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Preface

It is my pleasure to present a new book entitled “Insights from Animal Reproduction”. This
book presents original research results and reviews flashing several, particular hot topics in
the field of Reproduction. Herein, the reader can find different chapters where animals ei‐
ther are the focus or serve as models for the study of particular issues on the reproductive
health and fertility.

The chapters in this book cover different topics that lately drew the attention of researchers
in this area. The chapters are organized into three main parts or sections, according to the
subjects addressed. The initial section addresses the topics in Assisted Reproductive Tech‐
nologies; the second section refers to some of the Genetic Markers available for studies in
Reproduction, and the third section focuses on Infertility and Reproductive Diseases.

The book begins with a comprehensive overview of available information on the electrodepo‐
sition . In this chapter, the authors discuss current and future perspectives for cryopreserva‐
tion of in vivo- and in vitro-produced sheep embryos, revise the advantages and limitations
for the use of this practice, and tackle possible solutions to mitigate the losses in cryopre‐
served embryos. In Chapter 2, Assisted Reproductive Techniques on South American Wild Mam‐
mals , the authors summarize the assisted reproduction techniques (ART) currently used in
conservation strategies for different wild species, bridging the theoretical, technical, and ap‐
plied aspects and emphasizing the progress and perspectives of ARTs for rescuing South
American wild mammals. Chapter 3, under the title The Use of Reproductive Technologies to
Produce Transgenic Goats , revises, step-by-step, the reproductive technologies used to obtain
transgenic goats secreting recombinant proteins in milk. Transgenic animals offer attractive
advantages in producing timescale for recombinant proteins a major asset for the produc‐
tion of biological drugs.

Section 2 starts with Chapter 4 - Major Components in Limiting Litter Size. In this chapter, the
author provides a comprehensive revision of molecular mechanisms that underline the
physiological events determining the size of the litter in prolific species such as rabbits and
pigs. As the author defends, a better understanding of molecular mechanisms affecting the
implantation process could help to propose new strategies for litter size improvement in
prolific species. Chapter 5 examines the germ cell determinant transmission, segregation, and
function using the zebrafish as a model for germ cell specification in the embryo. This chap‐
ter also provides an overview of how the mechanism for germ plasm ribonucleoparticles
segregation in zebrafish compares to other known vertebrate systems of germ cell preforma‐
tion, such as in amphibian and avian models. Chapter 6 focuses on The primordial to primary
follicle transition – a reliable marker of ovarian function . In this chapter, the authors summarize
the current understanding of the molecular and cellular mechanisms regulating the early



stages of folliculogenesis and provide information that may foster the design of future cul‐
ture strategies promoting the in vitro development of ovarian follicles. Chapter 7 examines
the Sperm Motility Regulatory Proteins that may be used as a tool to enhance sperm quality if
used in newly developed cryopreservation processes; motility promoting proteins may be
extremely useful for improving breeding of cattle or of endangered species, thus helping to
enhance fertility during artificial insemination.

Section 3 of this book starts with a chapter that discusses contemporary knowledge on The
Effects of Extremely Low Frequency Magnetic Fields on Reproductive Function in Rodents while a
model for disruptive effects of these magnetic fields (ELF-MF) on human fertility. Moreover,
the authors discuss a plausible mechanism responsible for the harmful effects of ELF-MF on
the male gonads in rodent species. In Chapter 9, Chromosome Abnormalities in Domestic Ani‐
mals as Causes of Disorders of Sex Development or Impaired Fertility , the authors highlight the
importance of the cytogenetic evaluation in the diagnosis of infertility or sterility in animals
and revise the currently available options for the identification and characterization of fertil‐
ity disorders of genetic origin. Cytogenetic screening plays a crucial role in searching for
causes of infertility of phenotypically normal animals, as well as individuals with an abnor‐
mal sex development. The last chapter - Proliferative Endometrial Lesions Hidden behind the Fe‐
line Pyometra - warns the veterinarian practitioners of the existence of diseases other than
pyometra under this important clinical entity in cats, which often remain undiagnosed but
may threaten the life of animals, as in the case of feline endometrial adenocarcinoma. There‐
fore, it needs to carefully analyze the excised genital tract in all the cases of pyometra.

Finally, I wish to thank all the authors for their contribution and efforts in improving the
quality of the book content, as well as the support by the members of InTech editorial and
production team, for providing a stimulating and pleasant atmosphere during the book pro‐
duction. To the reader, I hope you find this to be an interesting book well worth the reading
of any practitioner, graduating student, or researcher searching for either highlights or an
overview of current topics in the field of Animal Reproduction.

Rita Payan-Carreira
CECAV - Veterinary and Animal Research Centre

University of Trás-os-Montes and Alto Douro,
Department of Zootechnics,

Vila Real, Portugal
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Chapter 1

Cryopreservation of Sheep Produced Embryos – Current
and Future Perspectives

Ricardo Romão, Carla C. Marques, Elisa Bettencourt and Rosa M.L.N. Pereira

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62121

Abstract

Due to economical and scientific limitations, sheep embryo reproductive technologies
are less commercially applied than in other animal species. However, it is very clear
that, in the near future, those techniques are expected to have a central role in animal
production as a consequence of genetic and reproductive demands. One drawback is
that results obtained after sheep embryo cryopreservation are unattractive for
commercial purposes. It is expected that a successful cryopreservation of sheep
embryos can push forward all other reproductive biotechnologies in this species, such
as multiple ovulation and embryo transfer (MOET), artificial insemination, or in
vitro production of embryos. This paper tries to discuss the current and future
perspectives of cryopreservation of in vivo- and in vitro-produced sheep embryos
concerning advantages and limitations for its practical use and possible solutions for
improving methods to allow a higher survival rate of cryopreserved embryos.

Keywords: Sheep, in vitro-produced embryos, in vivo-produced embryos, cryopre‐
servation

1. Introduction

In the last decade, the production of sheep embryos did not get the improvement researchers
would like to announce, and its application is still lower compared to other species [1,2]. It is
very clear, however, that these techniques will have a central role in animal production in the
next few years as a consequence of genetic and reproductive challenges. In the agricultural
context, their use will also follow the needs of a growing demand for agricultural products
from the world emerging economies [3].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



One of the constraints in this area is sheep embryo cryopreservation. Cryopreservation is of
primordial importance to preserve embryos so they can be maintained as genetic reserves or
for field application. The use of cryopreserved embryos can facilitate work planning, eliminate
distance limitations, and especially reduce sanitary risks [4,5]. Although attempts have been
made to understand the effects of freezing on sheep embryos since 1976 [6,7], the results are
less than desirable [1,8]. A successful cryopreservation of sheep embryos could push forward
the other reproductive biotechnologies in this species, such as MOET, artificial insemination
(AI), or in vitro production (IVP) of embryos. These latter associated techniques are still
expensive, consequently limiting their widespread. However, the improvement in the number
of produced embryos as well as the number of cryopreserved embryos resulting in lambs after
transfer could increase their use by technicians and farmers.

In sheep, as in other species, embryos may be in vivo or in vitro produced (IVP). In vivo embryo
production consists of collecting them directly from the uterus either after natural service or
after AI, whereas IVP involves oocyte collection from sheep ovaries followed by laboratorial
maturation and fertilization. The advantages and utilization of each technique have been
previously discussed [9,10]. Transfer of fresh in vivo-derived embryos achieves the highest
lambing rates, with reported results of 46.4–66.7% [4], 67.8% [11], 75% [12], and 81.2% [13],
whereas fresh IVP embryos have lower results, ranging from 32.8% [12] or 37.5% [11] to 40%
[13]. However, after cryopreservation, these rates are even lower. The reported lambing rates
after transfer of cryopreserved IVP embryos are not higher than 21.7% [13], 19.4–23.8% [14],
or 23–26.6% [11], whereas the results for in vivo-derived cryopreserved embryos are 32–36%
[4], 50% [15], 60% [16], or 60.1–75.1% [14].

The above results highlight low cryotolerance as the main obstacle on sheep embryo cryopre‐
servation, especially for IVP embryos. In the last 15 years, researchers have tried to understand
the reason for the low cryotolerance of IVP embryos and keep on searching for new methods
to enhance the results in this species. Both in vivo and IVP sheep cryopreserved embryos
present ultrastructural damage [17,18] corresponding to the expression of damage to cells
during the process. Cryopreserved embryos show less microvilli and lower mitochondria
activity compared to fresh ones [17–19]. The lower cryotolerance of IVP blastocysts can be also
related to the excessive accumulation of lipids [13,20–23], which can be favored by their culture
in serum-containing media [22,24,25]. Likewise, the nature and/or concentration of cryopro‐
tectant(s) and the freezing protocol used are also determinants for embryo cryosurvival [19].
According to Tveden-Nyborg et al. [26], IVP sheep embryos are characterized by a slower
developmental rate with detrimental effects in placentation, increasing fetal loss, and lowering
lambing rates. Moreover, vitrified/warmed IVP sheep embryos presented decreased concen‐
trations of individual amino acids in the amniotic fluid during the second trimester of gestation
possibly due to an impaired placental vasculogenesis and/or to a reduced placental transport
[27]. In summary, there are a vast number of variables that could potentially influence the
outcome of cryopreservation and more studies are urgently needed to improve its success.

Insights from Animal Reproduction4
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The present paper briefly reviews the current status of sheep embryo cryopreservation,
discussing the main applications of this technique, the limitations of its use, and the progress
and future perspectives worldwide.

2. Main applications of sheep cryopreserved embryos

One of the best ways to preserve the genetic resources of endangered populations is through
the establishment of germplasm banks in which a long storage of biological material can be
achieved. The Food and Agriculture Organization (FAO) has established the minimum
number of individuals in each population so they can have a classification of endangered [28].
This classification is the base for choosing the target breeds or species needing to be urgently
preserved. Following Rio de Janeiro convention, in 1992, all countries must have a plan of
conservation of autochthone genetic resources, also recognizing their qualities concerning
adaptation to local conditions as well as their potential use in agricultural production niches
[29]. At actual knowledge, cryopreservation is a reliable way of long-term conservation of
genetic resources [30]. One of the current alternative strategies for maintenance of some breeds
or strains is through embryo cryopreservation, as is now routinely used in mouse strains. For
instance, for a long-term maintenance of a colony, cryopreserved embryos have the advantages
of saving costs, readiness in distant transport, and health guarantee and also of preventing
genetic drift occurrence [31,32]. Germplasm exchanges are nowadays crucial [33] and embryo
transfer can have a major role in reducing or eliminating some transmissible diseases in
germplasm livestock changes [23,34,35]. For commercial proposes, embryo transfer should be
chosen for those reasons in which other cheaper techniques are not as advantageous. For
example, Cognié and Baril [35] estimated a 10 times higher cost when comparing it (using
either in vivo or in vitro embryos) with AI, and this represents an elevated cost attending the
economic value of the animal species.

