study were 21.2 ± 0.6◦C
and 73.1 ± 1.2◦C, respectively. As shown in Figure 1(a), the
20 donors were subjected to OPU during the first 4 replicates
(first 2 weeks) without hormone stimulation, considered
in this study as the “control”. The same 20 donors were
then stimulated by hormone injection, and subjected to an
additional 4 OPU sessions (last 2 weeks), and considered

OPU OPU

(a)

1 2 3 4 5 6 7

OPUFSH

Days

OPU

(b)

Figure 1: Weekly scheme and hormone treatment for Ovum pick-
up (OPU). (a) The animals were not treated with hormone FSH.
Transvaginal OPUs (triangle) were performed on Monday and
Thursday of each week for consecutive two weeks, resulting in a
total of four sessions. (b) FSH treatment: FSH (arrow) at dosage
of 80 mg IM and 120 SC was simultaneously administered on Day
1 (Saturday). Ovum pick-ups were performed 48 and 96 hours
post FSH injection, meaning on Day 3 and Day 5 of each week for
consecutive two weeks, resulting in a total of four sessions.

as “treatment” (Figure 1(b). Hormone administration was
implemented as follows: the shot of an intramuscular
(80 mg), followed by a subcutaneous (120 mg) injection
of FSH (Follitropin, Vetrepharem, Canada) was given to
each animal at the beginning of the third and fourth week
of oocyte retrieval, followed by 48 hours of a resting, or
”coasting” period prior to the 5th and 7th OPU sessions
(indicated as in Figure 1(b)). All procedures and protocols
applied to animals were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
Connecticut.

2.2. Sperm. Semen from two bulls sexed for the production
of female calves was provided by Sexing Technologies, Inc.
(Navasota, TX, USA). Sperm cell separation was accom-
plished according to the Beltsville sperm sorting method
[22]. Briefly, fresh ejaculates were stained by Hoechst 33342
before being subjected to flow cytometry separation. The X-
and Y-chromosome-bearing sperm were sorted into different
tubes by their 3.8% inherent difference in DNA content, at
the rate of 25,000 to 30,000 sperm cells/sec. Approximately
2.0×106 sorted sperm cells were packaged in 0.25-mL straws,
frozen on racks in a liquid nitrogen vapour phase, and stored
in liquid nitrogen. The purity of X-sperm cells used in this
study was 90 ± 3% based on manufacturer’s specifications.
Nonsexed, frozen sperm cells from the same sires were used
as controls. The nonsexed sperm cells were packaged at
approximately 15–20 × 106 in each 0.25 mL straw. While
only sexed sperm was used for IVF with the OPU-derived
oocytes, as a control both sexed as well as nonsexed sperm
from the same bulls was used in IVF with slaughterhouse-
derived oocytes.

2.3. Oocyte Collection by Ovum Pickup. A portable Aloka
500 ultrasound unit equipped with a 5-MHz sector scanner
vaginal probe (Aloka Co. Ltd, Tokyo), together with a 17-
gauge, 60 cm single lumen needle fitting a proper metallic
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needle guide was used for transrectal oocyte retrieval.
Animals were restrained in a squeeze chute and prepared
for follicular aspiration as described by Pieterse et al. [23].
Aspiration medium consisted of phosphate-buffered saline
(PBS) with the addition of 10 IU/mL heparin and 0.1%
polyvinyl alcohol. Negative suction pressure was applied
to maintain a low constant flow rate ranging from 10 to
15 mL/min in an effort to retrieve oocytes without major
disruption of the surrounding cumulus cell layers. The OPU
was scheduled twice weekly for 4 weeks utilizing 20 animals
for each replicate, thus, a total of 8 replicates and 160 oocyte
retrieval sessions were performed. The collected oocytes were
graded morphologically based on their cumulus investment,
as follows: Grade A, >4 layers of cumulus cells; Grade B,
3 or 4 layers of cumulus cells; Grade C, 1 or 2 layers of
cumulus cells; Grade D, denuded oocytes; Grade E, oocytes
with expanded cumulus. Only oocytes completely deprived
of cumulus cell investment (Grade D) or with gross, evident
cytoplasmic abnormalities (Grade D and E) were discarded.
All Grade A, B, and C oocytes were included in IVM and
IVF experiments, and selected oocytes from each donor were
cultured separately from selected oocytes of the other donors.

2.4. Oocyte Collection from Slaughterhouse Ovaries. Bovine
oocytes used for IVF control were retrieved from slaugh-
terhouse Holstein ovaries, and processed as previously
described [6]. Only oocytes surrounded with at least 4
intact layers of cumulus cells and displaying homogeneous
cytoplasm (Grade A) were selected for further processing.
Selected SH oocytes (10 to 15/droplet) were used as controls
for OPU oocytes in sexed IVF experiments.

2.5. Maturation, Fertilization, and Embryo Culture In Vitro.
Embryos were produced as previously described by Xu et
al. [6]. Briefly, selected oocytes were matured for 22 hours
in 75 μL droplets of Medium 199 (Invitrogen) containing
Earle’s salts, 0.7 mM L-glutamine, 2.2 g/L sodium bicarbon-
ate and 25 mM Hepes, supplemented with 10% (vol/vol)
fetal bovine serum (FBS; Hyclone, Logan, UT), 0.5 μg/mL
ovine FSH (National Institute of Diabetes and Digestive
and Kidney Disease, NIDDK, Los Angeles), 5.0 μg/mL ovine
LH (NIDDK), and 1.0 μg/mL estradiol 17-β. Droplets were
maintained under sterile mineral oil. Brackett and Oliphant
(BO) medium [24] was used for IVF. Briefly, straws con-
taining sexed sperm were thawed for 10 s in a 37◦C water
bath after 10 s of gentle shaking in air at room temperature.
Sperm were washed in 8 mL of BO medium supplemented
with 3 mg/mL of BSA and 10 mM caffeine. Sperm pellet was
resuspended in additional 8 mL of BO washing medium.
Matured oocytes were rinsed in BO medium containing
6 mg/mL BSA and 10 μg/mL heparin. Fertilization droplets
(50 μL) containing matured oocytes were prepared in small
Petri dishes. Processed sperm was added (50 μL) for a final
droplet volume of 100 μL and a final sperm concentration
of 0.3 × 106/mL, and overlaid with mineral oil. Following
6 hours of sperm/oocyte coincubation, presumptive zygotes
were transferred into 75 μL culture droplets in CR1aa
medium containing 6 mg/mL of BSA. Presumptive zygotes

were cultured at 39◦C in humidified air and a mixed gas
atmosphere consisting of 5% CO2, 5% O2, and 90% N2.
Embryo cleavage and rate of development to blastocyst were
assessed at day 2 and 7, respectively.

2.6. PCR Confirmation of Sexed OPU Embryos. The pro-
cedure of PCR for confirmation of sexed embryos derived
from OPU oocytes was performed as descibed by Xu et
al. [6]. Breifly, the proteinase K digested IVF embryos
samples were added into one round multiplex amplification
of polymerase chain reaction (PCR) with bovine-specific
autosome and Y-chromosome fragments. A bovine specific
primer pair was designed to amplify a fragment of 219 bp
from a bovine 1.715 satellite DNA as follows; forward: 5′-
TGA GGC ATG GAA CTC CGC TT-3′; reverse: 5′-GGT
GGT TCC ACA TTC CGT AGG AC-3′. The Y-chromosome
fragment (131 bp) was amplified using male specific primers
(forward: 5′- GAT TGT TGA TCC CAC AGA AGG CAA TC-
3′; reverse: 5′-GAA CTT TCA AGC AGC TGA GGC ATT TA-
3′). One μL embryo lysate was used for PCR amplification
in a total volume of 25 μL containing 10 mM Tris-HCl (pH
8.3), 50 mM KCl (S-5761), 2 mM MgCl2, 0.2 mM dNTPs
(DNTP100A), 0.4 μM oligonucleotide primers and 0.5 unit
REDTaq DNA polymerase. The PCR was initiated with an
initial cycle of 95◦C for 2 minutes followed by 30 cycles of
95◦C for 30 seconds, primer annealing at 64◦C 30 s, primer
extension at 72◦C 30 seconds, and a final hold at 72◦C for
10 minutes. Ten μL of PCR products were analyzed on a 2%
agarose gel. One band (219 bp) indicated a female embryo,
and 2 bands indicated (219 bp and 131 bp) a male embryo.

2.7. Statistical Analyses. Values are expressed as Mean ±
SEM. Categorical data were compared by χ2 test and
continuous variables by t-test. Differences between replicates
were evaluated by nonparametric Wilcoxon signed rank test
for paired data. All statistical analyses were performed by
STATA statistical software version 8.2 (Stata Corporation,
College Station, TX).

3. Results

3.1. Sexed Sperm IVF of OPU-Derived Oocytes. Hormone
injections did not increase the number of available antral
follicles (8.62 ± 0.67 versus 7.56 ± 0.32, P = .47) and
resulted in a significant reduction in the number of oocytes
retrieved (4.93 ± 0.46 versus 7.15 ± 0.51, P = .0001). In
8 out of the 20 donors used, with or without hormone
stimulation, no late stage embryo development was ever
observed. Among the 12 donors producing embryos, a
range of 3 to 20 collected oocytes were processed for IVF
in single droplets of maturation, fertilization, and culture
medium. When considering parameters related to embryo
development, although the rate of embryo cleavage was
similar in nonstimulated and FSH-treated donors (41.2%
versus 48.4%), the blastocyst output was, by contrast,
significantly higher in FSH stimulated donors (25.2% versus
12.8%, P = .001) (Table 1).
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Table 1: Embryo production (%) using nonsexed and sexed sperm on slaughterhouse and OPU derived COCs.

Oocyte source No. of Replicates No. oocytes Cleavage (%) (mean ± SEM) Blastocyst (%) (mean ± SEM)

Nonsexed (SH) 4 106 75.8 ± 2.3a 39.8 ± 2.4a

Sexed (SH) 4 133 57.1 ± 7.8b 25.0 ± 6.1b

Sexed without FSH (OPU) 4 121 41.2 ± 6.1b 12.8 ± 2.3c

Sexed with FSH (OPU) 4 101 48.4 ± 8.9b 25.2 ± 5.0b
∗P value .001 .001
∗P values were compared within the same column. SH, slaughterhouse; OPU, ovum pickup.
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Figure 2: Blastocyst yields from the animals subjected to OPU
without FSH (open bars) and OPU with FSH treatment (solid bars).

With regards to the remaining 12 donors from which
blastocysts were produced, 4 produced blastocysts either
when nonstimulated or stimulated, 3 produced blastocysts
when nonstimulated, and 5 produced blastocysts when they
were stimulated (Figure 2). Blastocyst development rates
from individual animals ranged from 5% to 66%.

3.2. Sexed and Nonsexed Sperm IVF Using OPU and Slaugh-
terhouse (SH) Oocytes. Semen from the same two bulls,
both sexed and nonsexed, was used with oocytes obtained
from SH ovaries, and a significantly higher cleavage rate
(75.8% versus 57.1%, P = .001) and blastocyst production
(39.8% versus 25.0%, P = .001) was observed with the
use of nonsexed sperm compared to sexed sperm. By
considering collectively the data when using sexed sperm
on oocytes acquired via OPU, the blastocyst rates remained
significantly lower than those achieved from the use of
nonsexed sperm with SH oocytes (12.8–25.2% versus 39.8%,
P = .001). Blastocyst production from sexed sperm with
oocytes derived from SH ovaries was significantly higher
than that achieved with the same sexed sperm and oocytes
derived from OPU on nonstimulated donors (25.0% versus
12.8%, P = .001), but was similar to the blastocyst rate
achieved with OPU oocytes from stimulated donors (25.0%
versus 25.2%, P = .65) (Table 1).

3.3. Bull Effect. Sexed sperm from bull A attained similar
blastocyst rates with oocytes derived from either nonstim-
ulated or stimulated OPU donors (13.0% versus 12.6%,
P = .95). Bull B’s sperm was more effective in blastocyst

production when using oocytes from stimulated animals
(27.0% versus 8.8%, P = .02). Collectively, these two
bulls demonstrated a significantly higher rate of blastocysts
when fertilizing oocytes derived from stimulated animals
compared to nonstimulated animals (24.0% versus 11.5%,
P = .01). When examining the effect of sexing the sperm
from these two bulls, a similar satisfactory rate of blastocysts
was observed when using either oocytes derived from
slaughterhouse ovaries (24.0%), or collected from stimulated
animals (24.0%).

3.4. PCR Conformation of Sexed OPU Embryos. Twenty five
blastocysts derived from OPU oocytes fertilized by sexed
sperm were subjected PCR sexing. Blastocysts derived from
SH oocytes fertilized with either unsorted or sorted sperm
were served as controls for PCR sexing. From unsorted sperm
IVF control, 51.8% (n = 27) of embryos were female;
whereas 92.3% (n = 26) of embryos from SH oocytes
fertilized with X-sorted sperm were female. Twenty three
OPU/sexed IVF derived embryos (92%, n = 25) were
confirmed as female. This result confirmed the accuracy of
the sex-sorting of sperm.

4. Discussion

This study has looked into the feasibility of producing in vitro
embryos using sorted sperm cells with oocytes collected via
OPU from either nonstimulated, or hormonally stimulated
cattle. In recent years, contradictory results have been
reported on the use of sexed sperm for in vitro embryo pro-
duction. The causative factors for reduced embryo produc-
tion efficiency following the use of sexed sperm cells has been
associated with a number of variables, including: (i) bulls and
technologies employed: bull effect, speed, and pressure of
sorting [5, 13]; (ii) general aspects related to IVF system: that
is, IVF procedures, media employed, culture conditions [25,
26], (iii) environmental conditions: that is, season, breed,
distance to the embryology laboratory, ovaries’ transport
conditions [20, 27]. Age of the animals, under current
ordinary in vitro embryo production procedures is another
element of paramount importance, especially when older
cows are used for in vitro embryo production together
wit0068 the use of nonsexed semen [28]. Another variable
responsible for altering embryo production efficiency is the
retrieval of oocytes through OPU. Mechanical and biological
variables affecting OPU efficiency, and consequently the
overall IVF procedure, include: vacuum pressure, needle
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quality and bevel angle, hormonal pretreatment of animals,
puncture frequency, stage of estrous cycle, and skill of
OPU technician [17, 27, 29]. In addition, the ability to
recover oocytes from individual animals has highlighted the
importance of the oocyte donor effect. This effect cannot
be examined when oocytes recovered from slaughterhouse
ovaries are used for IVF, because the ovaries of many animals
are pooled, and usually only Grade A oocytes used for
IVF. Maternal influence is apparently expressed during later
stages of embryo development, and there is strong evidence
that cattle oocyte donors always show a correlation between
oocyte and embryo production, and also that often the best
and the worst embryo producers tend not to change for the
duration of an OPU program [20].

A number of studies have been performed in an attempt
to establish the most cost-effective procedure for retrieving
the highest number of good quality oocytes via OPU that
produce the most blastocysts [30, 31]. Follicle stimulating
hormone (FSH) has routinely been used to rescue follicles
back into development that would otherwise be doomed
to atresia. Scheduled administration of FSH has been
typically given as a decreasing dosage, or, in order to reduce
time and labour cost, a single dose of equine chorionic
gonadotropin (eCG) can be administered [32]. In the latter
case, prolonged FSH and LH activity within the eCG
can generate an abnormal endocrine profile and reduced
embryo quality following either AI or IVF [33]. Alternative
schemes include a reduced FSH administration consisting
of a single subcutaneous and/or intramuscular injection
[34, 35]. In this study, a previously optimized hormonal
stimulation protocol consisting of both a subcutaneous
as well as an intramuscular injection of FSH [36] has
been employed, and although a tendency toward a higher
recruitment of antral follicles has been observed, it was not
substantiated by a corresponding increase in the number
of oocytes retrieved. Conflicting results have been reported
regarding follicle availability, oocyte recovery, and blasto-
cyst production following hormonal administration: from
increased antral follicle and unaffected oocyte recovery and
blastocyst production [30], to increased antral follicles, lower
oocyte recovery, but increased blastocyst production in our
study.

It has been shown that the administration of FSH in
combination with twice weekly OPU does not produce the
expected synergistic effect [30, 36–38]. The findings of the
present study concur: once all of the visible follicles are
aspirated in the first OPU session following FSH treatment,
a new cohort of follicles begins to develop, although they
cannot benefit from hormone administration because it has
already been largely metabolized.

Stimulating an animal with hormone prior to OPU
would be recommended only if the costs, in time and
expense, could be offset by rendering available a greater
number of antral follicles leading to the collection of a
larger number of good quality oocytes. Previous studies have
established that following hormonal stimulation the number
of follicles yielding oocytes resulting in embryo production is
a highly variable response. To explain such contradictory and
inconsistent results, one has to take into consideration the

hormone employed, the dosage and schedule of its admin-
istration, as well as the age and condition of the animals
[31]. With regards to the production of late stage embryos,
although cleavage rates remained similar weather or not
an animal was FSH stimulated, blastocyst development was
significantly higher when donors received FSH injections.
However, there were inconsistencies among the animals in
this study, some donor’s oocytes (3 donors) developed into
blastocysts when nonstimulated, while oocytes from more
animals (5 donors) progressed into embryo development
only after being subjected to FSH stimulation.

Hormonal stimulation with FSH without a coasting
period is believed to force follicles into an accelerated
growth phase, thus leaving the oocytes within the follicles
insufficient time to acquire developmental competence [39].
A coasting period of 48 h initiates FSH starvation and
halts follicular growth, thereby allowing oocyte cytoplasm to
“catch up” with follicular maturation and creating an early
atresia-like condition [40]. In cattle, early atresia seems to
mimic part of the naturally occurring preovulatory matura-
tion, thus providing the oocytes an opportunity to enhance
their developmental competence [19, 41]. Consequently, an
FSH treatment schedule that allows for a coasting period
may result in the production of oocytes with enhanced
developmental competence, and lead to significantly higher
embryo development when compared to oocytes from
nonstimulated OPU donors [17].

In the present study, oocytes retrieved from each indi-
vidual animal were processed for IVF separately as a group.
Groups of oocytes were always treated or maintained in
medium droplets of the same volume, although numbers
ranged from very few (2–5) to a maximum of 20 per droplet.
The high variability in the number of oocytes retrieved from
an individual donor animal poses the problem of determin-
ing the appropriate volume of medium droplets to be used
throughout the various stages of in vitro embryo production.
A wide variability in the rate of blastocyst development was
observed among animals, and only one or two blastocysts
were produced when the group of fertilized oocytes in culture
was less than 15. There is evidence that a sufficient number
of fertilized oocytes are necessary in the culture droplet
in order to maintain a good rate of late stage embryo
development [42]. This effect on embryo production, as
evidenced by increased development, is likely caused by the
combined effects of the assembly of developing embryos [43,
44]. Furthermore, when the small number of cattle oocytes
is cultured in cell-free medium, a reduced developmental
competence has been reported when compared to that
attained with a larger number. Even the kinetics of blastocyst
formation has been demonstrated to be influenced by the
number of embryos cultured per droplet [45]. In other
studies, while emphasizing the importance of the number
of oocytes cultured in a group versus cultured singly, no
effect on oocyte development has been attributed to the
culture volume, although a lower medium to oocyte ratio was
seen to increase cell number in produced blastocysts [46].
Possible reasons for the reduced developmental potential of
oocytes cultured singly may be related to substrate depletion,
or toxic buildup that may occur in microdroplets when
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medium is not changed or concomitantly due to somatic cell
coculture [47]. On the other hand, in our study, an increase
in blastocyst production was detected when the number of
fertilized oocytes in culture was equal to, or higher than
15. Unfortunately, due to the small number of embryos
generated in this study, it was not possible to ascertain
a statistical correlation between the number of oocytes
fertilized and the number of resulting embryos. In a different
study, in order to tackle this problem and to standardize
culture conditions for cleaved embryos derived from OPU,
we are devising a protocol in which each droplet will
contain the same threshold number of oocytes. We propose
accomplishing this by supplementing droplets with cleaved
embryos derived from oocytes from slaughterhouse ovaries
having little or no commercial value, while identifying them
as separate by embedding them in agar chips that allow the
promoting factors from embryos to diffuse into medium.
Our previous study showed that such a system can be highly
effective, and that a threshold number of 10 cleaved embryos
per droplet with a volume of 50 μL is sufficient to sustain an
optimal rate of late stage embryo development [48].