On behalf of developing new and improved reproductive-assisted techniques, mainly by
research teams, there has always been an interest for research in sheep embryo production.
The birth of the first IVP lambs in 1991 [36,37] and the first cloned animal (a lamb) by nuclear
transfer in 1997 [38] are only two examples. Based on the International Embryo Transfer Society
(IETS) data, a decade ago, Thibier [39] reported 6674 fresh and 2907 frozen sheep embryos
transferred in the world in 2003, whereas, for the year 2012, Perry [40] referred 8124 fresh and
4120 frozen embryos, mainly represented by Australia, South America, and South Africa.
These numbers, although considered underestimated because of the difficulty in retrieving
data, show an evolution on the use of this reproductive biotechnology and, in our opinion,
reflect the demands of an emerging global market in this area.

In sheep, as in other species, several methods can be used for ex situ conservation of genetic
resources, and attention in reproductive cells has been focused in oocyte, spermatozoa, zygote,
or embryo cryopreservation [41,42]. In parallel, in the last years, research has been conducted
in other methods such as ovary, testicle [42–45], and somatic cell cryopreservation [46,47] as

Cryopreservation of Sheep Produced Embryos – Current and Future Perspectives
http://dx.doi.org/10.5772/62121
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well as in new methods in embryo technology such as somatic cell nucleus transfer and
transgenesis [46,48].

Taking into account the background of other species, we can mention that, for example, in the
United States, 79% of all bovine embryos collected in 2011 were cryopreserved [49]. In sheep,
cryopreservation of embryos is a crucial developing technique for commercial application, and
in our opinion, when good results for cryopreservation of sheep embryos have been attended,
it will be the dominant technique of sheep embryo production.

3. Embryo production

3.1. In vivo embryo production

Despite recent development at in vitro embryo production in small ruminants [8,11,50], in
vivo-produced embryos still represent the greatest source used for the implementation of
breeding and conservation programs of endangered livestock [34,40]. To increase the number
of embryos that can be recovered and transferred from each donor female, in vivo embryo
production is generally associated with multiple ovulation and embryo transfer (MOET)
programs. Despite the increased efficiency of in vivo embryo production in the last years, there
are still some problems to be solved. These problems are mainly related to the great variations
observed in the ovarian response, fertilization rates, and embryo quality of hormonally
stimulated ewes [9,35,51,52].

3.1.1. Estrus synchronization and superovulation programs

To overcome the reproductive seasonality in this species and to obtain embryos from several
females simultaneously while improving superovulatory response, MOET is usually associ‐
ated with estrus synchronization programs [34]. Estrus synchronization can be performed
using an exogenous progestagen administered through the application of an intravaginal
sponge or using a controlled internal drug release (CIDR) device [35,53]. During the breeding
season, in cycling females, estrus synchronization can also be achieved injecting a luteolytic
agent, PGF2α [54]. The application of an intravaginal sponge with synthetic progestogens such
as fluorogestone acetate (FGA) or medroxiprogesterone (MAP) for 12 to 14 days is frequently
used for estrus synchronization. Although allowing good estrus synchronization, the fertility
is usually lower compared to natural estrus [55]. Several reasons have been raised to explain
this lower fertility, including (a) the asynchrony between the beginning of estrus and the
ovulation time [56], (b) a negative influence on the transport of spermatozoa [57], (c) the
reduced expression of estradiol and progesterone receptors in oviduct and endometrial cells,
(d) a reduced progesterone secretion by the corpus luteum (CL) [58], (e) an inadequate process
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and lack of ovulation of large persistent follicles [53,59–61] due to altered levels of progesterone
after the first 6 days of treatment [62].
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Several alternatives have been implemented to overcome the negative effects of long-term
treatment with progesterone, including the application of superovulatory treatment starting
after natural estrus detection without the use of sponges [63]. The insertion of a second
progesterone device to maintain constant levels of progesterone treatment has also been
performed [51].

Multiple ovulation is mainly acquired using FSH, although some programs still use equine
chorionic gonadotrophin (eCG) alone or associated with FSH [52,64–66]. Despite the increase
in the ovulation rate, the number of embryos obtained with eCG is often lower than expected.
The long half-life of eCG allows it to be applied in a single administration, which naturally
simplifies the process and reduces the associated costs [65]. However, when given in high
doses, eCG has some undesirable effects, changing the hormonal profile and therefore
conditioning the ovulation and fertilization rates as well as the embryo collection rate and
viability [67,68]. Actually, commercial FSH is used in most of the MOET programs. The short
half-life of FSH implies, however, a 12-hour interval of repeated administration for a period
of 4 days [69]. FSH may be of porcine (pFSH) [66,70] or ovine (oFSH) source [52,66,71]. Usually,
the treatment begins 72 hours before the withdrawal of exogenous progesterone. The response
to this treatment is dependent on the number of applied doses [72,73] and used protocol
(constant or decreasing doses) [51,71,73]. There are also intrinsic factors that may affect the
superovulatory response in small ruminants, namely, breed, age, nutrition, and reproductive
status, the latter being directly conditioned by the reproductive seasonality in this species
[51,66]. In addition, individual differences are of crucial importance in the embryo develop‐
ment process [51].

The genetic influence on the variability of superovulatory response was identified since 1986
[74], and in general, the most prolific breeds have a better response to superovulation treat‐
ments [75]. To deal with this variability, a simple protocol for identification of higher res‐
ponders to superovulation allowing a preselection of ewe donors was recently suggested [76].
Additionally, the influence of seasonality in response to superovulation treatment is obviously
more noticeable in breeds located in higher latitudes, mainly affecting the viability of obtained
embryos [77,78]. Conversely, in temperate regions, a less pronounced seasonality has been
identified without differences in the superovulatory response between animals treated inside
or outside the breeding season [66,79–81]. However, embryos collected after the administration
of the treatment within the breeding season had higher quality [66,78].

The ovulation rate is directly related to the number of small follicles (2–3 mm) at the onset of
treatment [82], but in sheep the number of viable embryos depends on a more restricted
population of follicles of 3 mm in diameter [83]. The influence of reproductive seasonality in
the efficacy of superovulatory response may also be related to the stage of follicular develop‐
ment during the treatment implementation [78]. According to González-Bulnes et al. [58,84],
the presence of a CL at the beginning of FSH treatment may improve the number of viable
embryos. Moreover, before the application of the multiple ovulation treatment and to improve
the superovulatory response, GnRH agonists or antagonists can also be administered [59].
These latter strategies intend to inhibit the final stage of follicular development [75], suppress‐
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ing the existence of follicles more than 3 mm [85] and simultaneously implementing the
development of small follicles [86].

3.1.2. Oocyte fertilization and embryo recovery

Even controlling the limiting factors associated with superovulation treatments, differences
still exist when comparing the total embryo production/total embryos able to be cryopreserved
to the number of embryos previewed from the follicles observed in the superovulated ovary.
In fact, several failures were described, being the most evident ones associated with failures
in the ovulation and fertilization processes [51,87], embryo degeneration [88], and inefficiency
of embryo recover methods [9,34].

Anovulation has been described as one of the main reasons for fertilization failures, especially
due to the associated higher estradiol concentrations [87], influencing the uterine environment
and affecting oocytes [89] and spermatozoa [90] transport. However, other authors described
no effect of these anovulatory follicles [91]. Another reason for fertilization failure may be
related to asynchrony among ovulations. Although a good synchrony concerning the preo‐
vulatory wave of LH has been described, the interval among different ovulations in each
female can extend from 6 to 12 hours, with an average of 6 hours [9], impairing the fertilization
process. A better synchrony among ovulations can be achieved through the application of
GnRH 30 to 36 hours after progestagen removal [87]. Conversely, to overcome the deficient
spermatozoa transport, intrauterine insemination at 48 hours after progestagen removal is
frequently applied [92,93]. Protocols performing both intrauterine insemination and natural
mating were associated with the best fertilization rates compared to the individual use of one
of these methods [72,92].

Embryo degeneration can result from a deficient oocyte maturation process or from extrinsic
factors that may affect the spermatozoon or the embryo itself. This degeneration is mainly
related to changes in the endocrine environment of the oviduct or uterus and to anomalies of
luteal function [88,94]. In fact, the number and quality of embryos can be affected by changes
in the uterus, namely, modifications in endometrial development and its nutritional compe‐
tence, due to the superovulatory treatment [88]. It is clearly stated that a normal luteal function
assuring high progesterone levels is essential for early embryonic development. Premature
luteal regression has been described in superovulated sheep [71,81,95] being more frequent
after estrus synchronization with a double treatment of PGF2α [95] and during seasonal
anestrus [96].

In sheep, embryo recover is performed at day 6 or 7 (estrus day = day 0), most of the times by
laparotomy [35]. This technique allows recovery rates of approximately 80%, but adherences
after the second surgery may compromise following recovery rates [35,92]. The use of
heparinized saline solution can minimize the occurrence of adherences allowing no changes
in recovery rates after two [97] and three [71] successive surgeries. Less invasive techniques,
such as laparoscopy, minimize the risk of surgical adherences, offering advantages in animal
welfare, but the embryo recovery rates they offer are lower (65% and 70% vs. 80%) [92]. The
application of a modified laparoscopic technique allowed repeated recoveries in the same ewe,
keeping a recovery rate lower than the one obtained with laparotomy, hence offering no

Insights from Animal Reproduction8



ing the existence of follicles more than 3 mm [85] and simultaneously implementing the
development of small follicles [86].

3.1.2. Oocyte fertilization and embryo recovery

Even controlling the limiting factors associated with superovulation treatments, differences
still exist when comparing the total embryo production/total embryos able to be cryopreserved
to the number of embryos previewed from the follicles observed in the superovulated ovary.
In fact, several failures were described, being the most evident ones associated with failures
in the ovulation and fertilization processes [51,87], embryo degeneration [88], and inefficiency
of embryo recover methods [9,34].

Anovulation has been described as one of the main reasons for fertilization failures, especially
due to the associated higher estradiol concentrations [87], influencing the uterine environment
and affecting oocytes [89] and spermatozoa [90] transport. However, other authors described
no effect of these anovulatory follicles [91]. Another reason for fertilization failure may be
related to asynchrony among ovulations. Although a good synchrony concerning the preo‐
vulatory wave of LH has been described, the interval among different ovulations in each
female can extend from 6 to 12 hours, with an average of 6 hours [9], impairing the fertilization
process. A better synchrony among ovulations can be achieved through the application of
GnRH 30 to 36 hours after progestagen removal [87]. Conversely, to overcome the deficient
spermatozoa transport, intrauterine insemination at 48 hours after progestagen removal is
frequently applied [92,93]. Protocols performing both intrauterine insemination and natural
mating were associated with the best fertilization rates compared to the individual use of one
of these methods [72,92].

Embryo degeneration can result from a deficient oocyte maturation process or from extrinsic
factors that may affect the spermatozoon or the embryo itself. This degeneration is mainly
related to changes in the endocrine environment of the oviduct or uterus and to anomalies of
luteal function [88,94]. In fact, the number and quality of embryos can be affected by changes
in the uterus, namely, modifications in endometrial development and its nutritional compe‐
tence, due to the superovulatory treatment [88]. It is clearly stated that a normal luteal function
assuring high progesterone levels is essential for early embryonic development. Premature
luteal regression has been described in superovulated sheep [71,81,95] being more frequent
after estrus synchronization with a double treatment of PGF2α [95] and during seasonal
anestrus [96].

In sheep, embryo recover is performed at day 6 or 7 (estrus day = day 0), most of the times by
laparotomy [35]. This technique allows recovery rates of approximately 80%, but adherences
after the second surgery may compromise following recovery rates [35,92]. The use of
heparinized saline solution can minimize the occurrence of adherences allowing no changes
in recovery rates after two [97] and three [71] successive surgeries. Less invasive techniques,
such as laparoscopy, minimize the risk of surgical adherences, offering advantages in animal
welfare, but the embryo recovery rates they offer are lower (65% and 70% vs. 80%) [92]. The
application of a modified laparoscopic technique allowed repeated recoveries in the same ewe,
keeping a recovery rate lower than the one obtained with laparotomy, hence offering no

Insights from Animal Reproduction8

commercial advantage [98]. In a conservation program, the total number of embryos recovered
and frozen after a MOET program is approximately 7 and 6 per superovulated ewe, respec‐
tively, associated with an embryo recovery rate between 60 and 70% [66].

3.2. In vitro embryo production

In vitro embryo production simulates the natural formation of an embryo and comprises the
stages of oocyte maturation (IVM), in vitro fertilization (IVF), and in vitro embryo culture (IVC).
In these steps, the last one is critical for determining the blastocyst yield [99]. As stated also in
other species, in vitro techniques reduce the rate of produced embryos and, as previously
discussed, lead to inferior embryo survival after transfer compared to in vivo-derived embryos
[23,35,99,100]. Concerning sheep embryo production from abattoir-derived oocytes, Cocero et
al. [101] obtained 34.6% and 40.4% blastocyst yield at days 7 and 8, respectively, Romão et al.
[50] obtained 42.6–46.9% at day 6, and Cognié et al. [9] obtained 25% at day 8.

In terms of lambing rate, IVP embryo survival is 25% lower compared to in vivo-produced
embryos mainly due to an increased embryo loss at days 30 to 40 [10]. Other authors [102] have
discussed the principal mechanisms underlying embryonic losses, suggesting that the
preimplantation period of development is the most sensitive to cellular damage. Specifically,
the importance of permanent embryo demise that occurs in the first week of development was
also pointed out [103]. In fact, the extent and regulation of cell death during preimplantation
development is likely to be critical for later development of the concepts. Therefore, it is of
primordial importance to implement tools and culture conditions that can promote better IVP
results.

In vitro embryo production is not viewed as a controlled and totally defined technique and in
sheep has been associated with the large offspring syndrome (LOS) [20,104], also reported in
other species such as bovine [105]. This syndrome is characterized by high birth weights,
increased gestation length, frequent dystocia, elevated abortion, perinatal mortality rates, and
various morphological deviations [20,106]. These abnormalities seem to be promoted very
early in developmental stages, in IVM or IVF [3,104], and apparently can be justified by the
use of serum supplementation and coculture with somatic cells [3]. Moreover, these problems
could be extended after birth, as higher growing rates were found until weaning age in lambs
born from IVP [107]. It is known that IVP embryos have altered morphology compared with
in vivo derived [18,108]. On the contrary, an increase in the lipid content of IVP was observed
compared to in vivo bovine morulae and blastocysts regardless of the composition of the
medium of culture, although differences also depend on the culture medium used [22]. These
changes were further correlated to the lower cryotolerance of IVP embryos as stated before.

Several studies have tried to establish the most successful laboratory method of IVP, including
oocyte IVM, IVF, and IVC of embryos, as all these steps are crucial to obtain good results.

3.2.1. Collection of oocytes

The anatomical constraints to access the sheep uterus, mainly by the peculiar anatomy of the
cervix, have reduced the chances of an easy collection of oocytes and embryos, although future
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interest in new techniques [109] could improve welfare issues and results. There are several
techniques of oocyte collection, namely, follicular aspiration or ovary slicing in abattoir-
derived ovaries [110,111] and ovum pick-up systems applied in living animals. Ovary slicing
technique provides cumulus-oocyte complexes (COCs) of better quality and the number of
harvested oocytes collected is higher compared to follicle aspiration [110,112]. Sheep ovum
pick-up systems are applied in living animals using minimal invasive procedures such as
laparoscopic ovum pick-up (LOPU) technique guided by laparoscopy [113–115]. As referred
before, these procedures when used in vivo are usually associated with follicular stimulation
treatments [116] to raise the number of collected COCs [117], allowing better maturation,
fertilization, and in vitro development capacities [101,118]. Moreover, the development of these
in vivo techniques of oocyte collection is important, as abattoir-derived oocytes usually cannot
be used in genetic programs because of their unknown sanitary and even genetic status, being
applied mainly for research proposes [115].

Oocyte quality seems to be the key factor to achieve high embryo production ratios [9,119].
This quality depends on the competence of the oocyte to complete meiosis, which is affected
by the follicle size [35]. It is also clearly established that prepubertal oocytes do not have the
developmental potential of those collected from adult ewes [118], although, in the future, the
results obtained with juvenile oocyte collection could have potential interest for decreasing
half the generation interval in genetic programs [112].

3.2.2. In vitro Maturation (IVM)

Collected oocytes to be fertilized must undergo nuclear and cytoplasmic maturation. During
IVM, oocytes must reach nuclear metaphase II stage. Besides nuclear maturation, several
modifications in cytoplasmic organelles and compounds need to be accomplished. Oocyte
cytoplasmic maturation and metabolism are mandatory, as ATP seems to have an impor‐
tant  role  in  determining  oocyte  quality  by  supporting  energy  requirements  for  further
development [120,121].

IVM is usually performed at 38–39°C in a humidified atmosphere in air and 5% CO2 [8,18,50,
112]. Tissue Culture Medium (TCM199) supplemented with bicarbonate, pyruvate, LH, FSH,
and estradiol (E2) and with 10% fetal calf serum [10,101] or 10% estrous sheep serum [50,122]
is the widest used medium for IVM. Nevertheless, other media and supplementation can be
also  used.  For  example,  Shabankareh  et  al.  [123]  obtained  good  results  using  human
menopausal serum and Birler et al. [124] showed that, in sheep, SOF medium improves the
rate of cleavage compared to TCM199 medium. Also, Guler et al. [125] obtained better results
adding  follicular  fluid  to  maturation  medium  or  using  epidermal  growth  factor  (EGF)
conjugated with FSH and E2 [50]. The positive effect of EGF or other EGF-like ligands in
COCs has been shown during IVM [126,127], whereas other researchers [101,128] preferred
EGF and cysteamine. Cumulus cells are important to IVM success and subsequent fertiliza‐
tion. These cells and their physical contact with the oocyte are of primordial importance not
only for the resumption and progression of nuclear maturation but also for cytoplasmic
maturation [129–131].
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3.2.3. In vitro Fertilization (IVF)

Fertilization of matured oocytes can be performed with frozen-thawed or fresh semen. Frozen
semen is easily available for routine use, and some authors argued that early embryo devel‐
opment is not influenced by the method of semen preservation [132], whereas others demon‐
strated that fresh semen could improve embryo production rates and quality [50]. Eventually,
freezing and thawing disrupt the stability of ram sperm chromatin, reducing its fertilization
efficiency [133,134]. On the contrary, cryopreserved semen is also advantageous, as it can be
stored in seasonal propitious period. However, when a ram of proven fertility is available, its
can be used either fresh or frozen-thawed.

Fertilization is performed with previously capacitated spermatozoa using media containing
heparin or sheep serum [10,122] that causes Ca2+ influx into the sperm acrosome and conse‐
quent capacitation [135]. The choice of the best semen fraction is usually achieved by Percoll
gradient centrifugation [10] or swim-up [8,136].

3.2.4. In vitro Culture (IVC)

The goal for this phase is to simulate the events that would occur in the oviduct and uterus,
so that putative zygotes obtained after fertilization would undergo optimal development into
blastocysts. For this reason, culture can be performed in vivo using surrogate oviducts [137].
IVC, on the contrary, is achieved in a controlled atmosphere at 38.5–39°C with 5% O2, 5%
CO2, and 90% N2. This medium is usually composed of synthetic oviductal fluid supplement‐
ed with amino acids, bovine serum albumin (BSA), and/or serum [112,122], although the use
of some media with oviduct cells or fetal fibroblasts was also reported [138]. In this stage, it
is  important  to  keep  an  oxygen  low  concentration  to  prevent  oxidation  [139]  and  the
deleterious  effects  of  reactive  oxygen  species  (ROS).  Some  low  molecular  weight  thiol
compounds are also added to IVM and IVC media, such as cysteamine, β-mercaptoetha‐
nol, and cysteines, to increase the synthesis of glutathione (GSH), which in turn reduces the
oxidative stress [140]. The embryos spend 6 to 7 days in culture before being transferred in
fresh or after cryopreservation.

4. Cryopreservation of sheep embryos

The science of cryobiology aims to preserve cells at low temperatures (-196°C), intending to
avoid the negative effects of the process, which could preclude the main objective. For
cryopreservation, cells should follow the freezing and warming processes. Cryopreservation
of sheep embryos is a difficult task, and practical results are not as encouraging as in cattle
mainly due to the reduced embryo cryotolerance in this species. Several reasons have been
indicated to justify this fact, mainly cellular [21,22], metabolic [141,142], and biochemical [143]
changes. In an ultrastructural evaluation, IVP blastocysts exhibited less microvilli and a less
extensive network of intercellular junctions, specifically an apparent lack of desmosomal
junctions, a higher number of lipid droplets, and incidence of cellular debris compared to their
in vivo counterparts [18]. After cryopreservation, both in vivo and IVP embryos exhibited
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ultrastructural damages that were much more severe in the latter [17,18]. These differences
could certainly explain the observed lower cryotolerance of IVP embryos.

Although it seems that very low temperatures will disrupt cell components, the most compli‐
cated freezing window is between 15°C and -60°C and especially the step of intracellular ice
formation between -5°C and -15°C [144]. The major risks for fracture of the zona pellucida or
cytoplasm range from -50°C to -150°C [145]. Below -150°C, the risks for embryo damage are
lower [146]. In embryo cells of species with high lipid content, as in sheep, the lipid droplets
combine with the cytoskeleton, membranes, organelles, and other structures of the cytoplasm.
Therefore, when the embryos are cooled below 15°C until -5°C, irreversible and fatal structural
damages occur, mostly in the traditional freezing methods [146,147].

Differences in freezing methods were extensively identified depending on the speed of
freezing particularly between slow and rapid cooling [23,144,148]. Three major methods have
been used to preserve embryos: slow freezing, conventional vitrification or an adaptation of
the last one, vitrification in open pulled straws (OPS) [149] or in other specialized embryo
vitrification devices (copper or gold electron microscope grids [150] and pipette tips and
cryotop [151,152], among others) referred as an ultrarapid vitrification. The major difference
among them is the acceleration of the speed of freezing. Whereas slow freezing tries to
differentiate the cooling rate in sequential steps of freezing, vitrification increases the freezing
speed by reducing volume, thus minimizing ice formation. These techniques were compared
using in vivo-derived or IVP embryos in sheep [14,52,153] or bovine [154]. Bettencourt et al. [52]
described no differences in lambing or embryo survival rates among slow freezing, conven‐
tional vitrification, and vitrification in OPS in in vivo-derived embryos. Although the achieved
results by each method can be relevant, the cost and application in routine field use is also of
primordial importance [14,153].