The sperm sorting parameters employed in this study
have been thoroughly tested and shown to give satisfactory
embryo development rates [6]. Nonsexed and sexed sperm
from both bulls was demonstrated to be effective in pro-
ducing blastocysts from either source of oocytes, although a
significantly higher production rate was achieved by the use
of unsexed sperm with oocytes derived from slaughterhouse
ovaries. When considering the use of sexed sperm only,
FSH stimulation was advantageous in increasing the rate of
blastocyst production from OPU collected oocytes to the
level attained when using sexed sperm with slaughterhouse
derived oocytes.

5. Conclusion

In conclusion, we have demonstrated the effective use of
sexed sperm for fertilizing OPU-derived oocytes. We have
emphasized a considerable oocyte donor variability, as well
as the interaction of hormone treatments on embryo produc-
tion. Sexing PCR confirmed that the sex status of OPU/sexed
IVF derived embryo contained the same accuracy as the sex-
sorting of sperm. Our study suggests that stimulation with
FSH prior to OPU can increase the yield of transferable
embryos, and thereby maximize the use of donors of high
genetic merit.

Acknowledgments

Authors sincerely acknowledge the assistance from Mary-
Margaret Cole of Kellogg Dairy Center (KDC), David
Schreiber in the Department of Animal Science, and Stephen
Blain Treaster in the Department of Molecular & Cellular
Biology, at University of Connecticut. This study was sup-
ported by the Small Business Innovation Research program
of the USDA Cooperative State Research, Education, and
Extension Service (CSREES), Grant No. 2006-03069 to Drs.
Fuliang Du and X. Cindy Tian.

References

[1] D. G. Cran, “XY sperm separation and use in artificial
insemination and other ARTs,” Society of Reproduction and
Fertility Supplement, vol. 65, pp. 475–491, 2007.

[2] A. De Vries, M. Overton, J. Fetrow, K. Leslie, S. Eicker, and G.
Rogers, “Exploring the impact of sexed semen on the structure
of the dairy industry,” Journal of Dairy Science, vol. 91, no. 2,
pp. 847–856, 2008.

[3] D. L. Garner and G. E. Seidel Jr., “History of commercializing
sexed semen for cattle,” Theriogenology, vol. 69, no. 7, pp. 886–
895, 2008.

[4] R. D. Wilson, K. A. Weigel, P. M. Fricke et al., “In vitro
production of Holstein embryos using sex-sorted sperm and
oocytes from selected cull cows,” Journal of Dairy Science, vol.
88, no. 2, pp. 776–782, 2005.

[5] R. D. Wilson, P. M. Fricke, M. L. Leibfried-Rutledge, J. J.
Rutledge, C. M. S. Penfield, and K. A. Weigel, “In vitro
production of bovine embryos using sex-sorted sperm,”
Theriogenology, vol. 65, no. 6, pp. 1007–1015, 2006.

[6] J. Xu, Z. Guo, L. Su et al., “Developmental potential of vitrified
Holstein cattle embryos fertilized in vitro with sex-sorted
sperm,” Journal of Dairy Science, vol. 89, no. 7, pp. 2510–2518,
2006.

[7] W. M. C. Maxwell, G. Evans, F. K. Hollinshead et al.,
“Integration of sperm sexing technology into the ART tool-
box,” Animal Reproduction Science, vol. 82-83, pp. 79–95,
2004.

[8] G. A. Presicce, “Reproduction in the water buffalo,” Reproduc-
tion in Domestic Animals, vol. 42, supplement 2, pp. 24–32,
2007.

[9] X. W. Liang, Y. Q. Lu, M. T. Chen et al., “In vitro embryo
production in buffalo (Bubalus bubalis) using sexed sperm
and oocytes from ovum pick up,” Theriogenology, vol. 69, no.
7, pp. 822–826, 2008.

[10] M. B. Wheeler, J. J. Rutledge, A. Fischer-Brown, T. VanEtten, S.
Malusky, and D. J. Beebe, “Application of sexed semen technol-
ogy to in vitro embryo production in cattle,” Theriogenology,
vol. 65, no. 1, pp. 219–227, 2006.

[11] K. H. Lu and G. E. Seidel Jr., “Effects of heparin and sperm
concentration on cleavage and blastocyst development rates
of bovine oocytes inseminated with flow cytometrically-sorted
sperm,” Theriogenology, vol. 62, no. 5, pp. 819–830, 2004.

[12] G. A. Palma, N. S. Olivier, CH. Neumüller, and F. Sinowatz,
“Effects of sex-sorted spermatozoa on the efficiency of in vitro
fertilization and ultrastructure of in vitro produced bovine
blastocysts,” Anatomia, Histologia, Embryologia, vol. 37, no. 1,
pp. 67–73, 2008.

[13] M. Zhang, K. H. Lu, and G. E. Seidel Jr., “Development of
bovine embryos after in vitro fertilization of oocytes with
flow cytometrically sorted, stained and unsorted sperm from
different bulls,” Theriogenology, vol. 60, no. 9, pp. 1657–1663,
2003.

[14] T. A. Kruip, R. Boni, Y. A. Wurth, M. W. M. Roelofsen, and
M. C. Pieterse, “Potential use of ovum pick-up for embryo
production and breeding in cattle,” Theriogenology, vol. 42,
no. 4, pp. 675–684, 1994.

[15] R. De Roover, G. Genicot, S. Leonard, P. Bols, and F.
Dessy, “Ovum pick up and in vitro embryo production
in cows superstimulated with an individually adapted
superstimulation protocol,” Animal Reproduction Science, vol.
86, no. 1-2, pp. 13–25, 2005.



Veterinary Medicine International 7

[16] P. Humblot, P. Holm, P. Lonergan et al., “Effect of stage of
follicular growth during superovulation on developmental
competence of bovine oocytes,” Theriogenology, vol. 63, no. 4,
pp. 1149–1166, 2005.

[17] S. A. Chaubal, L. B. Ferre, J. A. Molina et al., “Hormonal
treatments for increasing the oocyte and embryo production
in an OPU-IVP system,” Theriogenology, vol. 67, no. 4, pp.
719–728, 2007.

[18] G. A. Presicce, E. M. Senatore, G. D. Santis et al., “Hormonal
stimulation and oocyte maturational competence in
prepuberal Mediterranean Italian buffaloes (Bubalus
bubalis),” Theriogenology, vol. 57, no. 7, pp. 1877–1884, 2002.

[19] R. De Roover, J. M. N. Feugang, P. E. J. Bols, G. Genicot,
and CH. Hanzen, “Effects of ovum pick-up frequency and
fsh stimulation: a retrospective study on seven years of beef
cattle in vitro embryo production,” Reproduction in Domestic
Animals, vol. 43, no. 2, pp. 239–245, 2008.

[20] M. Tamassia, Y. Heyman, Y. Lavergne et al., “Evidence of
oocyte donor cow effect over oocyte production and embryo
development in vitro,” Reproduction, vol. 126, no. 5, pp.
629–637, 2003.

[21] T. Fujita, H. Umeki, H. Shimura, K. Kugumiya, and K. Shiga,
“Effect of group culture and embryo-culture conditioned
medium on development of bovine embryos,” Journal of
Reproduction and Development, vol. 52, no. 1, pp. 137–142,
2006.

[22] L. A. Johnson, J. P. Flook, and H. W. Hawk, “Sex preselection
in rabbits: live births from X and Y sperm separated by DNA
and cell sorting,” Biology of Reproduction, vol. 41, no. 2, pp.
199–203, 1989.

[23] M. C. Pieterse, P. L. A. M. Vos, TH. A. M. Kruip et al.,
“Transvaginal ultrasound guided follicular aspiration of
bovine oocytes,” Theriogenology, vol. 35, no. 4, pp. 857–862,
1991.

[24] B. G. Brackett, D. Bousquet, M. L. Boice, W. J. Donawick, J. F.
Evans, and M. A. Dressel, “Normal development following in
vitro fertilization in the cow,” Biology of Reproduction, vol. 27,
no. 1, pp. 147–158, 1982.

[25] P. Lonergan, T. Fair, D. Corcoran, and A. C. O. Evans, “Effect
of culture environment on gene expression and developmental
characteristics in IVF-derived embryos,” Theriogenology, vol.
65, no. 1, pp. 137–152, 2006.

[26] Y. Nagao, R. Iijima, and K. Saeki, “Interaction between
embryos and culture conditions during in vitro development
of bovine early embryos,” Zygote, vol. 16, no. 2, pp. 127–133,
2008.

[27] A. S. Lopes, T. Martinussen, T. Greve, and H. Callesen, “Effect
of days post-partum, breed and ovum pick-up scheme on
bovine oocyte recovery and embryo development,” Reproduc-
tion in Domestic Animals, vol. 41, no. 3, pp. 196–203, 2006.

[28] L. Su, S. Yang, X. He, et al., “Effect of donor age on the
developmental competence of bovine oocytes retrieved by
Ovum Pick Up,” Reproduction in Domestic Animals. In press.

[29] P. E. Bols, A. Van Soom, M. T. Ysebaert, J. M.M. Vandenheede,
and A. De Kruif, “Effects of aspiration vacuum and needle
diameter on cumulus oocyte complex morphology and
developmental capacity of bovine oocytes,” Theriogenology,
vol. 45, no. 5, pp. 1001–1014, 1996.

[30] L. Bungartz, A. Lucas-Hahn, D. Rath, and H. Niemann,
“Collection of oocytes from cattle via follicular aspiration
aided by ultrasound with or without gonadotropin
pretreatment and in different reproductive stages,”
Theriogenology, vol. 43, no. 3, pp. 667–675, 1995.

[31] J. S. Merton, A. P. W. De Roos, E. Mullaart et al., “Factors
affecting oocyte quality and quantity in commercial
application of embryo technologies in the cattle breeding
industry,” Theriogenology, vol. 59, no. 2, pp. 651–674, 2003.

[32] J. F. Hasler, A. D. McCauley, E. C. Schermerhorn, and R.
H. Foote, “Superovulatory responses of Holstein cows,”
Theriogenology, vol. 19, no. 1, pp. 83–99, 1983.

[33] A. M. Jensen, T. Greve, A. Madej, and L.-E. Edqvist,
“Endocrine profiles and embryo quality in the PMSG-PGF2α
treated cow,” Theriogenology, vol. 18, no. 1, pp. 33–44,
1982.

[34] G. A. Bo, D. K. Hockley, L. F. Nasser, and R. J. Mapletoft,
“Superovulatory response to a single subcutaneous injection
of Folltropin-V in beef cattle,” Theriogenology, vol. 42, no. 6,
pp. 963–975, 1994.

[35] M. Yamamoto, M. Ooe, M. Kawaguchi, and T. Suzuki,
“Superovulation in the cow with a single intramuscular
injection of FSH dissolved in polyvinylpyrrolidone,”
Theriogenology, vol. 41, no. 3, pp. 747–755, 1994.

[36] S. A. Chaubal, J. A. Molina, C. L. Ohlrichs et al., “Comparison
of different transvaginal ovum pick-up protocols to optimise
oocyte retrieval and embryo production over a 10-week
period in cows,” Theriogenology, vol. 65, no. 8, pp. 1631–1648,
2006.

[37] J. R. Gibbons, W. E. Beal, R. L. Krisher, E. G. Faber, R. E.
Pearson, and F. C. Gwazdauskas, “Effects of once- versus
twice-weekly transvaginal follicular aspiration on bovine
oocyte recovery and embryo development,” Theriogenology,
vol. 42, no. 3, pp. 405–419, 1994.

[38] G. Rick, D. G. Hadeler, E. Lemme, et al., “Long term OPU in
heifers from 6 to 15 months of age,” Theriogenology, vol. 45,
no. 1, p. 356, 1996.

[39] P. Blondin, K. Coenen, L. A. Guilbault, and M.-A. Sirard,
“Superovulation can reduce the developmental competence
of bovine embryos,” Theriogenology, vol. 46, no. 7, pp.
1191–1203, 1996.

[40] J. R. Gibbons, M. C. Wiltbank, and O. J. Ginther, “Functional
interrelationships between follicles greater than 4 mm and
the follicle stimulating hormone surge in heifers,” Biology of
Reproduction, vol. 42, pp. 405–419, 1997.

[41] P. Blondin and M.-A. Sirard, “Oocyte and follicular
morphology as determining characteristics for developmental
competence in bovine oocytes,” Molecular Reproduction and
Development, vol. 41, no. 1, pp. 54–62, 1995.

[42] C. Carolan, P. Lonergan, H. Khatir, and P. Mermillod, “In
vitro production of bovine embryos using individual oocytes,”
Molecular Reproduction and Development, vol. 45, no. 2, pp.
145–150, 1996.

[43] C. L. Keefer, S. L. Stice, A. M. Paprocki, and P. Golueke,
“In vitro culture of bovine IVM-IVF embryos: cooperative
interaction among embryos and the role of growth factors,”
Theriogenology, vol. 41, no. 6, pp. 1323–1331, 1994.

[44] I. Donnay, A. Van Langendonckt, P. Auquier et al., “Effects of
co-culture and embryo number on the in vitro development
of bovine embryos,” Theriogenology, vol. 47, no. 8, pp.
1549–1561, 1997.

[45] G. A. Palma, A. Clement-Sengewald, U. Berg, and G. Brem,
“Role of embryo number in the development of in vitro pro-
duced bovine embryos,” Theriogenology, vol. 37, p. 271, 1992.

[46] F. A. Ward, P. Lonergan, B. P. Enright, and M. P. Boland,
“Factors affecting recovery and quality of oocytes for
bovine embryo production in vitro using ovum pick-up
technology,” Theriogenology, vol. 54, no. 3, pp. 433–446,
2000.



8 Veterinary Medicine International

[47] L. Ferry, P. Mermillod, A. Massip, and F. Dessy, “Bovine
embryos cultured in serum-poor oviduct-conditioned
medium need cooperation to reach the blastocyst stage,”
Theriogenology, vol. 42, no. 3, pp. 445–453, 1994.

[48] E. M. Senatore, M. E. Mannino, M. V. Suarez Novoa, et al.,
“Synergistic effect on embryo development by inclusion of
supplemental embryos embedded in agar chips,” Reproduc-
tion, Fertility and Development, vol. 21, no. 1, p. 208, 2009.



SAGE-Hindawi Access to Research
Veterinary Medicine International
Volume 2011, Article ID 670987, 7 pages
doi:10.4061/2011/670987

Research Article

Ultrastructure of Sheep Primordial Follicles Cultured in
the Presence of Indol Acetic Acid, EGF, and FSH

Evelyn Rabelo Andrade,1 Poul Maddox-Hyttel,2 Fernanda Da Cruz Landim-Alvarenga,3
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The aim of this study was to investigate the ultrastructural characteristics of primordial follicles after culturing of sheep ovarian
cortical slices in the presence of indol acetic acid (IAA), Epidermal Growth Factor (EGF), and FSH. To evaluate ultrastructure
of primordial follicles cultured in MEM (control) or in MEM containing IAA, EGF, and FSH, fragments of cultured tissue were
processes for transmission electron microscopy. Except in the control, primordial follicles cultured in supplemented media for 6 d
were ultrastructurally normal. They had oocyte with intact nucleus and the cytoplasm contained heterogeneous-sized lipid droplets
and numerous round or elongated mitochondria with intact parallel cristae were observed. Rough endoplasmic reticulum (RER)
was rarely found. The granulosa cells cytoplasm contained a great number of mitochondria and abundant RER. In conclusion, the
presence of IAA, EGF, and FSH helped to maintain ultrastructural integrity of sheep primordial follicles cultured in vitro.

1. Introduction

The use of oocytes from primordial follicles in assisted repro-
ductive technologies could offer significant new avenues for
the propagation of valuable animal stocks. As these follicles
account for the vast majority of follicles (95%) in the ovary
[1], they can provide a great number of potentially viable
oocytes for in vitro reproductive techniques, such as in
vitro fertilization (IVF) and cloning. Technologies being
developed for isolation [2, 3], cryopreservation [4], and
culture [5] of primordial follicles strive to prevent follicular
atresia by optimizing the culture of these follicles in vitro.

Much research on the regulation of early follicular
growth has focused on the control by hormones or growth
factors. In cattle, the presence of FSH in the culture medium

did not stimulate primordial follicle activation, also known
as the gradual exit of ovarian follicles from the nongrowing
pool [6], but it did increase oocyte and follicle diameter in
goat primordial follicles cultured in vitro [7]. Treatment of
isolated preantral follicles with follicle stimulating hormone
(FSH) stimulated granulosa cell proliferation and eventually
antrum formation [8–10]. Peptide growth factors like epi-
dermal growth factor (EGF) are involved in the regulation
of several ovarian processes [11] and have been shown to
promote oocyte growth in goat primary follicles cultured in
vitro [7]. The auxin, indol acetic acid (IAA) is found in blood
and in several tissues, including lung, kidney, liver, and brain
[12]. Previous studies from our team have demonstrated
that sheep primordial follicles are successfully activated to
grow in vitro after culturing in medium supplemented with
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40 ng/mL IAA [13]. Moreover, the addition of IAA and EGF
or EGF and FSH to the culture media were the most effective
treatments to sustain the health and viability of growing
sheep primordial follicles during in vitro culture [14].

In addition to our studies on primordial follicle acti-
vation in small ruminants [7], several other groups have
demonstrated that a large percentage of primordial follicles
can be activated in vitro after culture of ovarian cortical
slices [15, 16]. However, primary follicles obtained in vitro
by this methodology failed to develop to secondary follicles
even after 20 days in culture [17]. In the quoted investi-
gations, follicular quality was assessed only by histological
or immunohistochemical studies, and there is a great need
to evaluate ultrastructural changes occurring in primordial
follicles during activation in vitro. Hyttel and coworkers [18]
reported a great number of ultrastructural and molecular
alterations during oocyte development that can affect the
oocyte capacity for fertilization and further development.
Thus, ultrastructural studies are very important to evaluate
the quality of oocytes enclosed in primordial follicles acti-
vated in vitro and to understand why these follicles do not
continue their growth in vitro.

The objective of the present study was to investigate
the ultrastructural characteristics of primordial follicles after
culturing of sheep ovarian cortical slices for 6 days in the
presence of IAA, EGF, and FSH.

2. Materials and Methods

2.1. Source of Ovaries. Ovaries (n = 8) from four cyclic adult
(1 to 3 yr-old), nonpregnant Merino ewes (in good body
condition) were collected at a local slaughterhouse. Ovaries
were washed and transported in Phosphate Buffered Saline
(PBS; Invitrogen, Carlsbad, CA, USA) to the laboratory
within 1 h after slaughter at 37◦C.

2.2. General Culture Procedure and Media. In the laboratory,
each pair of ovaries from a single animal was processed
together. Fat and ligaments were removed, the ovary was cut
in half and the medulla, large antral follicles and corpora
lutea were removed. Following this, the ovarian cortex was
divided into fragments of approximately 1×1×1 mm. These
pieces of ovarian cortex were cultured individually for 6 d
in culture dishes (Sigma, MO, St Louis, USA) containing
1 mL aliquots of culture media at 39◦C with 5% CO2
in air. Every other day, the culture media was replaced
with fresh media. The media used were (T1) Minimum
Essential Medium (MEM; osmolarity, 300 mOsm/L and
pH:7.2; Cultilab, Rio de Janeiro, RJ, Brazil) supplemented
with ITS (insulin 6.25 μg/mL, transferrin 6.25 μg/mL and
selenium 6.25 ng/mL; Invitrogen, Carlsbad, CA, USA),
0.23 mM pyruvate (Invitrogen, Carlsbad, CA, USA), 2 mM
glutamine (Invitrogen, Carlsbad, CA, USA), 2 mM hypoxan-
thine (Sigma, St Louis, MO, USA), 1.25 mg/mL bovine serum
albumin (BSA; Sigma, St Louis, MO, USA), and antibiotics
(100 μg/mL penicillin and 100 μg/mL streptomycin; Sigma,
St Louis, MO, USA) (MEM+, control medium); (T2)
MEM+ plus IAA (40 ng/mL); (T3) MEM+ plus IAA + EGF

(100 ng/mL; Sigma, St Louis, MO, USA) or (T4) MEM+ plus
EGF + FSH (100 ng/mL; porcine FSH, a gift from Dr. J. F.
Beckers, Liège, Belgium). The media were compared using
ovarian fragments from the same animal and each treatment
was repeated four times.

The duration of culture was based on the time course of
primordial follicle activation in sheep [13]. The treatments
tested were based on the best results of culturing sheep
preantral follicles in our laboratory [14] whereas concen-
trations of FSH and EGF were based on previous reports
of culturing pig granulosa cells recovered from primary and
secondary follicles [19] and bovine small preantral follicles
[20]. The biological activity of both the porcine FSH and
recombinant human EGF had previously been confirmed
for small ruminant follicles [21] and granulosa cells [22],
respectively.

2.3. Qualitative and Quantitative Analysis of Primordial
Follicles by Transmission Electron Microscopy. After 6 d of
culture in each media, ultrastructural analysis was performed
on primordial follicles included in small cortical fragments.
Briefly, the ovarian cortex were fixed in a solution containing
2% paraformaldehyde (Sigma, St Louis, MO, USA) and
2.5% glutaraldehyde (Sigma, St Louis, MO, USA) in a 0.1 M
sodium cacodylate buffer (pH 7.2; Electron Microscopy
Sciences, Hatfield, PA, USA). After fixation, specimens
were rinsed in the buffer and postfixed in 1% osmium
tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA),
0.8% potassium ferricyanide (Electron Microscopy Sciences,
Hatfield, PA, USA) and 5 mM CaCl2 (Electron Microscopy
Sciences, Hatfield, PA, USA) in a 0.1 M sodium cacodylate
buffer (Electron Microscopy Sciences, Hatfield, PA, USA-
[23]). Subsequently, the samples were dehydrated in acetone
and embedded in Spurr’s epoxy resin (Ted Pella, Redding,
CA, USA). Thin sections (60 nm) were prepared when
the oocyte nucleus was present in the semithin sections.
Semithin sections (3 μm) were stained with toluidine blue
(Ted Pella, Redding, CA, USA) while thin sections were then
contrasted with uranyl acetate and lead citrate (Ted Pella,
Redding, CA, USA), and examined using Philips CM100
transmission electron microscope.

Follicular normality was evaluated based on the integrity
of the basement membrane, cellular density, presence or
absence of pycnotic bodies, and oocyte integrity. Based
on these variables, primordial follicles were classified as
morphologically normal (healthy spherical or ovoid oocyte
with uniform cytoplasm and granulosa cells surrounding the
oocyte in a well organized layer without pycnotic nuclei) or
degenerate (shrinkage of oocyte and/or pycnosis or swelling
of the granulosa cells— [24]). The normal follicular pattern
was based on team’s previous works [24–26]. Overall, 40
follicles were evaluated for each treatment (10 follicles per
replicate).

2.4. Statistical Analysis. Follicle viability was considered by
the percentage of all preantral follicles that were mor-
phologically normal; this comparison was done among
all treatments. An arcsine transformation was done prior



Veterinary Medicine International 3

0
10
20
30
40
50
60
70
80
90

100

Fo
lli

cl
es

(%
)

B

a

A

EGF + FSH
MEM+MEM+MEM+

IAA
MEM+

IAA + EGF

bb
b

BB

Figure 1: Mean (±SEM) percentages of preantral ovine follicles
that were viable ( ) or degenerated ( ) in ovarian tissue after cul-
ture for 6 d in various treatments. abFor viable follicles, treatments
without a common superscript differ (P < .05). ABFor degenerated
follicles, treatments without a common superscript differ (P < .05).

to analysis. Repeated measures analysis of variance was
used to evaluate the percentages of viable follicles. Pairwise
comparisons were done using Tukey’s procedure. All analyses
were done with the Statistical Analysis System (SAS Institute,
Cary, NC, USA) and P < .05 was considered significant.

3. Results

3.1. Quantitative Analysis of Follicular Viability. Based on
transmission electron microscopy, on day 6 the percent-
ages of viable cells in the cultures supplemented with
MEM + IAA, MEM + IAA + EGF, or in MEM + EGF + FSH
were not significantly different from each other; however no
normal follicles were found at culture in MEM+, as seen in
Figure 1.

3.2. Ultrastructure of Normal Primordial Follicles after Cul-
ture. The normal follicles consisted of a centrally located
oocyte with intact nucleus and surrounded by a well-
organized layer of granulosa cells; the follicle boundary was
demarcated by a basal lamina that presented homogeneous
and fibrillar components. The basal lamina was intact in all
follicles. The follicles were surrounded by dense connective
tissue consisting of fibroblasts, smooth muscle cells, blood
vessels, and prominent collagen bundles (Figure 2(a)). A
large round oocyte nucleus, presenting intact nuclear enve-
lope and sparse heterochromatic areas, occupied a central or
eccentrioally position in the ooplasm (Figure 2(b)).

The ooplasm contained heterogeneous-sized lipid
droplets (Figure 2(c)) and numerous round or elongated
mitochondriawith intact parallel cristae (Figure 2(c)).
Rough endoplasmic reticulum (RER) was rarely found, but
long or short profiles of SER were spread throughout the
oocyte cytoplasm and associated with the mitochondria
(Figures 2(c) and 2(d)). A few Golgi apparatuses were ob-
served in the ooplasm and occasionally they were associated
with different sizes of vesicles, mitochondria, and smooth
endoplasmic reticulum (Figure 2(e)).

The plasma membrane of the oocyte and granulosa
cells was closely apposed, but no specific junctions were
found between the two cell types. The oocyte surface
presented numerous microvilli that made deep indentations
of the plasma membrane of the adjacent granulosa cells
(Figure 2(f)).

3.3. Ultrastructure of Degenerated Primordial Follicles after
Culture. When cultured for 6 days in MEM+ alone, dis-
creet changes in the ultrastructure of primordial follicles
were observed. The changes included the presence of large
vacuoles in the ooplasm and the presence of excessively
clustered heterochromatin in the oocyte nucleus. The oocyte
nucleus appeared miss shaped, presented an undulating
nuclear envelope, and occasionally vacuole-like structures
were noted in the nucleus (Figure 3).

4. Discussion

The present study assessed for the first time the ultrastruc-
tural characteristics of sheep primordial follicles in fragments
of cortical tissue cultured in vitro in MEM+, MEM + IAA,
MEM + IAA + EGF, and in MEM + EGF + FSH for 6 days. In
contrast to follicles cultured in control medium (MEM+),
follicles that were cultured for 6 days in the presence of IAA,
IAA + EGF and EGF + FSH were ultrastructurally normal.

Culture conditions have a profound influence on follicle
activation and viability. The molecular mechanisms of auxin
action in plants were explained by Barbier-Brygoo [27].
Auxins bind to a soluble auxin-binding protein and the so-
formed complex consecutively associates with a transmem-
brane receptor causing, directly or indirectly, a variety of
cell responses, including increased cell wall plasticity and
cell water uptake, changed cell permeability and respiratory
patterns, and acid nucleic metabolism [28]. However, the
molecular mechanisms of auxin action in animal cells have
not been elucidated. Very little is known about the interac-
tions between IAA and EGF. According to Moon et al. [29],
the interaction between IAA and EGF improved growth in
various plants when compared to IAA per se. Conversely,
IAA could bind to EGF or another molecule and potentiate
its action in animals. Thus, IAA might bind to the animal
growth factors present in the ovarian tissue, which in turn
improve the action of these growth factors in animal cells,
and still keep the cell permeability and respiratory patterns,
which may explain the effectiveness of this treatment. In a
study from our laboratory, both FSH and EGF stimulated
an increase in follicle size by promoting oocyte growth
in caprine preantral follicles [7]. An accelerated growth
of bovine preantral follicles to the antral stage has been
achieved over a period of as many as 28 d [30], with FSH
and EGF enhancing follicular growth and development. Roy
and Greenwald [31] suggested FSH increases DNA synthesis
indirectly by stimulating EGF production by cultured ham-
ster follicles, which then acts directly in a paracrine/autocrine
manner.

Previous study from our group demonstrated that uncul-
tured sheep primordial follicles exhibited a highly variable
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Figure 2: Electron micrography of a normal sheep preantral follicle showing: (a) a centrally located oocyte (O) with intact nucleus (N),
surrounded by an organized layer of granulosa cells (GC); (b) an intact nuclear envelope (arrows) between nucleus (N) and cytoplasm (C).
Note the presence of heterochromatin (HC) in the nucleus and mitochondria (M) in the cytoplasm; (c) lipid droplets (LD); (d) round
and elongated mitochondria (M) associated with profiles of smooth endoplasmic reticulum (SER); (e) Golgi apparatus (G) associated with
different sizes of vesicles (V), mitochondria (M), and smooth endoplasmic reticulum (SER); (f) detail of the cortical region of the oocyte
(O). Notice the presence of microvilli (MV) in direct contact with the granulosa cells (GCs).

number of vesicles and numerous large pleiomorphic mito-
chondria spread throughout the ooplasm. Both smooth and
rough endoplasmic reticulum were present, either as isolated
aggregations or as complex associations with mitochondria
and vesicles. The follicles had sometimes a few microvilli
and, occasionally, small amounts of zona pellucida material
were visible. The cytoplasm of granulosa cells contained a
great number of mitochondria and well-developed rough
endoplasmic reticulum [32].

In cultured follicles, we observed numerous round or
elongated mitochondria with intact parallel cristae in normal
sheep primordial follicles. This finding is in good agreement
with those reported by Lucci et al. [33] and Matos et al. [32],
who examined goat and sheep preantral follicles, respectively.
The observed pleiomorphic variations in mitochondrial
shape possibly indicates the initiation of growth of the early
oocyte [34]. Hooded mitochondria, typical of the ungulate
oocyte after the growth phase [18], were not observed.

The ooplasm also presented SER and, to a lesser extend,
RER associated with round or elongated mitochondria and

vesicles. Such a feature is commonly observed in fresh
preantral follicular oocytes of goats [35] and in sheep
primordial follicular oocytes preserved in saline solution
and TCM 199 [32]. In normal preantral follicular oocytes,
the association of endoplasmic reticulum with mitochondria
and vesicles suggests a mechanism for the transport of
substrates into the mitochondria [23]. Furthermore, vesicles
containing a variety of internal substances also appear to
be evidence of transport to the perinuclear metabolic center
from the oocyte surface or vice versa [36].

At least in bovine oocytes, the Golgi complex consists
initially of lamellae arranged in a parallel fashion. However,
as the oocyte enlarges a small number of vacuoles and
granules appear in close association with the lamellae and at
the late stages of growth the Golgi complex consists of a large
conglomerate of vacuoles, granules, and lamellae [18].

The primordial follicular oocyte presented numerous
slender microvilli that extends from the oocyte plasma
membrane into indentations in the adjacent cells and pre-
sumably increases the absorptive capacity at the surface of the
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Figure 3: Electron micrography of a degenerated preantral follicle.
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and of excessive heterochromatic areas in the nucleus (arrows). GC:
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oocyte. Substances required for the oocyte metabolic needs
could gain access to its cytoplasm by diffusion through the
closely opposed membranes or they could be incorporated by
endocytosis, as suggested by the presence of numerous coated
pits and coated vesicles at the cortical ooplasm [33]. Besides
that, cellular prolongations and gap junctions were observed
between adjacent granulosa cells. Along with the oocyte
growth phase, gap junctions are for the first time observed in
bovine early secondary follicles [37] and in goats, this type of
junctions were not observed between adjacent granulosa cells
or between granulosa cells and oocyte in all developmental
stages (i.e., primordial, primary and secondary) of preantral
follicles [33], which may indicate species specific differences.

Primordial follicular oocytes cultured for 6 d in MEM+
exhibited an ooplasm with numerous vacuoles, as revealed by
ultrastructural analysis. Van den Hurk et al. [38] and Devine
et al. [39] demonstrated that oocytes with atretic signs
contain numerous vacuoles in the ooplasm. Cytoplasmic
vacuoles are also a characteristic sign of degeneration in
granulosa [40] and cumulus cells [41] during degeneration
in vivo and may represent extreme swelling, distension,
and disruption of the endoplasmic reticulum [42]. On the
other hand, vacuoles may also arise from distended mito-
chondria, as observed by Fuku et al. [43] in cryopreserved
bovine oocytes. Silva et al. [23] reported that mitochondria
exhibiting extensive swelling and disappearance of most of
cristae as well endoplasmic reticulum enlarged in volume
are the first sign of degeneration in preantral follicles.
Distension of the endoplasmic reticulum was also indicative
of degeneration in goat follicles conserved in vitro [23].
Degeneration of preantral follicles, especially primordial
and primary, could be a consequence of improper growth
activation [44]. After activation, organelle multiplication
and an increase of the uptake of nutrient occurs [45]. The
results present here suggest that MEM+ did not provide

an appropriate environment for follicles to continue their
normal development.

In conclusion, supplementing the in vitro culture media
with IAA or either a combination of IAA and EGF or EGF
and FSH maintained normal ultrastructural characteristics
of sheep primordial follicles in ovarian tissue fragments for
at least 6 days.
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The low efficiency observed in cloning by nuclear transfer is related to an aberrant gene expression following errors in epigenetic
reprogramming. Recent studies have focused on further understanding of the modifications that take place in the chromatin
of embryos during the preimplantation period, through the use of chromatin modifying agents. The goal of these studies is to
identify the factors involved in nuclear reprogramming and to adjust in vitro manipulations in order to better mimic in vivo
conditions. Therefore, proper knowledge of epigenetic reprogramming is necessary to prevent possible epigenetic errors and to
improve efficiency and the use of in vitro fertilization and cloning technologies in cattle and other species.

1. Introduction

Despite being utilized for nearly three decades [1], the
production of embryos in vitro still has limitations, such as,
lower efficiency when compared to in vivo production. In
bovine oocytes, matured and fertilized in vitro, high cleavage
rates are currently obtained. However, only 25%–40% of
these zygotes are capable of progressing to the blastocyst
stage [2]. Recent studies suggest that epigenetic alterations
and consequent changes to chromatin conformation may
take place during in vitro culture [3]. Enright et al. [4]
reported elevated levels of histone H3 and H4 acetylation fol-
lowing long-term culture of embryos. Furthermore, in vitro
produced bovine embryos showed altered gene expression
patterns when compared to in vivo controls [5].

In somatic cell nuclear transfer (SCNT), perturbations
in epigenetic patterning are also thought to play a role in
the low efficacy seen following the use of this technology. In
SCNT, the nucleus of a differentiated adult somatic cell is
reprogrammed by factors in the oocyte cytoplasm in order
to regain the pluripotent patterns of an embryonic cell [6–9].

However, failure in this nuclear reprogramming [10, 11],
resulting in abnormal epigenetic patterns in cloned embryos,
has been reported [12]. Furthermore, development to the
blastocyst stage and survival to birth are significantly lower
in clones in comparison to embryos produced by in vitro
fertilization [11–14]. In cloned mice, animals do not appear
to pass an abnormal trait on to their offspring produced
in vivo. This may suggest that a perturbation to proper
epigenetic patterning, rather than to genetic sequences,
is responsible of the aberrant phenotypes and also of the
low efficiency seen following the use of this technology
[15].

In view of these concerns following the use of in vitro
technologies for the production of embryos, recent studies
aim at understanding the chromatin structure modifications
during preimplantation and the improvement of in vitro
approaches to most closely mimic the in vivo changes that
allow the growth and survival of embryos. In the present
paper, we will discuss some of the epigenetic mechanisms
involved in embryo development and the use of treatments
to manipulate epigenetic patterning in vitro.
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2. Mechanisms of Epigenetic Regulation

Epigenetic refers to the control of gene function and expres-
sion without changes to the gene sequence. Such control
allows for different expression patterns, from an identical
genome sequence, to take place in separate cells or tissues,
establishing the basis for tissue-specific gene expression
[16].

Epigenetic modifications control gene expression by a
variety of processes which include DNA methylation, post-
translational histone modifications, noncoding RNAs [17].
The processes of DNA methylation and histone modification
have gained great interest in the fields of mammalian
development [16]. We will further discuss these studies and
how they may offer insight into the production of embryos
in vitro.

2.1. DNA Methylation. DNA methylation is one of the
most well-described epigenetic mechanisms and plays a key
role in several biological processes such as, transcriptional
regulation, chromosomal organization, X-inactivation, and
genomic imprinting [18–22]. A family of DNA (cytosine-5)-
methyltransferases (DNMT) is responsible for the addition
of a methyl group to the 5th position of the cytosine ring, and
five DNMTs have been already characterized in mammals:
DNMT1, 2, 3A, 3B, and 3L [23]. DNMT1 is responsible for
the maintenance of methylation through the remethylation
of new strands during replication if the mother strand was
also methylated [22]. The DNMT3 enzymes (DNMT3a,
3b, and 3L) are involved in the acquisition of de novo
methylation on DNA previously devoid of methylation [24].
Loss of methylation patterns through genetic ablation of
these enzymes is lethal at early embryonic or postnatal stages
in mice [24, 25].

Amongst all the biological processes involving DNA
methylation, genomic imprinting is one of the most
intriguing, as it involves the formation of an epigenetic
“mark” at certain loci in a parent-of-origin-specific manner
such that genes are expressed monoallelically [26]. Biallelic
expression or silencing of imprinted genes is detrimental to
fetal growth, phenotype, and survival, considering that the
accurate maintenance of inherited methylation patterns on
imprinted genes in preimplantation is critically important
for the success of both in vivo and in vitro embryonic
developments.

Patterns of DNA methylation are erased in the primordial
germ cells during embryonic life and re-established in
a sex-specific manner in the gametes during germ cell
development. However, for the purpose of the review, we
will discuss another important wave of demethylation that
occurs postfertilization. Genome-wide methylation is erased,
except for methylation of imprint genes and certain repeat
sequences, with reacquisition of methylation in mice taking
place during the peri-implantation stage in the expanded
blastocyst (review in [26]).

2.2. Histone Modifications. Another important epigenetic
process is histone modification. Histones are proteins bound
to DNA forming the highly conserved structural polymer

known as chromatin. Nucleosomes are the fundamental
repeating units of chromatin. A nucleosome consists of
146-base pairs of DNA wrapped around a core of histone
proteins. The histone proteins that make up this core are 2
copies each of H2A, H2B, H3, and H4. A linker histone, H1,
is bound to the DNA between nucleosomes, allowing for the
solenoid helical fiber structure of DNA in the nucleus. These
core histones are highly conserved across species. Histone
proteins have a globular carboxy-terminal domain that binds
the DNA and a flexible amino-terminal tail that extends
out of the nucleosome structure. Modifications of histones
occur on amino residues, primarily on the amino-terminal
tail (reviewed in [27]). These covalent modifications have
fundamental functions on chromatin condensation, DNA
replication, DNA repair, and gene regulation. Depending on
the type of modification that occurs, the nucleosome will
either open up to allow for transcriptional factors to bind or
remain tightly wound.

Histone acetylation is commonly associated with acti-
vated transcription, whereas deacetylation is associated with
transcriptional repression [27–29]. Research has shown that
acetylation of histone H4 is reduced on the inactive X
chromosome in female mammals, suggesting that absence
of acetyl groups is be a prerequisite for a more condensed
and inactive chromatin stage [30]. Histone amino groups
can also be methylated, phosphorylated, and ubiquitinated
[27, 31].

Examples of some modifications that are commonly
associated with euchromatin, regulating gene expression are
acetylation of histone H3 and H4, as well as di- and trimethy-
lation of lysine 4 on histone H3 [31]. The region of DNA
on the chromosome that is constitutively silenced (telomere,
centromeres, and heterochromatin) is hypoacetylated [31–
33]. In addition, these regions are highly methylated on
particular amino acid residues (lysine 9 and lysine 27 of
histone H3) [31, 34]. Among the histone modifications,
acetylation and methylation have been the most studied.
Unlike histone acetylation, histone methylation is more
complex, with gene expression being affected differently
depending on which residue is modified [35]. Loci-specific
modifications of histones, and the combination of these
modifications, have been described as a “histone code”
that defines the state of a cell’s transcriptional potential
[36].