4.1. Slow freezing

The method of slow freezing tries to control the descending cooling event in several steps,
regulating extracellular and intracellular water exchange, with a balance between ice crystal
formation and structural damage, cryoprotectant toxicity, and osmotic damage [146,155]. The
method is possible using programmable freezers with a rapid cooling until -6°C to -7°C, when
ice formation is induced (seeding), and then a lower rate of cooling (0.3–1°C/min) causing
freezing of extracellular ice and increasing the concentration of extracellular solution and
cellular dehydration; at -30°C, straws are then plunged in liquid nitrogen [23,31].

Despite being used by many teams in the world, it is argued that slow freezing has a limited
future in embryology, and according to Vajta and Nagy [146], “the rate of advancement in
oocyte and embryo cryopreservation will depend on the rate by which embryologists and
decision-makers adopt the new approaches”.

4.2. Vitrification

Vitrification was found to be interesting in embryo cryopreservation because it reduces
cryoinjuries caused by ice formation [156]. In fact, vitrification is based on embryo manipula‐
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tion into different carrier tools applied to minimize the volume and to submerge the sample
quickly into liquid nitrogen, allowing an ultrafast freezing speed, which avoids ice crystal
formation, thus eliminating its deleterious effects in the cell [157]. This technique combines the
use of small volumes with high concentration of two or more cryoprotectants [158] and it can
be more adapted to IVP embryos [149,159,160].

According to several authors, the slow freezing techniques are time consuming and laborious
[154], whereas vitrification is simple, rapid, and inexpensive [149,161,162]. Moreover, no
publications have demonstrated that the results obtained by vitrification were significantly
worse than those obtained by slow freezing [146]. Concerns in safety of vitrification related to
transmissible diseases are partially justified, but new methods have been developed to avoid
these constraints [163].

Several authors described good results with this cryopreservation technique in sheep. For
example, Baril et al. [153] and Bettencourt et al. [52] achieved good field results (50–60%
lambing rate) with vitrification of in vivo-derived sheep embryos even with direct transfer of
cryopreserved embryos, and Folch et al. [4] achieved lambing rates of 32–36%, also in in vivo-
derived embryos. In IVP embryos, Ptak et al. [164] found no differences in pregnancy rates
between fresh and vitrified transferred embryos (47% vs. 42%). However, they achieved
significant differences in lambing rates (41% vs. 23%), showing that vitrification of IVP
embryos is not yet an optimized technique.

The success of vitrification depends on the stage at which embryos are cryopreserved apart
from the used method. In fact, there are different levels of sensitivity to low temperatures
depending on the stage of embryo development [165]. Garcia-Garcia et al. [166,167] and Shirazi
et al. [168] showed that cryotolerance of IVP embryos to conventional slow freezing or
vitrification increased as the developmental stage of embryos progressed perhaps due to the
higher cryotolerance of blastocysts compared with early developmental embryos. In fact,
Garcia-Garcia et al. [167], using slow freezing, described similar rates of viability between fresh
and frozen-thawed embryos (92.5% vs. 83.7%) frozen at the blastocyst stage.

4.2.1. Vitrification in OPS and other specialized embryo devices

To achieve a higher rate of temperature reduction, the OPS method uses thinner, superfine
straws, with their ends having half the diameter of the conventional ones. This characteristic
enables filling the OPS by capillary action with a volume of approximately 1 μL, different from
the conventional straw that contains 5 μL [146,149]. Therefore, this can allow freezing rates of
20,000°C/min [159] (i.e., 10 times higher than in 0.25 mL straws) and thereby overcome some
problems of vitrification as toxicity of cryoprotectants or difficulties in the permeability of
membranes that can lead to intracellular ice formation and osmotic overswelling [160].
Allowing higher speed of freezing, this type of vitrification is helpful in preventing embryo
and zona pellucida fracture that occurs at low temperatures, especially with appropriate
adjustments of warming parameters [152]. The method was introduced by Vajta et al. [149],
and it has been successfully used ever since in several animal species. It is a robust and feasible
method for animal embryo vitrification more than other new, but delicate, techniques [146].
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Vitrification by OPS is so effective that results in lambing rate of in vivo-derived sheep embryos
vitrified by this method are persuasive. Green et al. [169] reported higher pregnancy rates
when using vitrification by OPS and direct transfer, thus enhancing the field application of
this technique. Nevertheless, these good results with OPS vitrification cannot avoid the
reduced cryotolerance of IVP embryos. Dattena et al. [16] achieved lambing rates of 60% for
in vivo-produced embryos vitrified in OPS but only 24% for IVP.

4.3. Cryoprotectants

The role of these substances is to reduce damage to cryopreserved embryos, minimizing ice
formation. They usually are classified as permeable and nonpermeable cryoprotectants, being
also important in osmotic dehydration [23,146].

The negative effects of cryoprotectants are related to their osmotic and toxic effects and closely
dependent on the time of exposure and the concentration used [147,148,159]. The intent to
reduce cryoprotectants to a minimum is a goal that has been tried in both slow freezing and
vitrification to minimize their deleterious effects. According to Liebermann et al.  [158], a
balance between the maximization of cooling rate and the minimization of cryoprotectant
concentration is the key point for a successful cryopreservation. Mainly in vitrification, where
it is necessary to deal with higher concentrations of cryoprotectants, one of the strategies is
to use more than one. This strategy reduces individual toxicity of cryoprotectants and also
permits  adding  them  in  a  stepwise  equilibration  (two  or  three  steps),  with  increasing
concentration or after cooling from 4°C to subzero temperatures when their toxicity is lower
[31,146,159].

Ethylene glycol is a frequent choice as a permeable cryoprotectant due to its high penetration
rate and low toxicity besides protecting the membranes and cytoplasmic structures of embryo
from cryoinjury [19]. However, other cryoprotectants such as acetamide, glycerol, raffinose,
and dimethylsulfoxide (DMSO) can be used in several combinations. Ethylene glycol and
glycerol [146,170] or ethylene glycol and DMSO [8,18,50,171] are often employed. Varago et
al. [172] used dimethylformamide and ethylene glycol to vitrify ovine embryos but concluded
that the conventional freezing with ethylene glycol was the most efficient method to cryopre‐
serve ovine embryos.

Mono- and disaccharides, including sucrose, trehalose, glucose, and galactose, can also be
added to vitrification media as nonpermeable cryoprotectants, with sucrose being the most
commonly used [23,146]. Other substitute substances such as polymers and proteins have been
tried to replace the former indicated.

4.4. Embryo warming/thawing

Embryo thawing/warming is also an essential step of the cryopreservation process and a
specific procedure should be performed to avoid embryo damage. It comprises the rise of
temperature, passing through the above-mentioned critical windows [144–146], and the
cryoprotectant removal while maintaining embryo posterior viability. The thawing/warming
rate and the protocol used for cryoprotectant removal need to be adjusted to the cooling

Insights from Animal Reproduction14



Vitrification by OPS is so effective that results in lambing rate of in vivo-derived sheep embryos
vitrified by this method are persuasive. Green et al. [169] reported higher pregnancy rates
when using vitrification by OPS and direct transfer, thus enhancing the field application of
this technique. Nevertheless, these good results with OPS vitrification cannot avoid the
reduced cryotolerance of IVP embryos. Dattena et al. [16] achieved lambing rates of 60% for
in vivo-produced embryos vitrified in OPS but only 24% for IVP.

4.3. Cryoprotectants

The role of these substances is to reduce damage to cryopreserved embryos, minimizing ice
formation. They usually are classified as permeable and nonpermeable cryoprotectants, being
also important in osmotic dehydration [23,146].

The negative effects of cryoprotectants are related to their osmotic and toxic effects and closely
dependent on the time of exposure and the concentration used [147,148,159]. The intent to
reduce cryoprotectants to a minimum is a goal that has been tried in both slow freezing and
vitrification to minimize their deleterious effects. According to Liebermann et al.  [158], a
balance between the maximization of cooling rate and the minimization of cryoprotectant
concentration is the key point for a successful cryopreservation. Mainly in vitrification, where
it is necessary to deal with higher concentrations of cryoprotectants, one of the strategies is
to use more than one. This strategy reduces individual toxicity of cryoprotectants and also
permits  adding  them  in  a  stepwise  equilibration  (two  or  three  steps),  with  increasing
concentration or after cooling from 4°C to subzero temperatures when their toxicity is lower
[31,146,159].

Ethylene glycol is a frequent choice as a permeable cryoprotectant due to its high penetration
rate and low toxicity besides protecting the membranes and cytoplasmic structures of embryo
from cryoinjury [19]. However, other cryoprotectants such as acetamide, glycerol, raffinose,
and dimethylsulfoxide (DMSO) can be used in several combinations. Ethylene glycol and
glycerol [146,170] or ethylene glycol and DMSO [8,18,50,171] are often employed. Varago et
al. [172] used dimethylformamide and ethylene glycol to vitrify ovine embryos but concluded
that the conventional freezing with ethylene glycol was the most efficient method to cryopre‐
serve ovine embryos.

Mono- and disaccharides, including sucrose, trehalose, glucose, and galactose, can also be
added to vitrification media as nonpermeable cryoprotectants, with sucrose being the most
commonly used [23,146]. Other substitute substances such as polymers and proteins have been
tried to replace the former indicated.

4.4. Embryo warming/thawing

Embryo thawing/warming is also an essential step of the cryopreservation process and a
specific procedure should be performed to avoid embryo damage. It comprises the rise of
temperature, passing through the above-mentioned critical windows [144–146], and the
cryoprotectant removal while maintaining embryo posterior viability. The thawing/warming
rate and the protocol used for cryoprotectant removal need to be adjusted to the cooling

Insights from Animal Reproduction14

procedure and embryo characteristics [23]. Thus, in embryos cryopreserved by slow freezing
or vitrification, the best method depends on the specific protocol and cryoprotectants used
(time and temperature and cryoprotectant characteristics and concentrations) but also on the
origin of the embryo (in vivo or IVP derived). For instance, in slow freezing, if the freezing
method stops at temperatures of -30°C to -40°C, before plunging in nitrogen, a moderately
rapid warming (200–350°C/min) is required to maximize the survival rate but, if freezing
reached -60°C or less, warming rate should be slow in the range of 25°C/min [161], although
injuries were reported [173].

Warming of vitrified embryos is usually performed directly into a solution at body tempera‐
ture, although it can be advisable to wait 1–3 seconds in air to avoid fracture damage [146].
Vitrified embryos need to be warmed ultrarapidly in the presence of nonpermeating cryopro‐
tectants (usually sucrose) to dilute and remove the very high levels of intracellular permeating
cryoprotectants [161]; this can lead to changes in dynamics of water in the embryo cells that
can cause damage due to osmotic overshrinkage [31,160].