Several enzymes have been reported to control histone
modification. Two proteins involved with controlling the
acetyl groups are histone acetyltransferase (HAT; adds
acetyl groups) and histone deacetylase (HDAC; removes
acetyls groups) [37]. Several of these enzymes (HDACs 1,
2, 3, 7, and HAT1) have been detected in bovine embryos
[38]. As more research is conducted, it becomes apparent
that crosstalk between enzymes is a common feature. For
example in Schizsaccharomyces pombe, HDAC is required
for deacetylating the histone 3 lysine 9 residue in order for
histone methyltransferase to act on that particular residue
[34]. The HAT enzymes not only affect chromatin, but
also act as coactivators on certain transcription factors
[39]. Interactions also occur between HDACs and DNMTs
[40–42].
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3. Epigenetic Modifications in
Mammalian Embryos

Embryonic development involves a wide array of epigenetic
modifications, including DNA methylation and histone
modifications, which are fundamental for genomic imprint-
ing and X-chromosome inactivation in female embryos [43].
In mammals, levels of histone methylation are higher and
histone acetylation levels are lower in male gametes com-
pared to female gametes [12, 44–47], resulting in minimal
gene expression at this stage.

During normal bovine embryo development, histone
demethylation occurs soon after fertilization [12]. Histone
methylation is reduced in 2 to 4 cell embryos, and starts to
increase at the 8- to 16- cell stage, concurrently with zygotic
genome activation [48]. Histone acetylation levels peak at
the time of zygotic genome activation, corresponding to the
time of increased gene expression, then diminish during the
morula stage [49]. The first cellular differentiation of the
developing embryo occurs at the blastocyst stage giving rise
to the inner cell mass (ICM) and trophectoderm [48]. At the
blastocyst stage, DNA and histone methylation is elevated
in the ICM, whereas DNA and histones are hypomethylated
in the trophectoderm. Thus, blastocyst formation establishes
the beginning of epigenetic differences between the two cell
lineages [50].

Another important event in normal mammalian embryo
development is X-chromosome inactivation (XCI). Gene
expression from one X chromosome is sufficient to allow for
normal embryonic development, as seen in male embryos
[51]. Therefore, in female embryos, the extra X chromosome
must be silenced [12]. Establishment and maintenance of
XCI are regulated by epigenetic mechanisms. Research has
shown XCI imprinting in the bovine [52] and murine
[53, 54] placentas. In mice, imprinting of XCI occurs
during preimplantation development, with the paternal
chromosome preferentially silenced [52–54]. The paternal
X chromosome is silenced at the 4-cell stage, shortly after
zygotic genome activation [55]. This pattern persists in the
trophectoderm linage, where the active X chromosome in the
placenta is of maternal origin. However, in the ICM of devel-
oping embryo, the paternal X chromosome is reactivated and
forthwith both maternal and paternal X chromosomes are
randomly selected for inactivation [55, 56].

Regards to DNA methylation, during the early postfertil-
ization stages there is an intense wave of DNA demethylation
in both pronuclei, albeit at different speeds, followed by a
global remethylation that takes place at peri-implantation
stages in the mouse. Further, not all sequences have their
methylation patterns removed, as this is the case for
imprinted sequences, which maintain their methylation
marks throughout life except in the germ cell line [43].

3.1. Epigenetic Modifications in Cloned Embryos. In cloning
by somatic cell nuclear transfer, the epigenetic patterns of
the adult somatic cell must be erased and reprogrammed to
those of a totipotent embryonic cell. During the development
of embryos in vivo, patterns carried by both gametes are
each reprogrammed in a very specific and timely manner and

embryonic patterns of the totipotent cell must be established
to support the embryonic genome activation that ensues
[57–59]. Failure is the re-establishment of correct epigenetic
marks that can affect totipotency and proper differentiation
and development of embryos [60, 61]. Initial epigenetic
patterns of the adult somatic cell used for cloning can
affect reprogramming following nuclear transfer [62]. In
fact, differences in embryo development have been described
following the use of cells of different tissue origins for SCNT
[63–65].

Several studies have demonstrated abnormal DNA and
histone methylation patterns in SCNT bovine embryos
compared with in vivo and in vitro produced embryos [43,
48, 66–68]. Also, global transcriptome profile experiments
revealed down regulation of genes involved in chromatin
remodeling in cloned embryos compared with in vitro
fertilized embryos [69].

As mentioned above, early embryos present an intense
and very well-orchestrated reprogramming of DNA methy-
lation, and questions arise as to whether the nucleus of the
donor cell in SCNT embryos, carrying a somatic cell pattern
of methylation, can be manipulated in order to mimic this
intense reprogramming taking place during early embryonic
stages [43]. Unlike normal embryos, SCNT embryos have
incomplete demethylation after the one cell stage, regardless
of species [43]. In addition, these SCNT embryos started
to undergo de novo methylation prematurely (4-cell stage
versus 8- to 16- cell stage for in vivo embryos), so by the
morula stage, methylation in the blastomeres resembled that
of the donor cells [43]. The methylation status of ICM
in SCNT bovine blastocysts is similar to in vivo blastocyst
embryos. However, the trophectoderm of SCNT blastocsyts
is abnormally hypermethylated [12, 43]. These changes in the
normal timing of methylation result in potentially serious
consequences in epigenetic reprogramming and further
development of the trophectoderm, turning mammalian
cloning to an impractical reproductive technology until the
timing of events taking place during in vitro production can
be controlled by scientists [70].

In addition to abnormal DNA methylation, histone
modifications are also altered in SCNT embryos. San-
tos and coauthors [48] demonstrated that SCNT bovine
embryos had hypermethylation histone H3-K9 associated
with genome-wide hypermethylation. A study also reported
that acetylation of lysine 5 on histone H4 (H4-K5ac) appears
to change dramatically during early embryo development of
IVF produced embryos, but remains consistently elevated
in SCNT produced bovine embryos [71]. Compared to
in vitro fertilized embryos, SCNT bovine embryos have
elevated heterochromatic histone methylation (H3K9me2)
and H3K9-acetylation in the trophectoderm layer [48].
These and other modifications could explain the altered
expression of vital developmental genes later in development.

Another complication with nuclear transfer is the repro-
gramming of imprinted genes. Abnormalities generally asso-
ciated with cloned animals resemble those observed in mice
with imprinted gene mutations [72]. Analysis of bovine H19
demonstrated that SCNT animals that died shortly after birth
had biallelic expression [73]. The placenta of SCNT animals
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appears to be especially vulnerable to abnormal expression of
imprinted genes [12]. Inoue et al. [74] observed abnormally
low levels of expression of both imprinted and nonimprinted
genes in the placentas of SCNT mice, whereas expression
in the embryo was not altered. Similarly, Yang et al. [75]
observed abnormal expression of the imprinted gene IGF2R
in the placenta but not in the organs of SCNT calves. Smith
et al. [76] found reduced expression of the placenta-specific
gene Cd81 between SCNT and in vivo bovine blastocysts.
In early pregnancy, expression of the imprinted placental
genes Ascl2 has been shown to be altered in SCNT bovine
embryos and placental tissues [77]. In SCNT embryos, Ascl2
was overexpressed.

Nuclear reprogramming also affects X chromosome
inactivation, particularly in the placenta. Reports have
shown that the ICM of SCNT embryos had normal XCI
(i.e., random paternal/maternal inactivation), whereas the
placenta had altered gene expression from X-linked genes
[12]. However, in day 8 blastocysts, Smith et al. [76] found
no evidence of abnormal expression of X-linked genes from
SCNT bovine embryos. It must be noted that complete XCI
in bovine embryos has been reported to occur at day 14-
15 [78]. At later stages, reports of bi-allelic expression of X-
linked genes in the placenta of deceased clones indicate the
absence of the paternal XCI that is observed in non-SCNT
calves [52]. Live SCNT calves had one active X-chromosome,
similar to non-SCNT calves, suggesting that abnormal XCI
could contribute to fetal loss [52].

These results provide further evidence towards the
incomplete epigenetic reprogramming of SCNT embryos
and the trophectoderm cell lineages appear to be highly
vulnerable to these defects.

4. The Use of Histone Deacetylase Inhibitors for
In Vitro Production of Bovine Embryos

The first reports of utilizing HDAC inhibitors were in cancer
therapies. Inhibitors of HDAC promote global chromatin
acetylation, which leads to excessive gene transcription. This
increase in protein production in tumor cells would induce
cellular differentiation, modifying their characteristics of
excessive cell growth [79]. Inhibitors of HDAC have been
reported to have antiproliferative and apoptotic effects,
which are beneficial in cancer therapies. Mutation of the
HDAC1 gene in mice caused reduced cell proliferation which
led to the embryonic death at midgestation [80]. These
effects were associated with increased gene expression of
cell cycle inhibitors [80]. Similar antiproliferative effects
were seen in embryonic stem cells [81, 82]. Crystallography
studies indicated that these inhibitors act by binding the
catalytic site of the enzymes, blocking therefore the access
to the substrates [83]. Among the known inhibitors, some
of the most used are (I) trichostatin A, (II) valproic acid,
clinically used in the treatment of epilepsy, and (III) sodium
butyrate [84]. These substances cause reversible inhibition of
the majority of class I and II HDACs [85].

To improve SCNT efficiency, researchers have turned to
stimulating donor cell reprogramming by chemical treat-

ments. Donor cells treated with trichostatin A (TSA) have
been shown to have a slight improvement on the develop-
ment of cloned embryos in cows [10, 62, 86, 87], mice [49,
88–90], pigs [91–95], and rabbits [96, 97]. In pigs, live births
were reported following TSA treatment [92, 95]; in rabbits,
however, there was no survival of offspring to adulthood
[97]. In the bovine, both treatments of donor cells [4, 10, 86]
or of the reconstructed embryos [10, 87] were beneficial
to the development of clones. The type of donor cell also
appears to have a role on the benefits of TSA treatment.
In mice, blastocyst formation was 5-fold higher in embryos
treated with TSA that were produced from cumulus cells
[88]. However, TSA had no effect on blastocyst development
from embryos produced by embryonic stem cells. These
results suggest that inhibition of HDAC is only beneficial in
donor cells that are more differentiated [88]. Similar results
also suggest that hypoacetylation may be a limiting factor in
the development of cloned embryos [96, 98].

It is thought that TSA aids nuclear reprogramming and
subsequently improves expression of embryonic genes such
as, Nanog [87], SOX2, and cMyc [90], and regulates expres-
sion of genes related to chromatin structure and DNA methy-
lation [90]. Furthermore, the use of TSA improves derivation
of embryonic stem cell lines from cloned embryos [88].

The use of general HDAC inhibitors affects all chromatin,
which may have negative effects when utilized at elevated
concentrations for extended periods of time. Tsuji et al. [89]
demonstrated that the beneficial effects of TSA treatment on
cloned embryos declined after 12 hours, leading to reduced
blastocyst formation and fetal loss. Li et al. [92] reported
that in pigs, cloned embryos treated with TSA had a 15-hour
delay to reach the stage of compacted morula. Furthermore,
embryos fertilized in vitro had elevated apoptotic levels fol-
lowing TSA treatment [99]. Apoptosis, or programmed cell
death, is a physiological event that has been associated with
reduced viability and death of bovine embryos [100, 101].
TSA has been shown to induce expression of proapoptotic
genes [102] and, by facilitating histone hyperacetylation,
allows the DNA to be available for endonucleases [103].

The addition of TSA, during fertilization, promoted
increased levels of histone acetylation on the sperm. Cleavage
rate and blastocyst formation were not altered. However,
there were more cells in the ICM of embryos that received
TSA during fertilization [104]. These results suggest that
alteration of histone acetylation during fertilization affects
subsequent cell proliferation and differentiation [104].
Embryos cultured with TSA after fertilization, in an effort
to aid the activation of embryo genome, had increased levels
of histone acetylation, but blastocyst development was not
affected [99]. Higher levels of apoptosis were seen in high
quality embryos but not in the lower quality ones, suggesting
that the use of TSA can benefit this group of embryos.
Further, they reported gender differences in the response
to histone hyperacetylation following TSA treatment, with
female embryos being more sensitive than males [99]. Future
studies are warranted to investigate gene expression patterns
in embryos following TSA treatment in order to further
evaluate potential effects of this agent in early embryo
development.
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Other HDAC inhibitors are currently being investigated
for the use in nuclear transfer in pigs: valproic acid, which
resulted in higher levels of Oct4 expression [105] and
scriptaid [94] and sodium butyrate [106], which resulted in
cloned embryos with acetylation levels similar to fertilized in
vitro. However, special attention must be paid to the fact that
the use of valproic acid as an antiepiletic drug (AED) in the
first trimester of pregnancy was associated with significantly
increased risks of several congenital malformations [107].
Antiepileptic drugs in general are related to malformations,
and it is probable that they affect development through
multiple mecanisms [108]. Valproic acid has been shown to
disrupt the Wnt signalling pathway. However, valproic acid
analogues that do not alter Wnt signalling, do not produce
teratogenic effects. Other main mechanisms have been con-
nected to valproic acid teratogenic effects, such as, inhibition
of folate metabolism and neural apoptosis induction [108],
and recent studies reveal HDAC inhibition as one of the pos-
sible mechanisms for valproic acid teratogenic effects [109].

In this respect, experiments involving HDAC inhibitors
supplementation must be aimed to use the minimum
working concentration, in order to inhibit minimum HDAC
and obtain the desired effect. Even though the dosages
applied for embryo culture are lower for trichostatin A,
which is supplemented at nanomolar concentrations, further
studies accessing teratogenic effects of this and others HDAC
inhibitors are needed.

5. Use of DNA Methylation Inhibitors

As mentioned earlier, several studies indicated that aberrant
epigenetic reprogramming occurs in cloned embryos [60,
66, 68]. Partial demethylation and early methylation, at the
four- to eight-cell stage in cloned embryos [110], indicate the
presence of inadequate nuclear reprogramming in regards to
DNA methylation [43].

Researchers aimed at preventing DNA hypermethylation
in animal cloning through the use of methylation inhibitors.
Pretreatment of donor cells with an inhibitor of DNA methy-
lation, 5-aza-2′-deoxycytidine (5-aza-Dc), before nuclear
transfer does not appear to improve development of cloned
embryos [111, 112]. These results may indicate that inhibi-
tion of excess methylation alone fails to aid reprogramming
in the donor cell nucleus, as erasure and reacquisition of
methylation during the preimplantation period in embryos
is a very complex procedure and may require the use of a
combination of agents to try and mimic this process in vitro.

6. Conclusions and Future Directions

As discussed here and in the work of others, somatic patterns
of histone modifications, as well as DNA methylation,
present in differentiated adult cells, must be erased and
reprogrammed in a highly organized and timely manner.
The acquisition of unique embryonic epigenetic marks must
take place in cloned embryos in a similar manner as seen
following erasure and acquisition of epigenetic marks in the
female and male pronuclei. Failure during erasure and/or

acquisition of these marks will affect subsequent embryonic
development [60, 61].

Current studies aim at (1) understanding the factors
involved in nuclear reprogramming, (2) identifying possible
failures in reprogramming induced by cell manipulation
and/or culture conditions, and (3) utilize inhibitors and
other agents that could assist in the establishment of proper
epigenetic patterning during early embryo development. All
these efforts to elucidate the complex steps of epigenetic
reprogramming during embryogenesis, as well as how to
manipulate these steps, are necessary to improve the effi-
ciency and applicability of in vitro production of embryos
and cloning.
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Bos indicus cattle, the preferred genetic group in tropical climates, are characterized by having a lower reproductive efficiency
than Bos taurus. The reasons for the poorer reproductive efficiency of the Bos indicus cows include longer lengths of gestation
and postpartum anestrus, a short length of estrous behavior with a high incidence of estrus occurring during the dark hours, and
puberty at older age and at a higher percentage of body weight relative to mature body weight. Moreover, geography, environment,
economics, and social traditions are factors contributing for a lower use of reproductive biotechnologies in tropical environments.
Hormonal protocols have been developed to resolve some of the reproductive challenges of the Bos indicus cattle and allow artificial
insemination, which is the main strategy to hasten genetic improvement in commercial beef ranches. Most of these treatments use
exogenous sources of progesterone associated with strategies to improve the final maturation of the dominant follicle, such as
temporary weaning and exogenous gonadotropins. These treatments have caused large impacts on reproductive performance of
beef cattle reared under tropical areas.

1. Introduction

In tropical climates, most beef cattle herds rear Bos indicus
cattle due to their greater capacity to adapt to environmental
challenges of climate and disease. Despite this adaptation,
Bos indicus cattle have some particular reproductive charac-
teristics that contribute to a poorer reproductive efficiency
of Bos indicus cows. The use of artificial insemination (AI)
after estrus detection may be limited in tropical areas due
to the fact that Bos indicus cattle have a short length of
estrous behavior with a high incidence of estrus occurring
during the dark hours [1]. Moreover, compared with Bos
taurus, Bos indicus cows have longer lengths of gestation
and postpartum anestrus [2], making it difficult to adhere
to a 365 d calving interval even in ranches using natural
service and resulting in a large amount of cows calving at
end of the calving season and having less time with chance
to become pregnant during the subsequent breeding season
(BS). These challenges are more critical in primiparous cows

in pasture management systems [3, 4] because the intake
of nutrients during the postpartum period is not sufficient
to meet requirements for growth as well as lactation. As a
result of the poor pregnancy rates in primiparous cows, many
producers maintain nonpregnant primiparous cows in their
herds to be inseminated during the subsequent BS, which
contributes to reduce the profitability of cow-calf enterprises.
Besides these differences regarding to the estrous behavior
and anestrus length in postpartum cows, Bos indicus heifers
reach puberty older and at a higher percentage of body
weight relative to mature body weight than Bos taurus heifers
[5], resulting in a lower proportion of pubertal females at the
beginning of BS and lesser pregnancy rates [6, 7].

Other differences between Bos indicus and Bos taurus
cattle, including ovarian follicular/corpus luteum sizes [1,
8], amount of follicles before divergence [9, 10], follicular
diameter at divergence [11, 12], and size of dominant follicle
at acquisition of ovulatory capacity [12, 13], will not be
discussed in the current review. Thus, the objective of this
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Figure 1: Cumulative percentage of pregnancy in prepubertal Bos
indicus heifers throughout a 45 d AI breeding season. Heifers were
assigned to receive, between d-12 and 0, no treatment (CIDR0), a
new intravaginal insert (CIDR1), or a similar intravaginal insert
that had previously been used three times (CIDR4). Heifers were
artificially inseminated 10 to 14 h after detection of estrus; those
that returned in estrus after the first service were re-inseminated.
Adapted from Claro Júnior et al. [15].

manuscript is to discuss some pharmacological and man-
agement strategies to improve reproductive performance in
cow-calf enterprises from tropical areas.

2. Resolution of the Reproductive Challenges in
Bos indicus Females

2.1. Anestrus and Estrus Detection. The anovulatory con-
ditions in cattle were reviewed [14], and it appears that
the underlying physiology for anovulation is similar for
postpartum cows and prepubertal heifers. In these circum-
stances, there are waves of ovarian follicular development,
preceded by an increase in peripheral FSH concentrations,
that progress through to follicle deviation. However, in these
animals, their hypothalamus is sensitive to estradiol negative
feedback on LH pulses; therefore, low peripheral estradiol
concentrations, perhaps derived from dominant ovarian
follicle, suppressed LH pulses, and limited growth and
estradiol production by the follicle, thereby preventing an
LH surge and ovulation. The high hypothalamic sensitivity
to estradiol is associated with an increased expression
of estradiol receptors in the anterior and medial basal
hypothalamus, which declines gradually after parturition or
as puberty approaches.

Nutrition is one of the primary factors affecting resump-
tion to cyclicity in cattle, since inadequate energy status may
intensify the negative feedback effect of the estradiol on LH
secretion [16]. There is a number of studies demonstrating
that cows beginning the BS with a low body condition
score (BCS) or losing BCS during the BS, both indicatives
of poor nutrition, are less likely to show estrous behavior
and to conceive [4, 17–20]. Nutritional strategies to reduce
the length of postpartum anestrus will not be discussed in

the present manuscript, but the importance of this issue
imposes breeders to provide adequate levels of nutrition
for cows to express their reproductive potential. However,
even when an adequate nutrition is offered, the offspring-
to-dam interactions, such as touch, auditory, visual, and
olfactory communications, decrease LH secretion and delay
resumption to cyclicity in suckled cattle [21]. Interestingly,
a short-term temporary weaning (TW; 48 h) increased LH
pulse frequency to levels similar to those in proestrus
[22, 23] and improved the rates of estrous detection [4]
and ovulation in response to exogenous GnRH [24] in
postpartum anestrous cows, indicating that strategies to
increase the frequency of LH pulses are effective in inducing
ovulation in noncycling cattle.

Another approach that has been successfully used for
induction of cyclicity in cattle is the treatment with intrav-
aginal inserts that release exogenous progesterone (P4 [4,
17–20]). In noncycling cows, treatment with progestogens
increased LH secretion [23, 25], which is critical for
resumption of cyclicity, and reduced the occurrence of
premature luteolysis after first postpartum ovulation [4],
enabling estrous behavior [15] and pregnancy establishment
[4]. Because P4 inhibits estradiol receptors in several tissues
[26, 27], it is likely that expression of hypothalamic estradiol
receptors is decreased when cattle are given exogenous P4,
thereby reducing the estradiol negative feedback on LH
secretion [28]. Moreover, a short luteal phase usually occurs
after first postpartum ovulation, which is another factor
contributing to low reproductive efficiency in beef cows,
and treatment with P4 prior to first postpartum ovulation
consistently reduced the occurrence of premature luteolysis
[29]. Based on the rationale that strategies to increase the
frequency of LH pulses improve fertility, Vasconcelos et
al. [4] evaluate effects of treatments with an intravaginal
insert containing 1.9 g of P4 (CIDR, Pfizer Animal Health,
São Paulo, SP, Brazil) and/or 48 h TW on reproductive
performance of postpartum anestrous crossbred Nelore (Bos
indicus) × Angus (Bos taurus) cows (n = 286) throughout
the BS. Experimental groups consisted in (1) no treatment;
(2) 48 h TW beginning on d 0 of BS; (3) CIDR device
between d-7 and 0 of BS; (4) CIDR device between d-7
and 0 of BS followed by 48 h TW. Artificial inseminations
following detection of estrous behavior were performed
between d 0 and 25 of BS, and cows were submitted to natural
service between d 26 and 80 of BS. Results are shown in
Table 1. Detection of estrus rates during the first 3 d and
within 25 days of BS were higher in cows receiving TW and
conception rate in cows inseminated in the first 3 d of BS
was greater in cows treated with P4. Combining P4 with
TW increased pregnancy rate in the first 3 d and in 25 d
of BS, but pregnancy rate at the end of BS did not differ
among treatment groups. Therefore, combining P4 with TW
improved the percentage of cows becoming pregnant at the
beginning of the BS by direct benefits on estrus detection and
conception rates. Despite effectiveness in inducing cyclicity
in postpartum cows, the treatments described above have
the inconvenience of being dependent on estrus detection,
which is a limiting factor in Bos indicus cattle, as previously
discussed.
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Table 1: Percentage of cows inseminated (first 3 d and 25 d of breeding season), conception (first 3 d and from d 4 to 25 of breeding season)
and pregnancy rates (first 3 d, 25 d, and in 80 d of breeding season) in anestrous Nelore (Bos indicus) × Angus (Bos taurus) crossbred cows
treated or not treated with an intravaginal insert containing 1.9 g of progesterone (CIDR) between days −7 to 0 of breeding season and/or
48 h temporary weaning (TW) between d 0 and 2 of breeding season. Adapted from Vasconcelos et al. [4].

Dependent variable
Without CIDR With CIDR

Without TW With TW Without TW With TW

% cows inseminated (3 d)bc 2.7% (2/73) 48.6% (34/70) 17.8% (13/73) 41.4% (29/70)

Conception (3 d)ac 50.0% (1/2) 8.8% (3/34) 46.1% (6/13) 58.6% (17/29)

Pregnancy rate (3 d)ab 1.4% (1/73) 4.3% (3/70) 8.2% (6/73) 24.3% (17/70)

Conception (4–25 d) 50.0% (7/14) 16.7% (2/12) 50.0% (4/8) 60.0% (3/5)

% cows inseminated (25 d)b 21.9% (16/73) 60.0% (42/70) 28.8% (21/73) 48.6% (34/70)

Pregnancy rate (25 d)ac 10.9% (8/73) 7.1% (5/70) 13.7% (10/73) 28.6% (20/70)

Pregnancy rate (80 d) 58.9% (43/73) 65.7% (46/70) 61.6% (45/73) 58.6% (41/70)
aCIDR (P < .05); bTW (P < .05); cCIDR × TW (P < .05).

Treatments developed since the last decade have precisely
controlled follicular and luteal development, as well as
ovulation, allowing AI without the need for detection of
estrus (i.e., fixed-time AI; TAI) and regardless of cycling
status. Because the main challenges of cattle under tropical
climates are the long length of postpartum acyclicity and
the low estrus detection rates, these protocols for syn-
chronization of ovulation can have large positive impacts
on reproductive efficiency of beef cattle. Three steps are
necessary for the success of a synchronization of ovulation
protocol. First, a new follicular wave has to be recruited
in manner to group follicles of all cows at a similar and
known stage of development. Currently, there are two main
pharmacological approaches to synchronize the emergence
of a new follicular wave during synchronization of ovulation
protocols: (1) inducing ovulation of the dominant follicle by
administration of gonadotropins or gonadotropin released
hormone (GnRH; e.g., Ovsynch protocol [30]), or (2)
inducing follicular atresia by administration of estrogens
associated with P4 [31]. Protocols using P4 + estradiol are
less expensive and have been shown to be more efficient in
postpartum cows under tropical climates than those based
on synchronization of follicular wave emergence with GnRH
[32]; the reason for this difference and other particularities
of these two approaches will be further discussed. The
second step of a synchronization of ovulation protocol is a
decrease in circulating concentrations of P4 for the beginning
of proestrus and development of the ovulatory follicle,
which can be performed by induction of luteolysis with
prostaglandin F2α (PGF2α) analogues, such as dinoprost or
cloprostenol, and by the withdrawal of P4 inserts. When
cow is known to be in anestrus, treatments with PGF2α-
analogues are not necessary, since a corpus luteum (CL) is
not present; however, at most times, it is not practical to
evaluate the presence of CL in every treated cow, so luteolytic
drugs must be administered to all animals. One important
characteristic to be considered is that PGF2α treatment is
ineffective in inducing luteolysis during the first 5 d of estrous
cycle [33] and, therefore, the treatments with P4 inserts
for at least 6 d prior to administration of PGF2α ensures

that all cows have a CL with luteolytic capacity, improving
the likelihood of response to the treatment. In Bos indicus
cows with a CL older than 7 d, a 50% reduction in the
recommended dose of dinoprost tromethamine (12.5 mg)
when administered intramuscularly was as effective in caus-
ing luteolysis as the standard recommended dose (25 mg;
Table 2 [17]).

Induction of ovulation is the third step of a TAI
protocol and can be performed with drugs that aim to cause
ovulation of potential preovulatory follicles. Induction of
ovulation can be achieved using hormones such as human
chorionic gonadotrophin (hCG) or luteinizing hormone
(LH), which act directly on follicles, or hormones that induce
a preovulatory surge of LH such as GnRH or esters of
estradiol. However, because intervals between injection and
ovulation vary for each product, a special care must be taken
to schedule the protocol in a manner to inseminate cows at
a proper time relative to ovulation. Previous studies have
indicated that replacing GnRH by esters of estradiol in TAI
protocols results in similar pregnancy rates. For example,
pregnancy rates in Bos indicus cows receiving GnRH-based
protocols did not differ when ovulatory stimulus after
luteolysis was GnRH or estradiol benzoate (EB [34]). In
another study with protocols using P4 associated with
estradiol in Bos indicus cows, EB, estradiol cypionate (ECP),
and GnRH resulted in similar synchronization, conception,
and pregnancy rates (Table 2 [17]). Because ECP is less
expensive than GnRH treatment and time of administration
requires less labor than does EB treatment (EB treatment has
to be administered 24 h after P4 insert withdrawal and 30 h
before TAI, requiring cows to be handled once more than in
ECP and GnRH treatments), ECP treatment, administered
concurrently with P4 insert withdrawal and 48 h before TAI,
was indicated by the authors as the ovulatory stimulus to be
used in synchronization protocols in Bos indicus cows. It is
important to note that the efficiency of the second and third
steps is closely related to the efficacy of the first step of a
synchronization of ovulation protocol. Thus, TAI protocols
using different approaches for synchronizing the follicular
wave will be discussed in more detail.



4 Veterinary Medicine International

Table 2: Ovulation, conception, and pregnancy rates of suckled Bos indicus cows submitted to a synchronization of ovulation protocol using
progesterone associated with estradiol having different dosages of PGF2α (Study 1), ovulatory stimuli (Study 2), and uses of intravaginal
progesterone insert (Study 3 and 4). Adapted from Meneghetti et al. [17].

Item Ovulation rate Conception rate Pregnancy rate

Study 1-PGF2α dosagea

Half-dose 88.7% (110/124) 69.2% (76/110) 61.3% (76/124)

Full-dose 94.4% (119/126) 68.2% (81/119) 64.3% (81/126)

Study 2-Ovulatory stimulusb

ECP 89.5% (282/315) 56.7% (160/282) 50.8% (160/315)

EB 90.9% (289/318) 57.1% (165/289) 51.9% (165/318)

GnRH 91.0% (284/312) 59.5% (169/284) 54.2% (169/312)

Study 3-CIDR usesc

CIDRn 91.7% (496/541) 56.0% (278/496) 51.4% (278/541)

CIDR9d 90.6% (482/532) 59.3% (286/482) 53.8% (286/532)

CIDR18d 90.1% (373/414) 55.8% (208/373) 50.2% (208/414)

Study 4-CIDR usesc

CIDRn 79.7% (55/69) 54.5% (30/55) 43.5% (30/69)

CIDR9d 80.0% (144/180) 61.1% (88/114) 48.9% (88/180)

CIDR18d 83.9% (188/224) 60.1% (113/188) 50.4% (113/224)

CIDR27d 85.7% (90/105) 57.8% (52/90) 49.5% (52/105)
aCows were treated with 12.5 mg (Half-dose) or 25 mg (Full-dose) dinoprost tromethamine on d 7 of a protocol using progesterone associated with benzoate
estradiol. Progesterone devices were maintained between d 0 and 9, and fixed-time AI were performed on d 11. Ovulation was induced with estradiol benzoate
administered on d 10. Dependent variables were not affected by PGF2α dosage (P > .10).
bCows were treated with estradiol cypionate (ECP) on d 9, estradiol benzoate (EB) on d 10, or gonadotropin releasing (GnRH) hormone on d 11 relative to
initiation of a protocol using progesterone associated with benzoate estradiol. Progesterone devices were maintained between d 0 and 9, and fixed-time AI
were performed on d 11. Dependent variables were not affected by ovulatory stimulus (P > .10).
cCows received a nonpreviously used CIDR (CIDRn), a CIDR used previously for 9 d (CIDR9d), a CIDR used previously for 18 d (CIDR18d), or a CIDR
used previously for 27 d (CIDR27d) at initiation of the protocol. Dependent variables were not affected by CIDR type (P > .10).

2.1.1. Synchronization Protocols Using Progesterone in Associ-
ation with Estradiol. Treatment with P4 plus estradiol effi-
ciently suppressed FSH and follicular growth, synchronizing
follicular wave emergence in bovine females regardless of the
stage of follicular development at the time of treatment [31].
Although there is a range (3 to 6 d) in the time that follicular
wave begins [35, 36], this treatment resulted in satisfactory
results in both anestrous and cycling beef cows [37] and was
more efficient in postpartum cows under tropical climates
than those based on synchronization of follicular wave emer-
gence with GnRH [32]. Furthermore, these protocols provide
exogenous P4 necessary to prevent premature luteolysis after
first postpartum ovulation. Meneghetti et al. [17] developed
a synchronization of ovulation protocol for postpartum
Bos indicus cows aiming to (1) synchronize follicle wave
emergence with P4 plus estradiol; (2) increase dominant
follicle development with an intravaginal P4 insert plus
TW; (3) prevent premature luteolysis after a synchronized
ovulation by treating anestrous cows before the synchronized
ovulation with P4; (4) reduce the cost of the protocol
by decreasing the dosage of PGF2α, replacing GnRH with
estradiol as an ovulatory stimulus, and using the same P4
insert more than one time. The protocol consisted in a CIDR
insertion + 2 mg of EB on d 0, CIDR withdrawal + 12.5 mg
of dinoprost tromethamine + 0.5 mg of ECP + TW on d 9,
TAI + reunite calves with their dams on d 11, and resulted
in synchronization rate ∼90% and pregnancy rate ∼50%
(Tables 2 and 3). Moreover, with this protocol, the CIDR

may be used as many as 4 times with no negative effects on
pregnancy rates (Table 2).

In a retrospective study [18], factors affecting pregnancy
rates of heifers and cows treated with the synchronization
of ovulation protocol developed by Meneghetti et al. [17]
were assessed. Lactating and nonlactating beef cows and
heifers from various locations in Brazil during the 2006-
2007 (n = 27,195) and 2007-2008 (n = 36,838) BS were
submitted to the same basic synchronization of ovulation
protocol described above. In both breeding seasons, the cattle
were from the same 71 farms in 7 Brazilian states. Cows
were managed according to local procedures, and in all places
nutritional management was based only on grass pastures
with water and appropriate ad libitum access to a mineral
supplement. Each BS lasted from October until March of
the following year but varied among farms. Only data from
cows with no recorded reproductive abnormalities were
used for analysis. Pregnancy was diagnosed by transrectal
ultrasonography at 28 to 35 d after TAI. Pregnancy rate
did not differ between BS. Grouping data from 2006-
2007 and 2007-2008 BS, overall pregnancy rate at TAI was
49.6% (31,786/64,033). Pregnancy rate did not differ among
location but varied among farm within location (results
ranging between 26.8% and 68.0%) and cow group within
farms. During the 2006-2007 BS, pregnancy rate ranged from
29.5% to 40.0% at 10 farms; from 40.1% to 50.0% at 26
farms; from 50.1% to 60.0% at 30 farms; from 60.1% to
65.0% at 5 farms. During the 2007-2008 breeding season,
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pregnancy rate ranged from 26.8% to 40.0% at 11 farms;
from 40.1% to 50.0% at 27 farms; from 50.1% to 60.0% at
27 farms; from 60.1% to 68.0% at 6 farms. Pregnancy rate
was affected by breed (Bos indicus: 48.3% [26,123/54,145];
Bos taurus: 61.7% [3,652/5,922]; crossbred Bos indicus × Bos
taurus: 50.7% [2,011/3,966]), category (nulliparous: 39.6%
[2,095/5,290]; suckled primiparous: 45.2% [3,924/8,677];
suckled multiparous: 51.8% [24,245/46,767]; nonsuckled
multiparous: 46.1%[1,522/3,299]), BCS at TAI (≤2.5: 43.0%
[3,409/7,923]; 3.0: 49.6% [18,958/38,229]; ≥3.5: 52.7%
[9,419/17,881]). Days postpartum at beginning of proto-
col did not affect pregnancy rate (30 to 60 d: 47.6%
[4,228/8,881]; 61 to 90 d: 51.7% [16,325/31,572]; 91 to 150 d:
50.8% [7,616/14,991]). Pregnancy rate was also consistently
affected by sire (results ranging from 7.2% to 77.3%) and AI
technician (results ranging from 15.1% to 81.8%). Therefore,
the benchmark of a 50% pregnancy rate at TAI in Bos
indicus cattle was shown to be achievable with the protocol
developed by Meneghetti et al. [17], and differences in breed,
BCS, category, sire, and AI technician may account for some
of the variation in reproductive performance that occurs
between and within farms.

In another study evaluating additional strategies to
improve fertility in Bos indicus cows submitted to the
treatment proposed by Meneghetti et al. [17], the treatment
with 400 IU equine chorionic gonadotropin (eCG), but
not with FSH, was shown to improve pregnancy rates
in postpartum cows similarly to TW (Table 3 [18]). The
length of the half-life of eCG is relatively long [38], and
it has the capacity to bind to both LH and FSH receptors
[39], which may stimulate theca and granulosa cells of
the dominant follicle [40] and also P4 secretion by the
early corpus luteum [32]. It is likely that eCG treatment
potentially improves follicular development and provides
a more adequate endocrine environment during proestrus
(greater circulating estradiol concentrations) and diestrus
(greater circulating P4 concentrations), which is favorable for
fertility. Interestingly, treatments with either 200 or 400 IU
eCG did not improve conception or pregnancy rates in cows
that were temporarily weaned (Table 3 [18]), indicating that
TW likely stimulated adequate secretion of LH in a manner
that additional gonadotropin support may not be required
for final follicular development. Thus, the protocol using
P4 plus estradiol in postpartum Bos indicus cows must be
associated with TW or eCG, but not with both.

2.1.2. Synchronization Protocols Using GnRH. Protocols
using GnRH and PGF2α have afforded acceptable results in
Bos taurus females (pregnancy rate >50% [41, 42]), but lower
pregnancy rates have been reported for Bos indicus cows
[24, 34, 43]. However, a commercial source of estradiol is not
available for estrous cycle manipulation in many countries
so other products (e.g., GnRH, LH, or hCG) have been
used to induce ovulation of dominant follicles and follicular
wave synchronization. The mechanism by which GnRH
induces new wave emergence is based on inducing ovulation
of dominant follicles, and its success is dependent on the
presence of a dominant follicle with ovulatory capacity at

the time of treatment, which is acquired when ovarian
follicles are >8.5 mm in diameter in Bos indicus cattle [13].
In cows ovulating to the GnRH treatment, the emergence
of a new follicular wave was described to occur within 2 d
[44]. The induction of ovulation in a high percentage of
treated cows at the start of treatment is critical for obtaining
satisfactory results, as shown previously in dairy cattle [45].
However, the likelihood of ovulation to a GnRH treatment
is lower in anestrous than in cycling cows [24, 46], because
follicles become atresic in a short time after the acquisition
of ovulatory capacity [14]. Furthermore, anestrous cows that
do not ovulate to the first ovulatory stimulus but ovulate to
the second are likely to have premature luteolysis because
ovulation occurs with no pre-exposure to P4 [4, 24, 29].
Although in GnRH-based protocols exogenous P4 can be
provided between first and second ovulatory stimuli to
avoid premature luteolysis, cows not ovulating to the first
ovulatory stimulus do not have synchronized follicular wave,
reducing the probability of success of the protocol [24, 45].
These are some of the reasons why TAI protocols using
P4 + estradiol have been shown to be more efficient in
postpartum cows under tropical climates than those based
on synchronization of follicular wave emergence with GnRH
[32], and highlight the importance of the ovulation to the
first ovulatory stimulus for the success of these protocols.

In a series of two studies in suckled Bos indicus cows
(Experiment 1: n = 139; Experiment 2: n = 376) submitted
to a GnRH-based protocol for synchronization of ovulation,
the effects of TW (48 h) prior to each ovulatory stimulus
were evaluated [24]. Treatments consisted in GnRH on d
0 followed by PGF2α on d 7 and EB on d 8, and cows
undergoing TW or not before GnRH (TW1) and/or TW after
PGF2α (TW2). In Experiment 1, anestrous cows receiving
TW1 had greater follicular diameter on d 0 (10.6 versus
9.9 mm) and greater ovulation rate to GnRH treatment
(85.4 versus 49.0%) than cows not receiving, whereas in
cycling cows, there was no effect of TW1 on those dependent
variables. Regardless of cyclicity, cows receiving TW2 had
larger follicular diameter on d 9 (10.8 versus 10.4 mm) and
greater ovulation rate to EB treatment (79.1 versus 58.3%)
than cows not receiving TW1. In Experiment 2, pregnancy
rates at TAI, which was performed 30 h after EB treatment,
were greater in cows receiving both TW1 and TW2 than
in those not receiving TW1 and TW2 (29.8 versus 10.6%).
Thus, the inclusion of TW in strategic times of GnRH-based
protocols may improve fertility by causing an increase on
follicular development and ovulation rates.

When circulating concentrations of P4 are maintained
between 1 and 2 ng/mL, the period of dominant follicle
growth is prolonged due to an increase on the frequency
of LH pulses [47]. Based on this rationale, it is plausible to
speculate that prolonged treatments with P4 in anestrous
cows may have beneficial effects of follicular development
and, consequently, on the likelihood of ovulation to a GnRH
treatment. Sá Filho et al. [48] evaluated treatments with
P4 and TW to increase the size of follicle prior to the first
ovulatory stimulus of a GnRH-based protocol in Bos indicus
cows (n = 283) and, based on their results, indicated the
following protocol: CIDR insertion on d 0 (am), CIDR
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Table 3: Ovulation, conception, and pregnancy rates of suckled Bos indicus cows submitted to a synchronization of ovulation protocol using
progesterone associated with estradiol having different strategies to improve fertility. Adapted from Sá Filho et al. [18].