Regardless of the method used for embryo cryopreservation, some researchers [1,14,169]
obtained promising results after direct transfer of vitrified sheep embryos for field use. These
authors reported that the interval between thawing/warming and transfer has a great influence
on embryo subsequent viability and valorize the use of direct transfer to spread this technique
in field conditions.

4.5. Evaluation of cryopreserved embryos

The aim of embryo production and storage is to give practitioners the possibility of using them
as an important resource for improving sheep production worldwide. Nevertheless, the
effective use of these techniques depends on the guarantee that these embryos have the
necessary quality enabling the reliability of its use. The need for predicting embryo ability to
produce an offspring is essential in this context.

Embryo evaluation can use invasive and noninvasive techniques [174]. The last group, in
assessing embryos without damage, has been widely used based on morphological changes
that occur as the result of the sequential cleavage and this classification can be important in
preimplantation embryos and especially in embryos that are being transferred [175]. Ushijima
et al. [176] proposed an 11-stage classification for bovine embryos based on the number of
cleavages. Embryo stage and quality related to morphology are usually based on the descrip‐
tions published by the IETS [177]. This ranking classifies embryos in grades 1 (excellent and
good), 2 (fair), and 3 (poor) and become the standard reference worldwide. In cryopreserved
embryos, stereomicroscopic evaluation of morphology after thawing has been used for transfer
selection [178] to avoid transferring nonviable embryos. Leoni et al. [179] stated that reexpan‐
sion of blastocoelic cavity within 8 hours after vitrification/warming can be considered a
reliable marker of its quality and developmental potential both in vitro and in vivo. However,
some authors argue that morphological evaluation of thawed embryos is not accurate and the
use of direct transfer of embryos can result in an improvement of 7–8% in offspring born [9].
Also, Green et al. [169] found that direct transfer improves the viability of transferred vitrified
sheep embryos maybe because the time elongation from warming to transfer has a detrimental
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effect on subsequent embryo viability. This fact could suggest that embryo evaluation after
embryo warming is dispensable as predictive of success. In fact, it is necessary to find other
associated evaluation methods besides those based on embryo morphological evaluation to
provide more accurate information. For example, Hernandez-Ledezma et al. [180] showed that
good-quality hatched blastocysts produced more trophoblast protein, thus being an indicator
of embryo quality before transfer.

Selection of embryos by the commonly used morphological criteria has, as expected, some
individual variations because it can be a subjective evaluation. Indeed, studies in in vivo-
produced ovine morulae and blastocysts have shown that certain abnormalities remain
undetected by stereomicroscopy [19].

Invasive methods of embryo evaluation are used mainly for research proposes, validating the
above-described techniques with greater accuracy [175]. Embryo postthawing viability and
blastocoele reexpansion in different time periods of embryo development have been widely
used to determine its feasibility [13,14,22,181]. Although several methods can be performed to
predict the success of sheep embryos survival, the ultimate method, the outcome of the in
vivo transfer to ewes, as the final goal of all the practical applications, cannot be tested after
these invasive techniques. Staining methods as propidium iodide and TUNEL assay [182,183]
are used for evaluating the number of viable cells. Hosseini et al. [184] established an easy
approach for in vivo-derived and IVP embryos by evaluating the competence of cell membrane
that is maintained in viable cells and can differentiate them from those necrotic or apoptotic,
even without other morphological signs of cell death [102].

Ultrastructural evaluation of embryos can predict the damage caused in cell structures by the
cryopreservation process and the consequences in their functions [185]. Although this is an
expensive and invasive technique, the obtained outputs due to detailed information are of the
utmost importance. However, according to Vajta et al. [186], in IVP bovine embryos, relevant
ultrastructural changes observed immediately after thawing were progressively restored over
a 24-hour period. Thus, it may be important to perform the ultrastructural evaluation of
thawed embryos at different time periods.

Research on sheep embryo ultrastructure is limited compared to bovine species. However,
recent publications have provided new and enough information allowing its discussion.
Bettencourt et al. [187] described the ultrastructure of in vivo-produced sheep embryos, and
previously, there were also some insights about the effects of cryopreservation in this source
of embryos [17,19,188,189]. Concerning IVP sheep embryos, Dalcin et al. [2] revealed its
ultrastructure as well as subtle changes in mitochondrial activity or cytoskeletal integrity
caused by the cryopreservation process. Later on, Romão et al. [18] performed the ultrastruc‐
tural characterization of fresh and vitrified in vivo and IVP sheep embryos. However, some
details about IVP sheep embryos still need to be investigated.

Fresh IVP sheep embryos lacking desmosomal junctions have a reduction in the microvilli, an
increase of debris in the periviteline space, and a high amount of lipid drops [17]. According
to Romão et al. [18], the ultrastructural observation of these embryos also showed a reduced
number of mitochondria and a lower number of mature mitochondria, having, on the contrary,
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a larger number of vesicles with light and dense content compared to their in vivo counterpart.
These lower mitochondria content can be associated with deficient metabolism in IVP
embryos.

After thawing/warming, the cryopreserved sheep embryos both in vivo and in vitro showed
signs of ultrastructural injury represented by differences in mitochondria, with presence of
more immature ones and lower total number [17,19]. Mitochondria are important for embryo
development and metabolism [108,178,190] and thus can be a predictor of the embryo
development potential [17,187]. However, in cryopreserved IVP sheep embryos, their function
is reduced or absent [2]. Cryopreserved embryos also show cytoskeleton disturbance with actin
microfilament disorganization [2,19] that can be caused by cryoprotectants [190]. The ultra‐
structural evaluation of cryopreserved IVP blastocysts confirmed the presence of more severe
cellular damage in these embryos compared to those produced in vivo [18], pointing out the
need of research to improve IVP sheep embryo quality and cryotolerance.

Having in mind that the evaluation of sheep embryos is important as a prognostic tool for the
success rate after embryo transfer, the search for more accurate and practical methods is
necessary, especially when dealing with stored cryopreserved embryos.

4.6. Methods of improving the cryopreservation of sheep embryos

Different strategies to increase the cryotolerance of embryos in sheep as in other species were
developed mainly by improving the cryopreservation procedures [148], changing the compo‐
sition of IVC media or other IVP techniques [8,50,192] and/or through the decrease of their
lipid content [8,121]. As referred, methods of ultrarapid vitrification have been developed to
further increase the freezing speed. However, the ideal device and combination of cryopro‐
tectants have not yet been achieved. Therefore, this technique continues to be a challenge in
embryo cryopreservation [148,155]. The number of created devices, such as glass micropipette,
solid surface vitrification, cryoloop, microdrop, cryotop, cryotip, electron microscopy grids,
or nylon mesh [15,152,155,161,193–195], clearly shows the lack of consensus. On the contrary,
recent research pointed out the possibility of a further decrease in the temperature for embryo
cryopreservation, from -196°C to -207°C, through the use of slush nitrogen [196], improving
embryo cryosurvival at least in the mouse. According to Arav [148], the next evolutionary step
in embryo cryopreservation will be to preserve them in the dry state at room temperature,
allowing home storage for future use. In this alternative method, vitrification is followed by
drying, and embryo storage is done in a dry state, avoiding their maintenance in liquid nitrogen
containers and reducing the cost of the entire process.

Attempts were also experienced in IVC conditions, as it was argued that the effect of changing
culture conditions could only be seen after embryo cryopreservation and warming. For
example, Dattena et al. [192] confirmed higher sheep embryo cryosurvival results when
including BSA and hyaluronan during IVC, and Gad et al. [197] realized that altered culture
conditions at different time points of the preimplantation period lead to adaptations of the
embryos, changing their gene expression and developmental ability. As referred, the initial
stages of development are those with higher cryosensitivity, from oocytes to late embryo, with
the acquisition of cryotolerance in an intermediate stage of development. Accordingly, Garcia-
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Garcia et al. [167] and Lin et al. [198] found differences in the cryotolerance of IVP embryos
vitrified by OPS, depending on its developmental stage, with better results in morulae/
blastocyst, defining the eight-cell stage as the critical point for acquiring cryotolerance.
Therefore, it is not surprising that, in the last years of research, cryopreservation techniques
have focused mainly in embryos at morulae and blastocyst stages and less in oocytes or
zygotes. In addition, embryos that develop early have better survival rates after cryopreser‐
vation, and usually, these are male embryos [199].

Differences in species’ cryosensitivity of embryos are responsible for different approaches in
their cryopreservation. As indicated before, one of the major concerns in embryo cryopreser‐
vation is its lipid content that can hamper the process [13,20–23,200,201], as it happens in
species such as sheep or pigs. This phenomenon is more pronounced in IVP embryos [18,202,
203] and in those produced in serum-containing media [20,22,24,204]. Serum is useful in oocyte
and embryo culture as a source of albumin that balances the osmolality, acting as a free radical
scavenger, and also with an additional important nutritive role [205]. However, the fatty acids
and lipoproteins of the serum seem to be the source of the cytoplasmic lipids of embryos,
hampering embryo quality [20,204,206], albeit the perturbations induced by the presence of
serum in sheep embryo culture are higher before rather than after compaction [207].

Conversely, embryo lipid content effect on chilling sensitivity is not totally elucidated at the
moment. However, it seems that lipid droplets interact directly with the intermediate filaments
of the cytoskeleton, and changes within these organelles during the cryopreservation process
may lead to irreversible damages [208,209]. Also, it has been observed that cryopreserved
embryos have ultrastructural changes that are visible as degenerated cells, disruption of cell
membranes, and mitochondrial injuries, mainly in poor-quality embryos [17–19]. Mitochon‐
drial changes, namely, a reduced total number and an increase in the proportion of immature
mitochondria [18,187], have been observed in poor-quality and IVP embryos and were
associated with culture in serum-containing medium [210]. These changes have been also
associated with inefficient lipid metabolism, with the presence of cytoplasmic vesicles and
lipid drops and fewer lysosome-like vesicles [18], compromising ATP production
[108,197,204].

Due to the negative effect of embryo lipid content and composition in their chilling sensitivity,
attempts have been made to reduce its amount in IVP embryos either by chemical or by
physical approaches. Nevertheless, lipids are important in the embryo cell metabolism as a
source of energy and are also essential for membrane formation and as intracellular messen‐
gers [200,211]. Thus, these strategies should be carefully evaluated. For instance, in cattle,
lipolytic agents or chemical delipidators have been successfully applied, increasing the
cryotolerance of vitrified embryos (phenazine ethosulfate [212], trans-10 cis-12 conjugated
linoleic acid (CLA) [22,208], and forskolin [213]). These chemicals that regulate metabolism
were used to reduce embryo lipid content, inducing smaller lipid droplets and fat indexes,
thus improving embryonic cryosurvival [22,208,214]. The addition of CLA during culture of
sheep IVP embryos also increased their cryotolerance [8]. Likewise, Nagashima et al. [215]
demonstrated that the high lipid content of pig embryos was responsible for their higher
chilling sensitivity and also that embryos delipidated by centrifugation and microaspiration
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of polarized lipids became more tolerant to chilling. The lipid content was also pointed out as
responsible for the chilling and freezing sensitivity of IVP cattle embryos, and when lipid
droplets were displaced by ultracentrifugation (mechanical delipidation), their cryosurvival
was improved [216,217]. On the contrary, Romão et al. [8] found a reduced viability in IVP
sheep embryos submitted to an ultracentrifugation process mostly due to zona pellucida and
membrane fracture. This problem could be overcome by using cytochalasin D during the
ultracentrifugation process.