Item Ovulation rate Conception rate Pregnancy rate

Study 1-eCG to replace TWa

Control 81.9% (181/221) 50.8% (92/181) 41.6% (92/221)

eCG300 80.8% (168/208) 57.7% (97/168) 46.6% (97/208)

eCG400 83.9% (187/223) 64.7% (121/187) 54.3% (121/223)

TW 86.6% (207/239) 59.4% (123/207) 51.5% (123/239)

Study 2-FSH to replace eCGb

TW — — 41.9% (83/198)

eCG400 — — 43.3% (81/187)

Folltropin — — 34.3% (74/216)

Pluset — — 32.1% (36/112)

Study 3-eCG associated with TWc

TW 88.9% (264/297) 158/264 (59.8) 53.2% (158/297)

TW + eCG200 93.0% (278/299) 155/278 (55.7) 51.8% (155/299)

TW + eCG400 90.0% (261/291) 152/261 (58.2) 52.2% (152/291)
aCows received no treatment (Control), 300 IU of eCG (eCG300), 400 IU of eCG (eCG400), or temporary weaning (48 h; TW) on d 9 relative to initiation of
an ovulation synchronization protocol. Pregnancy rates were greater in eCG400 and TW treatments than in Control (P < .05).
bCows received temporary weaning (48 h; TW), 400 IU of eCG (eCG400), 20 mg of Folltropin (Folltropin-FSH), or 20 mg of Pluset (Pluset-FSH) on d 9
relative to initiation of an ovulation synchronization protocol. Pregnancy rates were greater in eCG400 and TW treatments than in Folltropin and Pluset
(P < .05).
cCows received temporary weaning (48 h; TW), temporary weaning + 200 IU of eCG (TW + eCG200), or temporary weaning + 400 IU of eCG (TW +
eCG400) on d 9 relative to initiation of an ovulation synchronization protocol. Dependent variables were not affected by treatments (P > .10).

withdrawal + TW on d 7 (am), GnRH + reunite calves with
their dams on d 9 (am), PGF2α + TW on d 15 (pm), and TAI
+ GnRH + reunite calves with their dams on d 17 (pm). This
protocol resulted in 94.4% of ovulation in response to the
first GnRH treatment, 95.8% of ovulation in response to the
second GnRH treatment, and rates of conception (number
of pregnant cows divided by the number of ovulated cows)
and pregnancy (number of pregnant cows divided by the
number of treated cows) of 55.1% and 52.8%, respectively
[48]. These rates are greater than previous reports in beef
cows, and synchronized ovulation rates to the second GnRH
injection were similar between anestrous and cycling cows.
In another experiment presented in the same manuscript,
Sá Filho et al. [48] compared the effects of the inclusion
of a CIDR between first GnRH and PGF2α treatments of a
synchronization protocol consisting of TW on d 0, GnRH
+ reunite calves with their dams on d 2, PGF2α + TW on
d 8, and TAI + GnRH + reunite calves with their dams on
d 10, however, pregnancy rates were similar between cows
receiving (28.5% [43/151]) and not receiving a CIDR (32.7%
[49/150]). Because treatments with exogenous P4 associated
with GnRH-based synchronization protocols were described
to improve fertility in anestrous Bos taurus females [41, 42]
and 51% of cows in the study of Sá Filho et al. [48] were
cycling, further studies are required for a better knowledge
of the feasibility of this type of treatment in anestrous Bos
indicus cattle.

2.2. Special Circumstances

2.2.1. Prepubertal Heifers. In cow-calf enterprises using Bos
indicus breeds, it is relatively common to find heifers with age

and body weight adequate for the establishment of puberty,
but that are still prepubertal. The key factor responsible
for establishment of puberty is an increase in LH release
from the anterior pituitary, in response to GnRH from the
hypothalamus [49]. Treatment for 12 d with a new CIDR
or a CIDR that had previously been used three times, with
each use occurring for 9 d, hastened puberty and improved
estrus detection and pregnancy rates at the beginning of
the BS in prepubertal Bos indicus heifers (Figure 1 [15]).
However, the use of a CIDR that had previously been used
three times resulted in greater follicular diameter at the
end of treatments, conception in 7 d of BS, and pregnancy
rate in 45 d of breeding than the treatment with a new
CIDR (Table 4 [15]). Thus, a previously used CIDR insert
is preferable to a new CIDR to induce puberty and improve
reproductive performance during the BS in prepubertal
Bos indicus heifers. Furthermore, in prepubertal Bos indicus
heifers with adequate age and puberty, the treatment with
P4 for 12 d may be used prior to the synchronization
of ovulation, aiming to increase the percentage of cycling
animals at the beginning of treatments.

2.2.2. Pubertal Nulliparous Heifers and Nonlactating Cycling
Cows. In cycling cattle treated with exogenous sources of
P4, such as CIDR inserts, circulating concentrations of P4,
that are a result of the P4 released by the CL + the P4
released by the insert, may be elevated to levels above
the optimal. For instance, TAI protocols in Bos indicus
postpuberal heifers and nonlactating cows have resulted
in lower pregnancy rates than in anestrous cows [18, 50].
Carvalho et al. [51] and Meneghetti et al. [17] found negative
effects of elevated circulating concentrations of P4 during
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Table 4: Reproductive endpoints in prepubertal Bos indicus heifers that received, between d-12 and 0, no treatment (CIDR0), a new
intravaginal insert containing 1.9 g of progesterone (CIDR1), or a similar intravaginal insert that had previously been used three times
(CIDR4). The breeding season started on d 1 and consisted of AI after estrus detection between d 1 and 45 and exposure to bulls between d
46 and 90. Adapted from Claro Júnior et al. [15].

Dependent variable
Treatment

CIDR0 CIDR1 CIDR4

Progesterone on d 0, ng/mLa 0.37± 0.16 2.31± 0.11 1.20± 0.11

Follicle diameter on d 0, mma 9.45± 0.24 9.72± 0.17 11.42± 0.16

Uterine score on d 0a 1.49± 0.06 1.88± 0.04 2.24± 0.04

Interval to estrus, da 4.4± 0.28 3.48± 0.13 3.24± 0.14

Estrus detection in 7 d, %(n)a 19.5 (22/113) 42.6 (101/237) 39.3 (94/239)

Conception rate in 7 d, %(n)a 27.3 (6/22) 33.7 (34/101) 46.8 (44/94)

Pregnancy rate in 7 d, %(n)a 5.3 (6/113) 14.3 (34/237) 18.4 (44/239)

Estrus detection in 45 d, %(n)a 52.2 (59/113) 72.1 (171/237) 75.3 (180/239)

Pregnancy rate in 45 d, %(n)a 27.4 (31/113) 39.2 (93/237) 47.7 (114/239)

Pregnancy rate in 90 d, %(n)a 72.6 (82/113) 83.5 (198/237) 83.7 (200/239)
aTreatment (P < .05).

the synchronization protocols on fertility in cattle, probably
because high circulating concentrations of progesterone
during the protocols reduced LH pulse frequency [52] and
inhibited dominant follicle development [47] . Peres et al.
[53] evaluated strategies to increase fertility of Bos indicus
postpubertal heifers and nonlactating cows submitted to a
fixed-time artificial insemination (TAI) protocol consisting
of a CIDR insertion + EB on d 0, CIDR withdrawal + ECP
on d 9, and TAI on Day 11. In the first study, pubertal heifers
(n = 1,153) received a new or an 18-d previously used CIDR
and, on d 9, PGF2α + 0, 200, or 300 IU eCG. Heifers treated
with a new CIDR had greater serum concentration of P4 on
d 9 (3.06 ± 0.09 versus 2.53 ± 0.09 ng/mL) and a smaller
follicle at TAI (11.61± 0.11 versus 12.05± 0.12 mm). Heifers
with smaller follicles at TAI had lesser serum progesterone
concentrations on d 18 and reduced rates of ovulation,
conception, and pregnancy (P < .05). Treatment with eCG
improved follicle diameter at TAI (11.50±0.10, 11.90±0.11,
and 12.00± 0.10 mm for 0, 100, and 200 IU, resp.), serum P4
concentration on d 18 (2.77 ± 0.11, 3.81 ± 0.11, and 4.87 ±
0.11 ng/mL), and the rates of ovulation, and pregnancy rate
(Table 5 [53]). In a further study, nonlactating Bos indicus
cows (n = 702) received PGF2α treatment on d 7 or 9 and,
on d 9, 0 or 300 IU eCG. Cows receiving PGF2α on d 7 had
lesser serum P4 concentrations on d 9 (3.05 ± 0.21 versus
4.58±0.21 ng/mL), a larger follicle at TAI (11.54±0.21 versus
10.84± 0.21 mm; P < .05), and improved rates of ovulation,
conception, and pregnancy (Table 5 [53]). Treatment with
eCG improved serum P4 concentration on d 18 (3.24± 0.14
versus 4.55 ± 0.14 ng/mL) and the rates of ovulation and
pregnancy (Table 5 [53]). Thus, giving PGF2α earlier in
the protocol and eCG treatment may improved fertility of
cycling cattle submitted to TAI protocols using P4 associated
with estradiol.

2.2.3. First-Calving Cows. As previously discussed, the intake
of nutrients during the postpartum period in primiparous
cows is not sufficient to meet requirements for growth as

well as lactation. This characteristic of first-calving cows
contribute to a condition of deep postpartum anestrus and
for poor pregnancy rates in primiparous cows, such that
many producers maintain nonpregnant primiparous cows
in their herds to be inseminated during the subsequent BS.
Before the decade of 1990, when treatments for induction of
cyclicity had not been well developed yet, many producers
in Brazil adopted the strategy of beginning the BS in
heifers BS earlier than in cows, in manner to permit
heifers to calve earlier and have more d postpartum at the
subsequent BS. With this management, producers assumed
that primiparous cows with greater d postpartum were more
likely to spontaneously resume estrous cyclicity, having a
greater likelihood of pregnancy in BS using natural service
or conventional AI.

Primiparous cows experience a dramatic linear decrease
on BCS during the first postpartum months. Because BCS
is one of the primary factors affecting the probability of
pregnancy in TAI protocols, Meneghetti and Vasconcelos [3]
hypothesized that a longer interval between calving and TAI
could be deleterious to fertility in primiparous cows. In their
study in Brazil, Meneghetti and Vasconcelos [3] observed
that crossbred Nelore × Angus heifers (n = 155) calving in
September, October, and November had a reduction of 0.84,
0.53, and 0.17 points, respectively, in their BCS (scale from
1 to 5) from calving to December; in this same study, Bos
indicus heifers calving in September, October, and November
experienced a reduction of 0.86, 0.47, and 0.17 points in
their BCS from calving to December [3]. Thus, d postpartum
was negatively related with BCS regardless of genetic group.
Moreover, authors found a lower pregnancy rate in cows
(n = 538) with lower BCS, and this effect occurred
regardless of genetic group or synchronization protocol (P4
+ estradiol or GnRH-based). Therefore, in ranches using TAI
in primiparous cows, it is not recommended to anticipate
heifers BS, and TAI protocols must be started as soon as
30 d postpartum for cows to be AI before a loss of BCS. It
is important to consider that this effects was observed in
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Table 5: Ovulation, conception, and pregnancy rates of Bos indicus pubertal heifers (Study 1) and nonlactating cows (Study 2) submitted to
a synchronization of ovulation protocol using progesterone associated with estradiol having different strategies to improve fertility. Adapted
from Peres et al. [53].

Item Ovulation rate Conception rate Pregnancy rate

Study 1-CIDR uses and eCGa

CIDR 1st use/0 IU eCG 84.3% (161/191) 49.1% (79/161) 41.4% (79/191)

CIDR 1st use/200 IU eCG 89.9% (169/188) 51.5% (87/169) 46.3% (87/188)

CIDR 1st use/300 IU eCG 94.6% (177/187) 52.0% (92/177) 49.2% (92/187)

CIDR 3rd use/0 IU eCG 83.4% (176/211) 49.4% (87/176) 41.2% (87/211)

CIDR 3rd use/200 IU eCG 87.2% (170/195) 54.7% (93/170) 47.7% (93/195)

CIDR 3rd use/300 IU eCG 93.9% (170/185) 47.1% (80/170) 44.2% (80/181)

Study 2-Time of PGF2α treatment and eCGb

PGF2α d 7/0 IU eCG 80.3% (143/178) 59.4% (85/143) 47.7% (85/178)

PGF2α d 7/300 IU eCG 90.7% (156/172) 62.1% (97/156) 56.4% (97/172)

PGF2α d 9/0 IU eCG 64.4% (112/174) 42.0% (47/112) 27.0% (47/174)

PGF2α d 9/300 IU eCG 89.3% (159/178) 50.9% (81/159) 45.5% (81/178)
aPubertal heifers received a nonpreviously used CIDR (1st use) or a CIDR used previously for 18 d (3rd use) at initiation of a TAI protocol, and 0, 200, or
300 IU of eCG on d 9 relative to CIDR insertion, in a 2 × 3 factorial design. There were effects of eCG treatment on ovulation, conception, and pregnancy
rates (P < .05).
bNonlactating cows were treated with 12.5 mg of dinoprost tromethamine on d 7 (48 h before CIDR withdrawal; PGF2α d 7) or on d 9 (immediately after
CIDR withdrawal; PGF2α d 9), and 0 IU of eCG or 300 IU of eCG on d 9 of an ovulation synchronization protocol. There were effects of time of PGF2α
treatment on ovulation, conception, and pregnancy rates (P < .05); eCG affected ovulation and pregnancy rates (P < .05).

the central Brazil, where the weather is characterized by two
distinct seasons (a rainy season, from October to March,
and a dry season, from April to September, in manner that
during the dry season and beginning of rainy season, pastures
have forage with low quantity and quality (high lignin; low
protein). The characteristics of each region may contribute
for a more or a less severe negative effect of d postpartum on
fertility of primiparous cows submitted TAI protocols, and
this must be considered for producers.

2.2.4. Ranches Using Natural Service. Although the synchro-
nization of ovulation technique has resolved some challenges
of the tropical cattle and allowed producers to inseminate a
greater percentage of their cows, more than 90% of bovine
females in tropical areas are bred by natural service. Besides
the fact that ranching in these areas is often extensive, which
difficult the adoption of reproductive biotechnologies such
as TAI, unfortunately many producers view these advances
either as not needed, as not feasible, and(or) as uneco-
nomical. Therefore, sometimes inefficiencies in Bos indicus
beef cattle are restricted more by geography, environment,
economics, and social traditions of the producers than by
biologic factors.

As previously discussed, combining pretreatment with
P4/progestogens and TW enhanced the proportion of post-
partum cows that exhibited estrus behavior and conceived
during a BS [4]. Melengestrol acetate-based protocols are
useful tools to be used in conjunction with natural service
mating systems for beef cows because oral administration of
the progestin is practical and requires limited management
of the animals. Sá Filho et al. [19] proposed a protocol
that effectively induced estrous cyclicity among Bos indicus
anestrous cows, synchronized estrus activity, and prevented
premature luteolysis with no negative effect on conception.

The protocol consisted in 0.5 mg/d of melengestrol acetate
between d-14 and -1; 2.0 mg i.m. injection of ECP on d-
9; 48 h TW between d 0 and 2, natural service beginning
on d 0. In postpartum Bos indicus cattle treated with this
protocol, pregnancy rates in 10, 40, and 70 d of BS were,
respectively, 38.2% (100/262), 56.9% (149/262), and 67.6%
(177/262), whereas in nontreated cows (Control), these rates
were 11.0% (27/245), 36.7% (90/245), and 64.5% (158/245),
respectively. Therefore, even in systems using less technology,
it is possible to improve fertility of cows receiving natural
service, by induction of cyclicity with this simple treatment.

3. Conclusions

Currently, there are hormonal treatments allowing producers
to reach the benchmark of 50% of pregnancy rate at TAI
and increase the percentage of cows becoming pregnant
by AI at the beginning of the BS. Thus, ranches have
optimized labor and increased the weight at weaning of the
calves by assembling genetic improvement and concentrating
births to the most adequate season. In Bos indicus cattle,
protocols must provide a source of exogenous P4 and
stimulate the final development of the dominant follicle. In
postpartum cattle, this stimulus may be provided by TW
or eCG treatment, whereas in nonlactating cycling cattle
that may be provided by eCG or advancing the time of
PGF2α treatment. The particularities within the Bos indicus
genetic group must be considered for the decision about
what protocol will result in better pregnancy rates. Regardless
of synchronization protocol, differences in BCS, category,
sire, and AI technician may account for some of the variation
in reproductive performance that occurs between and within
farms, and should be always considered to anticipate and
improve results.
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“Effects of dominant follicle aspiration and treatment with
recombinant bovine somatotropin (BST) on ovarian follicular
development in Nelore (Bos indicus) heifers,” Theriogenology,
vol. 54, no. 3, pp. 421–431, 2000.

[11] E. S. Sartorelli, L. M. Carvalho, D. R. Bergfelt, O. J. Ginther,
and C. M. Barros, “Morphological characterization of follicle
deviation in Nelore (Bos indicus) heifers and cows,” Theri-
ogenology, vol. 63, no. 9, pp. 2382–2394, 2005.

[12] R. Sartori, P. M. Fricke, J. C. P. Ferreira, O. J. Ginther, and M. C.
Wiltbank, “Follicular deviation and acquisition of ovulatory
capacity in bovine follicles,” Biology of Reproduction, vol. 65,
no. 5, pp. 1403–1409, 2001.
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[48] O. G. Sá Filho, E. R. Vilela, T. W. Geary, and J. L. M.
Vasconcelos, “Strategies to improve fertility in postpartum
multiparous Bos indicus cows submitted to a fixed-time
insemination protocol with gonadotropin-releasing hormone
and prostaglandin F2α,” Journal of Animal Science, vol. 87, no.
9, pp. 2806–2814, 2009.

[49] M. L. Day, K. Imakawa, P. L. Wolfe, R. J. Kittok, and J. E.
Kinder, “Endocrine mechanisms of puberty in heifers. Role
of hypothalamo-pituitary estradiol receptors in the negative
feedback of estradiol on luteinizing hormone secretion,”
Biology of Reproduction, vol. 37, no. 5, pp. 1054–1065, 1987.

[50] C. C. Dias, F. S. Wechsler, M. L. Day, and J. L. M. Vasconcelos,
“Progesterone concentrations, exogenous equine chorionic
gonadotropin, and timing of prostaglandin F2α treatment
affect fertility in postpuberal Nelore heifers,” Theriogenology,
vol. 72, no. 3, pp. 378–385, 2009.

[51] J. B. P. Carvalho, N. A. T. Carvalho, E. L. Reis, M. Nichi,
A. H. Souza, and P. S. Baruselli, “Effect of early luteolysis
in progesterone-based timed AI protocols in Bos indicus, Bos
indicus × Bos taurus, and Bos taurus heifers,” Theriogenology,
vol. 69, no. 2, pp. 167–175, 2008.

[52] M. S. Roberson, M. W. Wolfe, T. T. Stumpf, R. J. Kittok, and J.
E. Kinder, “Luteinizing hormone secretion and corpus luteum
function in cows receiving two levels of progesterone,” Biology
of Reproduction, vol. 41, no. 6, pp. 997–1003, 1989.

[53] R. F. G. Peres, I. C. Júnior, O. G. Sá Filho, G. P. Nogueira,
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The present study determines fertilization rate and number of embryos on Day 2 after intrauterine insemination (IUI) and
deep intrauterine insemination (DIUI) using frozen-thawed (FT) boar semen in multiparous sows. Twelve crossbred Landrace ×
Yorkshire multiparous sows were included. The sows were inseminated at 24 h after oestrus detection and reinseminated every 12 h
until ovulation took place. The inseminations were conducted using IUI with 2 × 109 FT sperm per dose (n = 6) and DIUI with
1 × 109 FT sperm per dose (n = 6). The sows were slaughtered at 45.1 ± 7.2 h after ovulation. Embryos and unfertilized oocytes
were flushed from the oviducts. IUI yielded a better fertilization rate than DIUI (66.0% versus 31.0%, P < .001). The number of
embryos was 13.5± 2.7 and 6.6± 3.2 embryos/sow in IUI and DIUI groups, respectively (P = .08). The proportion of sows having
unilateral fertilization was higher in the DIUI (3/5) than the IUI group (1/6). In conclusion, IUI with at least 2× 109 total number
of FT boar spermatozoa is recommended.