Cytoskeleton relaxant/stabilizers such as cytochalasin B or D were another approach investi‐
gated to improve embryo cryosurvival. Initially, they were used for cattle and pig embryo
vitrification to prevent cellular disruption, specifically to the embryonic cytoskeleton during
and after cryopreservation [218–220] with either no benefits [221] or with positive results
[220,222]. These molecules induce microfilament depolymerization before and during
vitrification [219], acting as microfilaments inhibitors, thus preventing actin polymerization
and making the plasmatic membrane and cytoskeleton more elastic. Therefore, embryo
microfilaments and cytoskeletal architecture were not only destroyed during micromanipu‐
lation but also become more resistant to the osmotic stress induced by the exposure and
removal of cryoprotectants during the vitrification/warming process [218,220]. Dobrinsky et
al. [223] obtained an 82% birth rate in pig vitrified embryos using cytochalasin B. Moreover,
the association of two strategies, cytoskeleton relaxants and ultracentrifugation, were success‐
fully attempted by different authors in IVP sheep, cattle, and pig embryos [8,222,224].

In spite of the above-described methods for improving sheep embryo cryosurvival, several
limitations persist, impairing their spread as a routine technique. Therefore, possible solutions
for improving methods to allow a higher survival rate of cryopreserved embryos should be
further investigated.

5. Conclusions and future perspectives

Although sheep embryo technology is less applied than in other animal species (e.g., bovine)
due to economical and scientific limitations, it is expected that in the next few years, these
techniques will have a central role in sheep production. Cryopreservation is of primordial
importance to preserve embryos so that they can be maintained as genetic reserves or for
application simultaneously to other reproductive technologies. Vitrification and other
ultrarapid vitrification protocols provide nowadays an alternative to slow freezing of sheep
embryos. The effective use of these techniques depends on the guarantee that these embryos
have enough quality, enabling the reliability of their use. New strategies, allied to emergent
technologies, could be implemented to preserve the embryos such as to maintain them in a
dry state at room temperature or to warm them with laser pulses. Manipulation of the lipid
content of the embryo, one key factor hampering the efficiency of cryopreservation in this
species, is a promising strategy. At the moment, in vivo and in vitro embryo production and
cryopreservation remains a challenging technique that is growing worldwide in all species.
Continued research to establish the optimal protocol(s) must persist to use embryo production
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and cryopreservation as an essential tool in reproductive medicine, guaranteeing superior
results that will enable the expansion of clinical/biotechnological services.
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Abstract

For South American wild mammals, assisted reproductive techniques (ARTs) have been
established in accordance with the procedures used for domestic mammals. However, of‐
ten, it is not possible to infer the experimental conditions from one species to another. In
general, the use of these ARTs aims the conservation of the animal genetic material, using
gamete manipulation, embryo technology by in vivo or in vitro methods, and cloning. In
all animals, the previous knowledge of reproductive physiology becomes the starting
point for the use of ARTs in the expansion of all species of interest. In this sense, the pur‐
pose of this chapter is to develop an approach of theoretical, technical, and applied as‐
pects of the ARTs in South American wild mammals, with emphasis on the state-of-the-
art and its progress and perspectives.

Keywords: Wildlife, gamete, embryo technology, germplasm bank

1. Introduction

South America, the fourth largest continent, presents an extreme geographic variation that
contributes to its large number of biomes, which includes the marine rainforests, alpine,
deserts, savannahs, grasslands, chaparral, desert scrub, fresh water, marine, and deciduous
desert. Due to such biome diversity, the South American fauna consists of various unique
animals.

In the past decade, a rapid and continuous decline in mammalian species has been document‐
ed, indeed affecting South American countries. Therefore, the worry put on the development
of conservation strategies, as well as on the rapid expansion of the commercial interest on wild
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species around the world, requires an equally rapid development and adoption of assisted
reproductive techniques (ARTs). These techniques allow the conservation and multiplication
of genetic valuable individuals, as well as facilitate the transport of the germplasm among
distant regions. However, the application of ARTs is still a challenge, since data related to basic
reproductive information is scarce, and it is indispensable for the genetic management of rare
species. Because of the high diversity in reproductive mechanisms among mammals, it is not
possible to directly apply protocols developed from one species to another, hindering the
extrapolation of developed ARTs. In this sense, this chapter highlights the importance of
applying ARTs for the South American wild mammals, showing the most recent studies in
this area and the perspectives for its use in conservation programs.

2. Manipulation of spermatozoa

Technology of male gamete consists of various forms for sperm processing, since its collection
until its storage by cooling or cryopreservation. In wild animals, the gamete recovery is
generally conducted by electroejaculation (EEJ) [1]; nevertheless, for animals unable to
ejaculate, or immediately postmortem, one possibility is to obtain epididymal sperm or
testicular tissue, which can be cultivated and cryopreserved [2]. After collection, samples could
be stored in cryobanks, which maintains the sperm quality for an indefinite time, providing
valuable genetic material to be used for ARTs destined to the wild mammals’ conservation
and multiplication.

2.1. Collection of ejaculated sperm

The EEJ is a safe and effective method for semen collection, especially in wild animals, as it
allows handling live animals under anesthesia. It consists of a controlled electrical stimulation
of the ejaculatory reflex. A transrectal probe coupled with a specific voltage-producing unit [1]
is used to apply the stimulus. The types and disposition of the electrodes, the electric stimu‐
lation protocol, and the anatomical characteristics of each species exert important influences
on the efficiency of the method [3]. Due to the large species diversity, it is necessary to establish
adequate species-specific stimulation protocols using appropriate anesthetic procedures,
according to animal responses and well-being [4]. Spermatozoon from different species is
presented in Figure 1.

In general, most researchers use adaptations of the original protocol developed for felid
collection [5], consisting of a total of 80 electrical stimulations divided into three series: 30
stimuli (10 stimuli, 2 to 4 V, series 01), 30 stimuli (10 stimuli, 3 to 5 V, series 02), and 20 stimuli
(10 stimuli, 5 and 6 V, series 03), with a 5-minute interval among series. This serial EEJ protocol
was adapted for various South American felids such as the ocelot (Leopardus pardalis), the
margay (L. wiedii), the tigrina (L. tigrinus) [6], the jaguar (Panthera onca) [7], and other carnivores
such as coatis (Nasua nasua) [8] (Table 1) and maned wolves (Chrysocyon brachyurus) [9]. In
addition, this protocol has been adapted for other animals such as sloths [10], giant anteaters
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[11], six-banded armadillos (Euphractus sexcinctus) [12], tapirs (Tapirus bairdii) [13], and agoutis
(Dasyprocta leporina) [14] (Table 1).

A totally different serial protocol was described for primate species. For spider monkey (Ateles
geoffroyi), stimulation series begins at 1 V, followed by 1 V increments up to a maximum of 10
V. Each series lasts 5 minutes, with 3-minute rest periods between series [15]. For capuchin
monkey (Sapajus apella), stimulation session is comprised of six series, 10, 15, 20, 25, 30, and 35
electrical stimuli (12.5–100 mA), with a 30-second interval between consecutive series [16].

In some species, however, a better response is achieved using continuous electrical stimulation.
For collared peccaries (Pecari tajacu) EEJ (Table 1), the stimulatory cycle consists of 10 stimuli
in each voltage, starting from 5 V, followed by voltage increases of 1 V up to 12 V, then, the
voltage remains being applied during 10 minutes, continuously [17].

2.2. Epididymal sperm retrieval

Obtaining viable sperm directly from the epididymis tail is an additional option for the
conservation of genetic material of South American wild animals, particularly for those
accidentally killed. However, different factors such as the epididymis size and vas deferens

Figure 1. Sperm images of some animals in Latin America, (A) Spix’s yellow-toothed cavy—Galea spixii, (B) Coati—
Nasua nasua, (C) Collared peccary—Pecari tajacu, (D) Six-banded armadillos—Euphractus sexcinctus.
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diameter [18] as well as the possibility for contamination of samples with blood or epithelial
cells are considered as limiting factors [19].

Epididymal sperm can be retrieved by flotation or retrograde flushing. In the flotation method,
the epididymis is cut into small pieces in a diluent solution for the removal of sperm; this is
one of the preferred techniques for small species due to the reduced size of the epididymis [20].
On the other hand, the retrograde washing is accomplished by injecting a buffered solution at
the vas deferens, as it was described for the agouti [21]. In some species, such as collared
peccaries [22] and yellow-toothed cavies (Galea spixii) [23], both recovery methods can be
conducted with no notorious differences on sperm quality.

2.3. Sperm preservation

The research on gamete preservation needs to focus on the species-specific variations in sperm
physiology, as well as the changes that gametes undergo during sperm processing [24]. The
factors most often cited as crucial for success include the sperm processing and packaging,
type and composition of extender, duration of equilibrium time, freezing rate, storage, and
thawing rate [25].

The short-term preservation of sperm on a liquid form is rarely applied for South American
species. In capuchin monkey, for instance, dilution of semen in coconut water–based extender
allowed its preservation for 24 hours at 33°C [16]. Moreover, the use of a TRIS extender
containing egg yolk or Aloe vera extract was efficient in preserving the collared peccary semen
for 36 hours at 5°C [26].

Nowadays, intensive research focuses on the development of effective methods for sperm
cryopreservation. In general, methods are adapted from the most closely related phylogenetic
domestic species; for example, the domestic pig serves as an experiment model for wild pigs;
however, such adaptation is not always effective. This fact is verified for six-banded armadillos
that present unique semen characteristics, such as high viscosity, large sperm dimensions, and
rouleaux formation, which hinders the success of freezing protocols [27].

Parameters
Collared peccary

[18]
Agouti

[14]
Ring-tailed coati

[8]
Six-banded armadillo

[12]

Sperm concentration (x106) 765.0 ± 313.7 357.0 ± 61.2 197.5 ± 204.9 450.0 ± 14.0

Motility (%) 86.7 ± 2.6 80 ± 29.6 91.3 ± 9.2 61.0 ± 7.0

Vigor (0-5) 4.4 ± 0.3 3.5 ± 1.9 4.5 ± 0.6 2.0 ± 0.2

Viability (%) 92.3 ± 1.6 65.5 ± 26.1 73.1 ± 14.5 55.0 ± 7.0

Membrane functional integrity
(%)

75.3 ± 2.3 68.5 ± 17.6 74.3 ± 12.0 46.0 ± 6.0

Normal morphology (%) 83.2 ± 2.2 83.9 ± 8.6 81.2 ± 11.8 86.0 ± 2.0

Table 1. Characteristics of semen obtained by electroejaculation from various South American species.
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Extenders based on TRIS plus egg yolk and glycerol were reported for collared peccary semen
cryopreservation [17]. Other compounds have been described, such as the INRA® extender for
tapir [13], the lactose-egg yolk extender for jaguars [28], and a combination of TES and TRIS
extenders for capuchin monkey [16]. Recently, a coconut water–based extender was reported
for semen cryopreservation in collared peccaries [29], agoutis [30], and squirrel monkeys
(Saimiri collinsi) [31].