1. Introduction

Recently, new procedures for artificial insemination (AI)
in pigs have been established, namely, intrauterine insem-
ination (IUI) and deep intrauterine insemination (DIUI).
These techniques were developed to maximize the efficacy
of utilizing boar spermatozoa, especially for the vulnerable
cells, for example, frozen-thawed (FT) spermatozoa [1]
and sex-sorted spermatozoa [2]. Using these techniques,
each insemination required 3 to 20 times less numbers of
spermatozoa than conventional AI [3–5]. This is due to
the fact that the loss of spermatozoa after IUI or DIUI via
semen back flow and phagocytosis by polymorphonuclear
leukocytes in the uterus is diminished [6, 7]. It has been
demonstrated that the number of spermatozoa in the sperm
reservoir at 24 h after insemination was not different between
conventional AI and IUI with a reduced number of fresh
spermatozoa [4]. However, Tummaruk et al. [5] found

a significantly lower number of spermatozoa recovered from
the female genital tract after DIUI with a 20-fold reduction
in the sperm dose compared to conventional AI.

Under field conditions, conventional AI with a relatively
high number of FT spermatozoa (5 to 6 × 109 sperm per
dose) resulted in 20% to 30% lower farrowing rate (FR)
and a decrease of 2 to 3 total number of piglets born per
litter (TB) compared to fresh semen [8–10]. This indicates
that conventional AI may not be a suitable insemination
procedure for FT semen in pigs and, therefore, IUI or
DIUI techniques might be appropriate for improving fertility
results of FT spermatozoa. Under filed conditions, only a
limited number of studies on the in vivo fertility of sows after
DIUI and IUI with frozen-thawed boar semen have been
conducted [1, 11, 12]. Roca et al. [11] found that a single
AI by DIUI with 1 × 109 FT spermatozoa in hormonally
treated sows resulted in 78% FR and 9.3 TB, which were
not significantly different from those achieved after DIUI



2 Veterinary Medicine International

with fresh spermatozoa (76% FR and 9.6 TB). In addition,
Boları́n et al. [1] found that a FR of over 80% and 10 TB
could be achieved after DIUI with 1 × 109 FT spermatozoa
in spontaneously-ovulating sows if the insemination was
performed close to the time of ovulation. For IUI, Mezalira et
al. [6] found that both the pregnancy rate, determined at 20
to 23 days after IUI using real-time B-mode ultrasonography,
and the number of embryos at 34 to 40 days of gestation
tended to be lower after IUI using extended fresh semen with
0.25× 109spermatozoa (78.6% pregnancy rate, 12.8 embryos
per sow) compared with 0.5 to 1 × 109 spermatozoa (85.7
to 88.9% pregnancy rate, 14.3 to 14.5 embryos per sow).
The authors suggested that IUI should be conducted with
at least 0.5 × 109 fresh spermatozoa per dose [6]. Although
the number of spermatozoa, fertilization rate, and number
of embryos after IUI and DIUI in sows with extended fresh
semen have been reported [5, 13, 14], these reproductive
parameters after IUI and DIUI with FT spermatozoa have not
been carefully determined.

Under experimental conditions, the use of 150 × 106

extended fresh spermatozoa for DIUI in spontaneous ovu-
lating sows resulted in a higher percentage of partial and
unilateral fertilizations and a lower percentage of viable
embryos than conventional AI [13]. In addition, Tummaruk
and Tienthai [14] demonstrated that DIUI with 150 ×
106 spermatozoa per dose resulted in a lower number of
spermatozoa in the sperm reservoir at 24 h after insemina-
tion compared with conventional AI and IUI. These studies
imply that either sperm distribution or number of fertilized
embryos retrieved after IUI or DIUI with a certain number
of spermatozoa per dose should be carefully determined
before practical implementation. The fertilization rate and
number of embryos after the use of either IUI or DIUI
techniques for insemination with FT boar spermatozoa has
not been investigated. The objective of the present study was
to evaluate fertilization and number of embryos on Day 2
after IUI and DIUI using FT boar semen in multiparous
sows.

2. Materials and Methods

2.1. Animals. The experiment was conducted at an exper-
imental unit at the Farm Animal Hospital, Faculty of Vet-
erinary Science, Chulalongkorn University, Nakorn Pathom,
Thailand. Animal welfare and treatment were approved by
the faculty’s ethical committee (Animal use protocol no.
0731055). Fourteen Landrace × Yorkshire crossbred sows
with parity numbers 8 to 14 were brought from a commercial
pig herd to the experimental unit at weaning. All sows
were allocated to individual pens adjacent to an adult boar.
The sows were fed with a commercial ration (Betagro 306,
Betagro-Agro group Co., Ltd., Nakorn-pathom, Thailand)
twice a day. The feed contained approximately 15% crude
protein, 3,000 kcal/kg metabolisable energy and 0.9% lysine,
as-fed basis. Water was provided ad libitum via water nipple.

Detection of oestrus and ovulation: The sows were
allowed to have snout-to-snout contact with a mature boar
daily from one day after weaning onwards. Pro-oestrus signs,

that is, reddening and swelling of the vulva, were determined
twice a day (am/pm). Once the pro-oestrous signs were
found, the sows were carefully examined for standing oestrus
every 4 h by allowing the sows to have contact with a mature
boar for 5 to 10 min; thereafter, the back pressure test
was performed. Sows that exhibited a standing reflex were
considered to be in oestrus. The onset of oestrus was assigned
as 2 h before the first standing reflex was detected. Only
the sows that showed standing oestrus within 7 days after
weaning were included in the experiment. Ovulation was
investigated every 4 h, starting from 24 h after oestrus, using
transrectal ultrasonography (Echo camera SSD-550, Aloka
co. ltd., Tokyo, Japan). The time of ovulation was defined as
2 h after the last detection of follicles on the ovaries [15, 16].

2.2. Semen Collection and Cryopreservation. The semen used
for all inseminations was obtained from a Yorkshire boar.
Sperm-rich fraction was collected using the gloved-hand
method. Semen was kept in an insulated thermos flask
during transport to the laboratory and accomplished within
40 min after collection. Only ejaculates with ≥70% motile
spermatozoa were included. Ejaculates were cryopreserved
using the procedure previously described by Buranaamnuay
et al. [12]. Briefly, the sperm-rich fractions were extended
(1 : 1, v/v) in Beltsville Thawing Solution (BTS; Minitüb Ltd.,
Abfüll-und Labortechnik GmbH and Co. KG, Tiefenbach,
Germany) and cooled to 15◦C for 2 h. After centrifugation
at 800× g for 10 min, the pellets were diluted in lactose-
egg yolk (LEY) extender (80 mL of 11% lactose solution and
20 mL egg yolk) to a concentration of 1.5 × 109 cells per
mL. After further cooling to 5◦C over a 90-minute period,
diluted sperm were resuspended with another extender
(LEY extender, 9% glycerol and 1.5% Equex STM Paste;
Nova Chemical Sales Inc., Scituate, MA, USA) to a final
concentration of 1× 109 sperm per mL. The processed sperm
were packed into 0.5 PVC-french straws (Bio-Vet, Z.I. Le
Berdoulet, France) and frozen by placing in liquid nitrogen
(LN2) vapor approximately 3 cm above the level of LN2 for
20 min before the straws were plunged into LN2.

2.3. Thawing. Thawing was achieved by immersing the
straws in 50◦C of water for 12 sec. Immediately after thawing,
the semen was diluted (1 : 4) with an extender consisting
of 95% BTS and 5% LEY extender. The addition of LEY
extender prevents the sperm from sticking to the glass and
was used during motility analysis. The extended thawed
semen was incubated in a 38◦C water-bath for 30 min before
evaluation of sperm motility. The motility of spermatozoa
was estimated subjectively using a light microscope at
400x magnification. FT semen containing ≥35% motile
spermatozoa was used for insemination.

2.4. Insemination. The sows were randomly assigned at
weaning into two groups, IUI and DIUI, according to ear
tag and parity number and were inseminated with FT boar
semen. The sows were inseminated at 24 h after the onset
of oestrus and repeated every 12 h until ovulation took
place. Both IUI and DIUI were conducted in gestation crates.
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A deep insemination device (Deep goldenpig catheter, IMV
Technologies, L’Aigle, France) was used for IUI [17]. After
the extended FT semen was inseminated, 2 mL of BTS exten-
der was flushed to force remaining semen in the catheter.
For DIUI, a conventional AI catheter (Goldenpig, IMV
Technologies, L’Aigle, France) was manipulated through the
vagina into the cervix. Thereafter, a DIUI device (length
180 cm, out diameter 4 mm, and working inner channel of
1.8 mm; Firflex, Magapor, Ejea de los Caballeros, Spain)
was inserted through the AI catheter, handled through the
cervix and propelled forward along one uterine horn. A
syringe containing 1 × 109 total sperm in 10 mL of BTS was
connected to the device. After insemination, 2 mL of BTS
extender was flushed before slowly removing the device.

2.5. Recovery of Embryos and Oocytes. Sows were slaughtered
at about 48 h after ovulation. The reproductive organs,
that is, the uterine horns, the oviducts, and the ovaries
were collected. The number of corpora lutea (CL) was
counted on both ovaries and was assumed to be the
number of ovulations. Each oviduct was separated from the
uterus and flushed with 20 mL of TCM 199 Hepes 38◦C
from the infundibulum through the uterotubal junction
in order to obtain embryos and oocytes. Examination of
the retrieved embryos and oocytes was performed under a
stereomicroscope (40x).

2.6. Definition. The recovery rate was defined as the number
of embryos and oocytes recovered divided by the number
of CL, multiplied by 100. Fertilization was assumed when at
least 2 cells-stage embryos were found. The fertilization rate
was determined as the number of embryos (≥2 cells) divided
by the sum of embryos and oocytes recovered and multiplied
by 100. Bilateral fertilization was assumed when embryos
could be retrieved from both oviducts, and unilateral
fertilization was assumed when embryos were found in only
the unilateral side of the oviduct. The conception rate was
defined as the number of sows having ≥4 embryos divided
by the total number of sows inseminated, multiplied by 100.

2.7. Statistical Analysis. The statistical analysis was per-
formed using Statistical Analysis System (SAS) version 9.0
(SAS Institute Inc., Cary, NC, USA). The numbers of CL,
embryos and oocytes were analyzed using the General
Linear Model (GLM) procedure of SAS. The model included
insemination groups (IUI versus DIUI) as an independent
variable. Least-square means were compared between groups
using the least significant different (LSD) test. The numbers
of CL between the left and the right ovaries were compared
using paired t-test. Recovery rate, fertilization rate and
conception rate were compared between IUI and DIUI
groups using Fisher’s exact test. Differences were considered
to be significant at P < .05.

3. Results

Of the 14 sows, one sow was excluded because the weaning-
to-oestrus interval was >7 days and one sow was excluded

Table 1: Means ± standard error of the mean (SEM) of weaning-
to-oestrus interval, oestrus-to-ovulation interval, interval from last
insemination to ovulation, interval from ovulation to slaughter,
number of inseminations, number of ovulations, recovery rate,
fertilization rate, percentage of sows having ≥1 embryo, conception
rate and percentage of unilateral fertilization after intrauterine
(IUI) and deep intra-uterine insemination (DIUI) using frozen-
thawed boar semen in multiparous sows.

Parameters Insemination procedure

IUI DIUI

Number of sows 6 6

Weaning-to-oestrus interval
(h)

68.0 ± 3.4a 72.6 ± 6.4a

Oestrus-to-ovulation interval
(h)

48.6 ± 3.1a 50.3 ± 5.8a

Interval from last
insemination to ovulation (h)

1.4 ± 0.7a 4.3 ± 1.9a

Interval from ovulation to
slaughter (h)

46.6 ± 2.4a 43.8 ± 4.7a

Number of inseminations 3.0 ± 0.0a 3.1 ± 0.3a

Number of ovulations 23.8 ± 2.5a 21.3 ± 1.6a

Number of embryos 13.5 ± 2.7a 5.5 ± 3.2a

Recovery rate (%)
85.3

(122/143)a
82.0

(105/128)a

Fertilization rate (%)
66.4

(81/122)a
31.4

(33/105)b

Left oviduct
70.9

(39/55)
26.7

(12/45)

Right oviduct
62.7

(42/67)
35.0

(21/60)

Percentage of sows having ≥1
embryo (%)

100.0
(6/6)a 83.3 (5/6)a

Conception rate (%) 83.3 (5/6) 33.3 (2/6)

Percentage of unilateral
fertilization (%)

16.7 (1/6) 60 (3/5)

a,bMeans with different superscripts within rows differed significantly (P <
.001).

because the recovery rate after the embryo collection was
below 20%. Therefore, the results in this study were based
on 12 sows (IUI, n = 6 and DIUI, n = 6) (Table 1).

Of the 12 sows, the weaning-to-oestrus interval was 70.3
± 12.2 h (range 52 to 96 h). Ovulation took place at 49.6
± 10.9 h (range 35.0 to 72.0 h) after the onset of oestrus.
The sows were slaughtered at 45.1 ± 7.2 h (range 31 to 54 h)
after ovulation. On average, number of ovulations was 23.8
± 6.2 and 21.3 ± 4.0 in IUI and DIUI groups, respectively,
(P = .424) (Table 1). The number of ovulations from the left
and the right ovaries did not differ significantly (10.5 ± 2.9
and 12.1 ± 5.8 for the left and right ovary, resp., P = .488).

The recovery rate, fertilization rate, and number of
embryos in the IUI and DIUI groups are presented in
Table 1. The overall recovery rate was 83.3%. The recovery
rate did not differ significantly between IUI (85.3%) and
DIUI (82.0%) groups (Table 1). The fertilization rate did
not differed significantly between the left and the right sides
of the oviducts in both IUI and DIUI groups (Table 1).
Fertilization occurred in all of the sows in the IUI group
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(6/6, 100%) and in 5 out of 6 sows in the DIUI group (5/6,
83.3%) (P = 1.00). The fertilization rate after IUI (81/122,
66.4%) was higher than DIUI (31/105, 31.4%) (P < .001).
Fertilization took place on both sides of the oviducts in 5 out
of 6 sows in the IUI group (5/6, 83.3%) and in 2 out of 5 sows
in the DIUI group (2/6, 33.3%) (P = .242). The number
of embryos after IUI (13.5 ± 2.7 embryos per sow) tended
to be higher than after DIUI (5.5 ± 3.2 embryos per sow)
(P = .08). The stages of embryos retrieved were between 2
and 8 cells.

On average, the interval from last insemination to
ovulation was 3.0 ± 4.1 h (range 0 to 12 h). The interval
from last insemination to ovulation in the IUI group was 1.4
± 1.5 h (range 0 to 3 h) and in the DIUI group was 4.3 ±
5.2 h (range 0 to 12 h) (P = .257) (Table 1). In the DIUI
group, the interval from last insemination to ovulation of
more than 6 h was observed in 2 out of 6 sows. Of these
two sows, one sow had unfertilized oocytes on both sides
of the oviduct and another sow had embryos on one side
of the oviduct (unilateral fertilization). After excluding these
two sows, the fertilization rate in the IUI group remained
higher than the DIUI group (66.4% versus 50.0%, P = .039).
Additionally, after exclusion of the two sows which ovulated
later than 6 h after DIUI, the average number of embryos
per sow improved slightly from 5.0 to 8.0 embryos per sows
(P = .289).

4. Discussion

The present study demonstrates that fertilization could
possibly occur on both sides of the sow’s oviducts after
either IUI or DIUI in some sows. This indicates the
feasibility of using a low number of FT spermatozoa for
artificial insemination in pig. Using either IUI or DIUI
procedures, the sperm can be transported via the genital
tract of the females to successfully fertilize the oocytes.
This finding is in agreement with previous studies in which
extended fresh semen was used for IUI [4] and DIUI
[3, 5, 13]. Martinez et al. [3] stated that spermatozoa
deposited in only one uterine horn by DIUI can migrate to
the contralateral oviduct and fertilize the oocytes via both
transuterine and transperitoneal migrations. Nevertheless,
DIUI with 150 × 106 chilled sperm diluted in 10 mL
extender per dose in spontaneously ovulating sows resulted
in unilateral and partial fertilizations in some sows 10,24].
This probably resulted from too low spermatozoa number
and/or semen volume used. However, when the number
of spermatozoa was increased to 600 × 106 sperm, no
evidence of unilateral fertilization was observed [13]. All
of these findings suggest that when DIUI is performed,
the number of spermatozoa and/or the volume of the
extended semen have to be high enough to establish an
adequate sperm population in the sperm reservoirs so
that fertilization could be accomplished in both oviducts.
In the present study, a low fertilization rate, unilateral
fertilization, and low number of embryos per sow were
observed in the DIUI group. This was probably due to either
a too low number of sperm or volume of the FT semen
used.

It has been demonstrated that the FT boar spermatozoa
remain viable in the female reproductive tract for 6 h after
insemination [7, 18, 19]. In the present study, the interval
from the last insemination to ovulation of more than 6 h
was observed in 2 out of 6 sows in the DIUI group. Of these
two sows, one sow had unfertilized oocytes on both sides of
the oviducts and another sow had embryos on only one side
of the oviduct (unilateral fertilization). Our results confirm
earlier findings that the risk of incomplete fertilization or
unilateral fertilization may increase when the insemination
is carried out too early relative to ovulation [20, 21]. Using
extended fresh spermatozoa, optimal fertilization rates and
number of embryos could be obtained when insemination
was performed during 0 to 24 h before ovulation [18, 22].
However, unilateral fertilization has also been observed even
when a single conventional AI is performed during 0 to
8 h before ovulation in gilts [18]. In the present study,
unilateral fertilization was observed even in the sows (2 sows
in the DIUI group) inseminated within 3 h after ovulation.
Therefore, regardless of the interval from insemination to
ovulation, unilateral fertilization could occur. Based on these
findings, to improve fertilization and the number of embryos
after DIUI with FT boar semen, both the semen volume and
the total number of spermatozoa should be increased.

In the present study, the percentage of sows with
unilateral fertilization was higher in the DIUI than the IUI
group. This suggests that DIUI with a total number of 1
× 109 FT spermatozoa per dose may not be sufficient for
complete fertilization in spontaneously ovulating sows. It is
well-documented that several factors are important for the
formation of the functional sperm reservoir in the female
oviducts, including selective binding of spermatozoa to the
oviductal epithelium [23]. The sperm population that enters
the sperm reservoirs depends on the number of spermatozoa
inseminated [14, 24]. Nonetheless, spermatozoa that are able
to attach to the oviductal epithelium of the sperm reservoir
must be viable and remain non capacitated [25–27]. In
general, about 40% to 50% of the sperm population die
after the freezing and thawing process [28] and some of the
viable spermatozoa may lose their fertilizing capacity due to
capacitation-like changes [29]. Therefore, a low number of
viable sperm used in the present study may not be enough to
stimulate the formation of the functional sperm reservoirs in
some sows. An earlier study has demonstrated that a lower
number of spermatozoa were found in the sperm reservoir
at 24 h after DIUI with a reduced number of extended fresh
spermatozoa compared to IUI and conventional AI [14].

In the present study, the number of embryos per sow in
the DIUI group tended to be lower than in the IUI group.
Earlier studies have found that the number of embryos
and/or TB in sows inseminated using the DIUI procedure
with a low number of extended fresh spermatozoa was lower
than after conventional AI [5, 13, 30, 31]. These findings
suggest that the low number of embryos per sow after
DIUI with a relatively low number of spermatozoa might
be due to incomplete and/or partial fertilization. Moreover,
in the present study, the proportion of sows with at least 4
embryos tended to be higher after IUI compared to DIUI.
It is speculated that a higher FR might be obtained after
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IUI with 2 × 109 FT spermatozoa compared to DIUI with
1 × 109 FT spermatozoa.