Although most researchers use egg yolk and glycerol as main cryoprotectant, a recent study
demonstrated that the dimethyl sulfoxide (DMSO) would be more appropriate for the
preservation of maned wolf semen than that of glycerol. Moreover, low-density lipoprotein
[32] and Aloe vera extract [33] could effectively substitute the egg yolk for the cryopreservation
of collared peccary semen.

Regarding preservation of epididymal sperm from South American wild mammals, studies
are scarce. For collared peccaries [34] and cavies [35], epididymal sperm was efficiently
cryopreserved using TRIS extender added to egg yolk and glycerol. In agoutis, however,
epididymal sperm is better cryopreserved in coconut water–based extenders [36].

2.4. Artificial insemination

Artificial insemination (AI) is the single most important technique ever devised for genetic
improvement of animals. It refers to the artificial process of sperm deposition into the female
genital system, at the appropriate time, seeking the fertilization of the oocyte. The main factors
that determine the fertility rates derived from AI include the individual fertility of players, the
way in which sperm is collected and manipulated, the ability of the inseminator, the female
management (the time of insemination), the type of sperm used (fresh, chilled, or frozen), the
insemination dose, and the site for the semen deposition [37].

In spite of AI popularity among domestic animals breeders, its use remains limited in South
American wild animals. Initial studies include the successful production of offspring derived
from laparoscopic intrauterine AI in ocelots. One female was inseminated with 7.5 × 106 frozen-
thawed spermatozoa after receiving 500 IU equine chorionic gonadotropin (eCG) and 225 IU
human chorionic gonadotropin (hCG), giving birth to a male offspring after 78 days of
gestation [38]. Moreover, deposition of fresh or cryopreserved semen, as well as cryopreserved
epididymal sperm, into the cervix of marmoset (Callithrix jacchus) resulted in pregnancy and
the production of offspring [39].

2.5. Testicular tissue processing

The preservation of testicular tissue for prolonged periods is one big challenge in the field of
cryobiology, because spermatogonia, Sertoli, and Leydig cells contain large amounts of water,
therein increasing the risk for intracytoplasmic crystal formation [40]. If the testicular tissue
has preserved active spermatogenesis, it can be used for the extraction of sperm or elongated
spermatids that could be used for oocyte fertilization using intracytoplasmic sperm injection
(ICSI) [31]. Moreover, testicle freezing can be used in cases where the animal dies suddenly [41].
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Although this is a promising area, studies on the collection of sperm or even on the preservation
of testicular tissues are very scarce. In South American individuals, the unique published
results can be found in collared peccaries, in which the first successful xenotransplantation of
fresh testicular tissue was also documented [42]. In addition, its testicular tissue was efficiently
vitrified using ethylene glycol (EG) as cryoprotectant at 3.0 or 6.0 M [43].

3. Estrous and ovulation control

For wild females exhibiting irregular or regular cycles of sexual activity, estrus synchronization
support assisted breeding procedures particularly to maximize the chances of conception and
the use of fresh or cryopreserved semen [44]. The administration of exogenous hormones,
whether or not in association, can artificially synchronize the estrous and ovulation of wild
females, altering its endogenous endocrine environment [45]. Research has dramatically
increased the number of synchronization protocols for wild animals, being the prostaglandins,
progestins, or gonadotropins the most available, each with specific functions and peculiar
mechanism of action.

One of the most ancient methods for estrus synchronization is the use of a luteolytic agent such
as the prostaglandin F2α (PGF2α) or its analogues, which provokes the corpus luteum degen‐
eration [46]. Another approach is by using gonadotropin-releasing hormone (GnRH), which
represents the final common pathway where by internal and external relevant stimuli converge
to control reproduction. GnRH neurons, thus, stimulate pituitary gonadotropin secretion to
appropriately regulate gametogenesis and sex steroid secretion [47]. On the other hand,
progestins inhibit the synthesis and secretion of GnRH that subsequently inhibits follicular
growth and development as well as the ovulation [48]. Additionally, gonadotropin-based
protocols include the use of equine and human chorionic gonadotropins (eCG and hCG,
respectively), as well as the application of follicle stimulating hormone (FSH) and luteinizing
hormone (LH), as a synthetic or extract form [49]. The action of eCG is similar to that of FSH
at stimulating the ovary follicles to produce mature oocyte, thus promoting the outward signs
of estrus [50]. In contrast, the hCG action is similar to that of LH, causing the release of mature
oocyte at ovulation, and promoting corpora lutea formation [51]. Currently, the majority of
studies focus on the use of hormonal associations. This is acceptable because the results of
studies have shown that such protocols increased rate, occurrence, and ovulation speed,
therefore increasing the fertility rate [52].

Various attempts have been made to establish effective protocols for estrous control in South
American wild felines, mainly due to the variety of manifestations of reproductive cycles. For
example, the margay present spontaneous ovulations during normal estrous cycles, but ocelot
and tigrina are induced ovulators. Luteal control in feline is not a feasible option, due to several
factors: (1) although some individuals ovulate spontaneously at unpredictable intervals, many
felids are obligated to induce ovulations and (2) the diestrus corpus luteum, when present, is
refractory to prostaglandins and dopamine agonists up to day 40 postovulation [50].
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The use of porcine FSH (pFSH) with minimal LH activity is reported for inducing follicular
growth in wild felines [53]. This protocol was effectively applied for pumas (Puma concolor)
[54], jaguars (Panthera onca) [55, 56], and jaguarundis (Puma yagouaroundi) [49]. Recently, the
ability of an oral progestin, altrenogest (0.192 mg/kg, 14 days), to suppress the ovarian follicular
activity in tigrina was demonstrated. This protocol was also effective in reducing hypersti‐
mulation and hyperestrogenism after hCG and eCG administration. However, the authors
affirmed that not all females responded uniformly [45]. In fact, studies with both conventional
gonadotropins showed diversity of response in different feline species. For example, the
ovarian response to a combined treatment with eCG injection followed 80-84 hours later by a
hCG administration resulted in a conception rate lower than 30% in ocelots (400 IU eCG and
200 IU hCG) [38] and tigrina (200 IU eCG and 150 IU hCG) [51]. Exogenous gonadotropins are
immunologically complex foreign peptides, and thereby, the development of antibodies
against gonadotropin is expected sequelae in wild feline submitted to short-term repeated
treatments [57]. For this motive, the isolation, characterization, and production of recombinant
gonadotropins has been suggested to avoid these complications. On the other hand, it is
important to remember that felid species present a large variation in body sizes, a factor that
directly influences the synchronization protocols, as well as the individual ovarian response
to gonadotropin stimulation [58].

A considerable effort has been made to develop a method to induce estrus and ovulation in
the maned wolf, the biggest South American canids. An implant of deslorelin (2.1 mg), a GnRH
analogue, was 100% effective for induction of ovary activity, with ovulation occurring between
days 9 and 16 (mean: 12.5 ± 1.4 days) after implant when paired with a male, a physiological
condition required for the effective ovulation. Alternatively, a single injection of equine
recombinant LH (reLH), associated with the deslorelin removal effectively induced ovulation
in unpaired females, without apparent adverse impact on fertility in subsequent breeding
seasons [59]. Regarding the coati, a carnivore from the Procyonidae family, the unique attempt
of estrous control was made by using melengestrol acetate, a progestin, but treatments induced
purulent vaginal discharge and uterine adenocarcinoma, and consequently the authors
recommend caution when using this drug [60].

In ungulates, as the brown brocket deer (Mazama gouazoubira), a monovulatory nonseasonal
breeder, estrous synchronization can be achieved using an intravaginal progesterone device
(CIDR®) for 8 days, associated with an injection of 265 μg cloprostenol at the removal of the
device [61]. In collared peccaries, on the other hand, the use of two injections of 60 μg clo‐
prostenol administered at a 9-day interval was effective for estrous synchronization [62].

In primates, it is known that PGF2α can act on luteal cells to inhibit the luteotrophic actions of
LH or hCG in vitro [63]. In this context, the administration of cloprostenol has a marked and
rapid luteolytic action (0.5–0.8 μg) in the marmoset monkey [64]. In this species, the daily use
of recombinant human FSH (rehFSH; 50 IU) during the first 6 days of the follicular phase
resulted in superovulation [65]. Moreover, when associated, the protocol using rehFSH 25 IU/
hCG 500 UI proved to be efficient to collect oocytes [66].
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Despite the difficulties in using a great number of individuals for experimentation, there is
notably a need for the development of estrous synchronization protocols for South American
wild mammals, especially focused on dosage and efficiency of drugs.

4. Female gametes manipulation

As with other ARTs, the main limitation for wild species is the difficulty in obtaining viable
oocytes, being the recovery of preovulatory oocytes for in vitro culture (IVC), an available
alternative [67]. The possibility to store frozen female gametes as ovary tissue fragments,
isolated follicles, or either mature or immature oocytes represents an attractive alternative to
cryopreservation [68]; however, the technique is not yet well-established, presenting several
challenges that need to be addressed in order to be routinely used.

4.1. Recovery of female gametes

The first step in the manipulation of female gametes is to obtain viable oocytes; however, such
procedures are still uncommon in South American wild mammals and are most frequently
conducted in Neotropical primates. Oocyte can be collected in vivo, or postmortem.

The recovery of oocytes by mechanical preantral follicle (PF) isolation in ovariectomy speci‐
mens [69], the collection of ovarian biopsies by exploratory laparoscopy [70], and the puncture
of antral follicles by laparotomy [71] have been described studies in capuchin monkeys (Sapajus
apella). In marmoset monkeys, oocyte recovery was achieved through follicle aspiration after
laparotomy [72], laparoscopy [65], or uni- or bilateral ovariectomy [73]. The latter was also the
method described in squirrel monkeys (Saimiri boliviensis boliviensis) [74] for oocytes collected
by ultrasound-guided puncture, after monitorization of the follicular development, in
superstimulated females [75]. Finally, in Saimiri sciureus, follicle aspiration was conducted after
laparoscopy [76] or laparotomy [77].

Regarding other South American species, in particular, wild felids, ovary collection is often
performed immediately after the animal death, as it was reported for Geoffroyi and tigrina
cats [78]. Also in puma and jaguar, isolation of small PFs (40-90 μm) was performed after
animal death [79]. The oocyte aspiration by laparoscopy was also described for tigrina and
ocelot [51], puma [80], and jaguar [55]. In vicunas (Vicugna vicugna), a South American wild
camelid, oocytes also were recovered after follicle aspiration [81].