In conclusion, IUI and DIUI with relatively low numbers
of FT boar spermatozoa resulted in either unilateral or
bilateral fertilization. The fertilization rates and number
of embryos on Day 2 after IUI were higher than DIUI.
Therefore, IUI with at least 2 × 109 total number of FT boar
spermatozoa is recommended.
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Eighteen mature, nonpregnant, and indigenous South African does were randomly divided into two groups to test if their
vomeronasal organs exert an influence on LH plasma levels during a Whitten effect experimental trial. Does in the treatment (VNO
ablated) group had their vomeronasal organs rendered nonfunctional by cauterization of the nasoincisive duct under surgical
anesthesia. Does in the control group had their nasal civities irrigated with physiological saline under surgical anesthesia. All does
were synchronized into oestrus and introduced to bucks one day prior to their expected second oestrus cycle. Successful matings
were recorded. Timely blood samples were collected during each of the five days before and five days after buck introduction.
Blood plasma concentrations of estradiol and LH were determined by radioimmunoassay. Analysis of variance between groups
demonstrated that the does in the VNO ablated group did not demonstrate any interest in mating, did not become pregnant, and
did not demonstrate the primary increase in tonic plasma levels of LH that is necessary for ovulation to occur. By contrast, all of
the does in the control group demonstrated successful matings, became pregnant, and demonstrated typical primary tonic level
increases and preovulation surges in LH. Thus, it was concluded that the vomeronasal organ modulates the primary increase in
tonic levels of LH and thus influences ovulation that occurs during the Whitten effect in South African indigenous does.

1. Introduction

The “Whitten (male) effect” results in the synchronization
of ovulation in a group of anoestrous female animals in
the presence of a novel, sexually matured male of the same
species [1]. This male effect has been researched in laboratory
rodents [2–4] and its principles have been employed in the
teasing technique to synchronize parturitions in flocks of
ewes [5–9] and herds of does [10, 11].

In all studies conducted, this male effect results in an ele-
vation of plasma concentrations of Luteinizing Hormone [9,
12–14], which is a prerequisite in the sequence of endocrine
events leading to ovulation [15]. The secretion of Luteinizing
Hormone (LH) from the gonadotrophs in the Pars Distalis
of the Hypophysis (pituitary gland) is controlled entirely by
the secretion of Luteinizing Hormone Releasing Hormone

(LHRH) from the parvicellular neurons of the hypothalamus
[16].

Many factors have regulatory nervous inputs onto the
neurosecretory cells of the hypothalamus. Studies have
investigated the possibility that the sight, sound, and/or smell
of the novel male could all have stimulatory inputs onto the
hypothalamus that could modulate the secretion of LH [17–
21]. However, several studies suggested that the LH response
in females resulted from pheromones emanating from the
male animal [17, 22–24]. Pheromones, which are detected by
the vomeronasal organ [25], are known to influence a variety
of animal activities from sexual maturation to maternal
offspring recognition during nursing [3, 26–41].

The vomeronasal organ (VNO) in small ruminants is
morphologically constructed for the detection of pheromo-
nes. It consists of two blind ending, epithelial-lined tubes that



2 Veterinary Medicine International

are enclosed in a “C”-shaped cartilage, situated on each side
of the base of the nasal septum [42]. Each tube has only one
rostral opening into the nasoincisive duct that, in turn, opens
onto the floor of the nasal cavity, just caudally to the nasal
vestibule and into the oral cavity on each side of the incisive
papillae, just caudally to the dental pad [42]. The sensory
epithelium, which lines one side of each VNO, possesses
chemical receptors that are specific for pheromones [43, 44],
and these specific receptors have only been identified in the
epithelial lining of the VNO [44, 45]. This sensory epithelium
gives origin to nerves that pass through the cribriform plate
of the ethmoid bone in close association with the nerves
arising from the olfactory region of the nasal cavity [46].
The vomeronasal nerves bend around the dorsal margin
of the olfactory bulb to reach the accessory olfactory bulb,
which lies on the dorsal surface of the olfactory peduncle at
the caudal margin of the olfactory bulb [47]. Nerve fibers
from the accessory olfactory bulb project to the medial and
cortical amygdaloid nuclei, which give rise to fibers to the
medial preoptic area and the medial hypothalamus [48]. This
pathway from the accessory olfactory bulb is distinct and
separate from the connections of the main olfactory bulb to
other central cortical areas [49].

Thus, the VNO is connected to areas of the brain
identified with gonadotropin releasing hormone production
[50]. An LH surge has been produced by stimulation of the
accessory olfactory bulb [51], as well as any of its cortical
projection areas such as the medial and cortical amygdaloid
nuclei [52, 53] and the medial portion of the bed nucleus
of the stria terminalis [52, 54]. The accessory olfactory bulb
receives all of its sensory input from the VNO [47].

It has also been demonstrated that the LHRH secretory
hypothalamic neurons migrate from the VNO rudiment in
the embryonic nasal placode to the hypothalamic region of
the embryonic brain via an aberrant branch of the caudal
vomeronasal nerve [55–59]. This aberrant branch travels
separately and directly to the hypothalamic region without
first passing to the accessory olfactory lobe, as is the case
for all the other vomeronasal nerves [60]. Thus, there is a
possibility that a direct connection exists between the VNO
and the LHRH neurons of the hypothalamus that would
influence LH secretion through pheromonal stimulation in
the adult animal. Therefore, the purpose of this investigation
was to determine what influence is exerted by a functional
VNO on plasma levels of LH during the “Whitten effect” in
does.

2. Materials and Methods

2.1. Animals. The Animal Use and Care Committee of the
Faculty of Veterinary Science at the University of Pretoria
approved this research project in goats. The experiment
was initiated during the spring season in the southern
hemisphere (September to November), in an attempt to
insure that all does would be in the anoestrus stage of
their reproductive cycle. Eighteen sexually mature, non-
pregnant, and indigenous South African does of the same
age (three years of age) were acquired from the Mara
Agricultural Development Center, where yearly breeding

records demonstrated that each doe had a minimum of
two successful kidding seasons. At the Faculty of Veterinary
Science within the University of Pretoria, the does were
randomly divided into either a VNO-ablated group or a
control group. Random selection was achieved by blindly
drawing each separate animal ear tag number and sequen-
tially allocating the animal to either a control group or a
VNO-ablated group. The VNO of each of the nine does
in the VNO-ablated group was rendered nonfunctional by
means of surgical cauterization of the nasopalatine duct in
the small animal surgical unit at the Faculty of Veterinary
Science, University of Pretoria. Anesthesia was produced
in each VNO-ablated doe via an intravenous injection of
Thiopentone (15 mg/kg body weight). The oral openings
(right and left) of the nasopalatine ducts were located just
caudal to the dental pad, on either side of the incisive papilla.
The ends of a cauterizing forceps were inserted to the level
of the nasal opening of the ducts. Cauterization was then
initiated (using the maximum power setting) while slowly
withdrawing the forceps through the oral openings of the
ducts. This procedure completely closed the duct to each
VNO situated on either side of the nasal septum. One month
after the above procedure was completed, the success of the
duct closure was determined by observing the healing of the
oral mucosa over the oral opening of the nasopalatine ducts.
All does assigned to the VNO-ablated group demonstrated
complete closure of the vomeronasal ducts. Thus, the does
in this group had normal olfactory ability; however, sensory
information could not reach their vomeronasal organs. The
nine does in the control group were anesthetized as in the
treatment group; but their nasal cavities were irrigated only
with 2 mL of normal saline. Thus, both the olfactory system
and the vomeronasal system remained functional in this
group of does.

2.2. Housing. After recovery from anesthesia, all does were
transferred to and housed together in the Small Stock
Unit (covered research arena) at the Hatfield Experimental
Research Farm of the University of Pretoria, where they
remained isolated from bucks for 30 days. This postsurgical
healing period allowed for sufficient animal adaptation to
the experimental surroundings. During this time, all does
were fed a balanced, mixed, and pelleted maintenance ration,
allowed free access to water, and were vaccinated against
pulpy kidney and pasteurella.

2.3. Oestrus Synchronization and Blood Sampling. All does
were sonar scanned for pregnancy before synchronization
was begun. Oestrus synchronization was accomplished by
two intramuscular injections (0.5 mL per doe, per injec-
tion) of Lutalyse (Pharmacia Animal Health—a division of
Pfizer Laboratories, Craighall, Johannesburg, South Africa),
administered 10 days apart. The first injection occurred at
12:00 h and this was considered time 0:00 h of Day 0 of the
trial. Thus, the second injection of Lutalyse was given at
12:00 h of Day 10 of the trial. Vaginal sponges (“Ovakron
tampons”: DNAfrica Anipharm Pty. Ltd., Pretoria, South
Africa), containing 40 mg flugestone acetate, were inserted
into the vagina of each doe immediately after the second
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injection of Lutalyse and removed 14 days later (12:00 h of
Day 24 of the trial). The does were allowed a 21 day recovery
period, after which the bucks were introduced at 12:00 h of
Day 45 of the trial. Thus, the does were allowed one full
oestrus cycle, prior to the introduction of the bucks, in order
to eliminate possible carry-over effect of the Lutalyse and
progesterone treatments.

All blood samples were collected via External Jugular
Venipuncture using 10 mL heparinized Vacutainer tubes
(Becton, Dickinson and Company, Plymouth, United King-
dom). Blood sampling (12 hourly intervals) commenced
at 12:00 h on Day 40 of the trial and continued until
24:00 h of Day 44, after which the blood sampling frequency
was increased to every four hours for the next 36 hours.
After the blood samples were collected at 12:00 h of Day
45, six matured Saanen bucks (from the university’s male
breeding stock) were introduced to all the does that were
housed together at the Small Stock Unit. Constant behavioral
observations of the bucks with the does were made and each
doe undergoing a successful mating was recorded during the
first 36 hours after the introduction of the bucks. The bucks
remained with the does for three weeks from introduction
and then males and females were separated for the remainder
of the experiment. After collection of the blood samples at
20:00 h on Day 45, the frequency of blood collection was
decreased to every twelve hours for the next three days.
All blood samples were immediately centrifuged and the
collected plasma samples were stored at −15 degrees Celsius
for subsequent analysis for Estradiol and LH concentrations.

Ten weeks after the bucks were introduced, the does
were sonar scanned for pregnancy. This was used as a
preliminary indirect parameter to assess the response of the
does subsequent to the introduction of bucks during the
nonbreeding season.

2.4. Analyses of Plasma Samples. Estradiol and LH plasma
concentrations were determined using the Beckman Coul-
ter Access Immunoassay System (a paramagnetic particle,
chemiluminescent immunoassay). The data were analyzed by
means of the ANOVA procedure on SAS (2001). Categorical
data were analyzed by means of log-linear analysis and
multiple comparisons tested by means of the Bonferroni
technique for unbalanced data.

3. Results

3.1. Conception Rates. Sonar scans, performed before syn-
chronization began, demonstrated no pregnancies in any doe
within either the control or VNO-ablated groups. All does
in both the VNO-ablated and control groups demonstrated
negligible concentrations of LH, indicative of anoestrus,
prior to the introduction of the bucks (Figure 2). One doe
in the VNO-ablated group died of pulpy kidney during the
postsurgical healing period. Records from successful matings
demonstrated that none of the does in the VNO-ablated
group showed any interest in mating and none were mated
during the first 36 hours after the introduction of the bucks.
This was in contrast to the does in the control group, which

were all mated during the first 36 hours after the introduction
of the bucks. Ultrasonography, performed on the does ten
weeks after the introduction of the bucks, indicated that
none (0.0%) of the eight remaining does in the VNO-ablated
group became pregnant. All (100.0%) of the nine does in the
control group were found to be pregnant.

3.2. Estradiol and Luteinizing Hormone Concentrations. Over
all mean estradiol concentration in blood samples from
does in the control group (78.515 pmol/L) did not dif-
fer compared to the does in the VNO-ablated group
(75.318 pmol/L). When estradiol concentrations were com-
pared across time of sampling, there were no significant
differences between the VNO-ablated and control groups
(Figure 1). Both groups demonstrated elevated concentra-
tions of estradiol prior to the introduction of the bucks
and a significant drop of estradiol concentrations at four
hours after the introduction of the bucks. Estradiol levels
stabilized between four and 20 hours after buck intro-
duction and then another drop in estradiol concentrations
occurred at 24 hours after the introduction of the bucks
(Figure 1).

Over all mean LH concentrations were also only
marginally higher (P = .10) in the control does (0.372 iu/L)
when compared to the VNO-ablated does (0.289 iu/L).
Comparisons of the LH concentrations during the 32 hours
period after the introduction of the bucks demonstrated
a significant absence (P < .027) of detectable LH con-
centrations in the VNO-ablated group during the first 16
hours (Figure 2), while the control group demonstrated an
elevation in plasma concentrations of LH during this time
period. This was followed by a surge in LH levels in both
groups (Figure 2) during the last 16 hours of the blood-
sampling period. There were no significant differences in
LH concentrations between groups during this surge in
LH concentrations, within the last 16 hours of the blood-
sampling period.

4. Discussion

In this study, the 100% conception rate obtained among
the does within the control group indicated that all does
in this group ovulated. Similarly, the 0% conception rate
among the anoestrus does within the VNO-ablated group
of this experiment was identical to the 0% ovulation rate
in anoestrus female rats in which the nasal openings of the
VNO were sealed by electrocauterization [3].

It might be argued that ovulation could have occurred
without being accompanied by oestrus. However, most silent
ovulations occur between 41 hours to a few days after the
introduction of males [7, 61, 62]. The males in this study
were introduced just prior to the expected second oestrus
cycle after synchronization and remained with the does for
three weeks. Thus, the males were with the females through
the second and, where applicable, the third ovulation period
after synchronization. Also, the male : female ratio was 1 : 3
and therefore was low enough to ensure that the males would
have serviced all females that had ovulated.
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Figure 1: Mean plasma concentrations and standard deviations of estradiol in does in the control (C) and treatment (T) groups versus hours
before and after the introduction of bucks.

Since all of the anoestrus does in the VNO-ablated
group did not become pregnant, as compared to the 100%
conception rate of the anoestrus does in the control group, it
does appear that the VNO is involved in the synchronization
of oestrus and that a functional VNO has an influence on
ovulation, during the male effect, in anoestrus, indigenous,
South African goats. Similarly, the observations that the
anoestrus does in the VNO-ablated group (does with
functional main olfactory systems) did not demonstrate any
aspects of the Whitten effect indicates that the main olfactory
system is not involved in the Whitten effect in the South
African indigenous goat.

The male effect is known to cause increased plasma
concentrations of LH, which are a prerequisite for ovulation
[9, 12–15]. There are normally two increases in plasma
concentrations of LH in the ewe: a primary increase in
tonic levels, that is, lower in plasma concentration than
the following preovulatory surge [12]. The primary increase
is believed to sensitize the ovary and to be necessary for
ovulation to occur during the preovulatory surge [9, 13]. The
anoestrus does, in the control group in this investigation,
demonstrated two elevations in plasma concentrations of
LH similar to the descriptions in the sheep [12]. The
primary increase in tonic levels of LH began at four hours,
reached a peak at eight hours, and decreased to minimal
values at 16 hours after the introduction of the bucks.
This rise in tonic levels of LH was followed by a much
higher preovulatory surge that reached a peak at 24 hours
after the introduction of the bucks (expected day of the
second ovulation after synchronization of the trial). The time
between the introduction of males and the initial rise in LH

plasma concentrations has been reported in ewes to vary
from 10 minutes to 52 hours [7, 9, 12–14], with the average
delay being 17–18 hours [9]. A male-induced ovulation in
ewes has been considered to be the result of a prevulatory
surge of LH occurring within 30 hours of introduction of
the ram [63]. Thus, the appearance of an initial rise in
plasma concentration of LH occurring within the first 16
hours, followed by a more pronounced surge in LH plasma
concentrations occurring at 24 hours after the introduction
of the bucks, in the does within the control group in this
investigation, is consistent with that reported in ewes.

When the overall means of plasma LH levels were
compared between groups, there was a significant difference
between groups only at the 10 percent confidence level. This
observation of nonsignificance was not supported by the
significant difference in conception rates between the two
groups in this experiment. Therefore, treatment interactions
were statistically analyzed and when the plasma LH levels
between groups were compared across time of sampling,
there was a highly significant (P < .027) absence of any
detectable plasma LH levels during the first 16 hours after
the introduction of the bucks among the does in the VNO-
ablated group. This was similar to the absence of an LH surge
in female rats with their VNOs removed when compared to
the LH surges in female rats with intact VNOs [64]. Since
it has been demonstrated in studies with sheep that only
ewes which ovulated had a primary increase in tonic levels
of LH [9], the absence of an increase in the tonic levels
of LH, among the does in the VNO-ablated group in this
experiment, would explain the 0% conception rate among
the anoestrus does in this group. The VNO-ablated group
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Figure 2: Mean plasma concentrations and standard deviations of LH in does in the control (C) and the treatment (T) groups versus hours
before and after the introduction of bucks.

did not have the “ovarian priming effect” of the primary
increased in tonic levels necessary for ovulation to occur
during the surge of LH and, therefore, did not ovulate nor
become pregnant.

This absence of an increase in the tonic levels of LH
occurred only in the group of does with blocked vomeronasal
organs, in spite of the fact that all other sensory modalities
were operational in this group. Thus, it does appear that
the vomeronasal organ modulates the increase in tonic
levels of LH required for ovulation during the male effect
in indigenous South African goats. This modulation is
hypothesized to result from the direct neuronal connection
existing between the VNO sensory epithelium and the
LHRH hypothalamic neurons that was established by the
embryonic migrations of the LHRH neurons along a branch
of the caudal vomeronasal nerve, a branch which completely
bypasses the accessory olfactory lobe and its subsequent
cortical nerve projections [55–60]. This hypothesis supports
the “VNO-mediated LHRH release” conclusions drawn from
a study in female rats, in which the LH surge in the treatment
group, with their VNOs removed, was significantly lower
than the normal LH surge in the control group, with intact
VNOs [64].

Although the VNO-ablated group did not demonstrate
an increase in the tonic levels of LH, this group did
demonstrate a preovulatory surge at the same time and
magnitude as the control group. This preovulatory surge
could have resulted from the positive feedback effects of
normal oestrogen secretion from the ovaries, as well as,
from the additive stimulatory inputs onto the hypothalamic
neurons by such factors as sight, sound, or even smell

(olfactory stimulation) from the sexual activities of the
males during the period of introduction [20, 65–70]. In
goats, a combination of exteroceptive factors from the
buck are known to cause maximal stimulation of oestrus
and ovulation in does [71]. Thus, although absence of
stimulation from the VNO resulted in absence of an increase
in tonic levels of LH, additive sensory input from other
factors onto the LHRH hypothalamic neurons caused the
preovulatory surge of LH in the VNO-ablated group of does
similar to the preovulatory surge in LH in the control group
in this experiment. However, these additive stimuli were not
sufficient to evoke ovulation without the increase in tonic
levels of LH brought about by sensory stimulation from the
VNO.

It might be considered that the LH differences could
be due to differences in ovarian function between the two
groups. However, estradiol concentrations have been used as
an indicator of ovarian function [7]. The estradiol levels of all
the does in this experiment were demonstrated to be normal
and there were no significant differences between the two
groups. This was similar to the no changes in the fluctuating
pattern of estradiol concentrations when ewes were exposed
to rams [7]. Thus, normal ovarian function occurred in both
groups of does during this investigation.

5. Conclusions

Therefore, it was concluded that the main olfactory system
is not involved in the Whitten effect in the South African
indigenous goat. It was also concluded that blockage of
the vomeronasal ducts results in an absence of conception,
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which resulted from an absence in the increase in tonic
levels of LH from the pituitary gland required for ovulation
to occur during the Whitten (male) effect in anoestrus,
South African indigenous goats. Thus, the VNO modulates
the primary increase in tonic levels of LH necessary for
ovulation to occur in the South African indigenous goat.
This modulation is hypothesized to occur via a direct
nervous pathway from the VNO to the hypothalamus in
the adult that was established by the embryonic migration
of the LHRH secretory neurons. However, additive sensory
input onto the LHRH hypothalamic neurons from other
exteroceptive factors modulates the preovulatory surge in
LH, but this preovulatory surge is not sufficient to cause
ovulation without the primary increase in tonic levels of
LH brought about by sensory stimulation from the VNO.
These conclusions support the hypothesis that pheromones,
produced by the male and detected by the VNO in the female,
are a factor in the synchronization of ovulation that occurs
during the Whitten effect in South African indigenous does.
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