4.2. Characterization of ovarian follicles population

The rescue and manipulation of matured oocytes represent an important genetic source from
wild species; nevertheless, it faces many obstacles, particularly the limited knowledge on the
species reproductive physiology [82]. Thus, the use of immature oocytes from antral follicles
or PFs allows the recovery of gametes from prepubertal, pregnant, old, or even dead animals
[83, 84] The characteristics of the ovarian follicles population in various South American wild
mammals are described in Table 2 and illustrated in Figure 2.
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Specie
Preantral follicles population

Preantral follicles category

Primordial Primary Secondary Authors

Right

ovary
Left ovary Total

Total

number
%

Diameter

(µm)

Total

number
%

Diameter

(µm)

Total

number
%

Diameter

(µm)

Sapajus

apella
56.9 ± 21.9 49.1 ± 26.9 - -

30.0 ±

4.3
22.1± 0.5 - 6.0 ± 1.0 27.3 ± 0.5 - 4.0 ± 0.7 61.2 ± 4.0 [85]

Saimiri

sciureus
- - -

915.0 ±

78.8

73.3

±1.3
20.5 ± 0.8

230.5

± 20.8

18.6 ±

0.7
33.7 ± 2.4

115.9 ±

15.7
8.1 ± 0.9

512.5 ±

67.1
[86]

Dasyproct

a leporina

4419.8 ±

532.3

5397.5 ±

574.9
- - 86.6 18.6 ± 3.4 - 13.0 23.8 ± 5.7 - 0.4 88.6 ± 17.6[87]

Galea

spixii

220.8 ±

175.1

195.2 ±

182.8

416.0 ±

342.8
- 32.2 16.6 ± 0.3 - 63.7 28.3 ± 2.1 - 4.1

123.7 ±

18.3
[88]

Pecari

tajacu
- -

33273.5 ±

579.0 (per

ovary)

30 466.6 ±

5194.8
91.6 31.8 ± 1.1

2 093.9 ±

595.0
6.3 40.9 ± 2.1

712.9 ±

95.4
2.2

196.2 ±

17.1
[89]

Table 2. Characterization of ovarian follicles population from different South American wild species

Figure 2. Photomicrograph of the ovary cortex. (A-C) Preantral follicles from Pecari tajacu and (D-F) Dasyprocta leporina.
Primordial (A,D), primary (B,E), and secondary (C,F) follicles.
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4.3. In vitro culture and maturation of oocytes

The IVC and in vitro maturation (IVM) of oocytes has highlighted some of the mechanisms
underlying the folliculogenesis in particular wild species, particularly among the South
American wild mammals, offering new opportunities for the use of many other ARTs [85].
Oocyte IVM is a technique that provides material for the study of the final steps of oocyte
meiosis. Nevertheless, the practical application of this procedure remains relatively inefficient,
and the embryo production rate is much lower compared with in vivo matured oocytes [73].
Some of the researches that have been developed using IVC and IVM are revised below.

The competence of oocytes retrieved from antral follicles in capuchin monkeys was achieved
after 36 hours of IVM, the highest maturation rate occurring in oocytes collected from dominant
follicles [71]. It has also demonstrated that the IVC of ovarian cortical strips in TCM199
supplemented of β-mercaptoethanol (BME), bone morphogenetic protein 4 (BMP4), or
pregnant mare serum gonadotrophin (PMSG) promoted a follicular viability similar to that of
controls (89.3%) for this species, while it also increases the rate of secondary follicle formation
(44.9%) [70].

The oocyte meiotic competence and the cumulus cell function were positively associated with
the follicle size in marmoset monkeys [86], as it was demonstrated in IVM studies. It was shown
that chromosome quality is crucial for cytoskeletal organization allowing a correct meiosis in
IVC and IVM of the immature oocyte [73]. Moreover, abnormal spindle formation was
observed in oocytes derived from small antral follicles failing to complete meiosis, contrasting
almost 90% matured oocytes, surrounded by expanded cumulus cells at the time of isolation
[66]. For this species, an alternative two-step culture system consisting in the culture of oocytes
within stromal tissue fragments for 2 days has been described. Afterwards, follicles were
mechanically isolated and transferred to a culture system where they grew for up to further
12 days. This process produces full-sized matured oocytes from primary and early secondary
follicles [87].

An immunohistochemical assay conducted in squirrel monkey ovaries during IVC demon‐
strated that growth differentiation factor 9 (GDF-9) and c-Kit protein were detectable in oocyte
cytoplasm from primordial to secondary follicles, whereas the Kit Ligand expression was
observed in oocytes and granulosa cells from primordial to secondary follicles. On the other
hand, the anti-Müllerian hormone was expressed in primary and secondary follicles, but not
in the primordial ones [88]. In a different species from the same gender, the S. boliviensis, IVM
of follicles obtained by laparoscopy requested the use of a medium containing high-energy
source [89]. Moreover, oocyte IVM was also described for S. scierus [90].

Regarding South American wild felids, the yield of the IMV technique varies greatly among
species. Immature oocytes were recovered from Geoffroyi cat, jaguar, and puma after the
animal death and further matured in vitro. In Geoffroyi cat, from a total of 45 oocytes retrieved,
23% succeed maturation, similarly to that described for jaguar, from whose oocytes (n=21) only
one-third advanced to metaphase II during IVM. In the puma, more than 100 oocytes were
recovered from 8 females, from which 43.8% of the oocytes matured in vitro [91]. IVM has been
previously described in this species after oocyte recovery using laparoscopy and transabdo‐
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minal aspiration [92]. In a recent study, 42 mature oocytes were collected by laparoscopic ovum
pick up from pumas, after the administration of eCG (750 UI) with hCG (500 UI). In this species,
oocytes were also matured in vitro using TCM199 supplemented with LH, FSH, and 17β-
estradiol [80].

Studies on ovarian gene expression have been conducted to better understand folliculogenesis
in plains viscacha (Lagostomus maximus), an animal showing the highest ovulation rate among
all mammals, releasing between 400 and 800 oocytes per estrous cycle [93]. The expression of
germ cell–specific VASA protein, apoptotic proteins BCL2 and BAX, as well as DNA frag‐
mentation revealed an unrestricted proliferation of germ cells in this species, without apop‐
tosis-driven elimination, contrary to what is normally found in other mammals [94, 95].

In ungulates, IVC of collared peccaries ovarian tissue reveals that more than 50% follicles
remain morphologically intact when the TCM199 medium was used whether supplemented
or not with FSH. Moreover, the activation of collared peccaries PFs was stimulated by the
addition of FSH to the medium during IVC, the proportion of growing PFs increased from
only 31.2 ± 0.7% in the control group to more than 90% after a 7 day in TCM199+FSH [96].

4.4. Female gametes cryopreservation

The conditions required for the complete in vitro development of oocytes remain incompletely
established in wild species; therefore, cryopreservation emerges as a promising tool for female
germplasm conservation, allowing its future use in ART. It is possible to store ovarian tissue,
isolated follicles, and mature or immature oocytes, for which purpose two methods are
routinely used: the slow-freezing procedure and vitrification. The value of vitrification has
been highlighted to avoid damages caused by conventional freezing protocols, such as the risk
of ice crystal formation. It is considered a cheap method that can be performed under field
conditions.

Another major factor on the success of cryopreservation of female gametes is the cryoprotec‐
tant used. In marmoset monkeys, DMSO was advantageously used as a cryoprotectant for
slow freezing of ovarian tissue. It provided a higher percentage of morphologically normal
primordial (26.2 ± 2.5%) and primary follicles (28.1 ± 5.4%) compared with propanediol
(PROH) (12.2 ± 3.0 and 5.4 ± 2.1%, respectively) [97]. Furthermore, the development up to
secondary PFs [98] and the formation of antrum after xenografting cryopreserved tissue in this
species were also described [99].

Regarding South American wild felids, short-term IVC of ovarian cortex slices collected from
Geoffroyi cat was performed to assess the success of the slow freezing protocol, using EG and
sucrose. The results showed an increase in the number of viable PFs in frozen–thawed samples
after 7 days of IVC (48%) compared with fresh cultured pieces (31%) obtained in the same
sampling day. In tigrina cats, the percentage of primordial follicles after freezing and culture
(44%) indicated a normal population of viable follicles [78].

Regarding Neotropical rodents, the conventional freezing was adopted to preserve ovarian
fragments from agoutis. After freezing, no differences were found among groups using
different cryoprotectants: DMSO (60.6 ± 3.6%), EG (64.0 ± 11.9%), or PROH (62.0 ± 6.9%).
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However, only follicles cryopreserved with PROH presented a normal ultrastructure, similar
to that of the control group [100]. A reduction on the morphologically normal PFs (69.5%)
compared with the control group (91.2%) was also observed, after solid surface vitrification of
ovarian tissue from yellow-toothed cavies. The preservation of oocytes and granulosa cell
membranes and the morphological aspect of follicles were acceptable, and the transmission
electronic microscopy showed that the presence of vacuoles in the oocyte and granulosa cells
cytoplasm and turgid mitochondria remained the main alteration observed in some vitrified
follicles [101].

In collared peccaries, the refrigeration of ovaries for up to 36 hours allowed supporting the
morphological integrity and viability of PFs. Further, it was demonstrated that powdered
coconut water media (66.7%) was more effective than the phosphate buffered saline (PBS,
49.4%) to  preserve the morphological  integrity  after  36  hours  storage,  although without
statistical differences on respect to the follicular viability [102]. Moreover, the solid surface
vitrification of ovarian tissue using EG, DMSO, or dimethylformamide (DMF), at 3.0 or 6.0
M, preserved the morphological integrity of more than 70% PFs using any of these cryopro‐
tectants [103].

5. Embryo technology

ARTs using in vivo embryo production by applying hormonal superovulation protocols, as
well as those obtaining in vitro blastocyst through in vitro fertilization (IVF) and ICSI, allowed
to establish the adequate conditions for embryonic development in different species. Further‐
more, ARTs associated with embryo cryopreservation foster the preservation of genetic
material, contributing to conservation of biodiversity. In general, ARTs applied to wild
mammals in South America are established in accordance with procedures used in domestic
mammals, despite that some wild species may have complex reproductive characteristics,
compromising the rapid progress of ARTs in particular species.

5.1. In vivo embryo production

Soon after the recognition of the gametes and embryo physiology, application of ARTs in each
new species begins with in vivo embryo production, defined as the selection of female donors,
AI or natural mating, embryo collection, cryopreservation, or direct transfer into synchronized
recipients. Inevitably, the number of individuals is a crucial point in research, and individual
variations nurture the development of in vitro ARTs.

In general, superovulatory protocols consist of a single dose of eCG and/or multiple injections
of FSH [104]. The status of follicular development at the moment of superovulation, as well as
the stress induced by intense manipulation during ARTs, is the main factor ascribed for the
variability on response [105]. In an attempt to provide efficient superovulation protocols for
embryo collection, different studies have been developed in various wild mammals. An
interesting example corresponds to brown brocket deer [106], in which eCG induced a good
response to superovulatory protocol, promoting the formation of functional corpora lutea (7.0
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± 1.8) although 66.7% (4/6) of the females showed premature luteal regression. In comparison,
FSH administration resulted in a low formation of corpora lutea (2.6 ± 0.8) and lower propor‐
tion premature luteal regression (33.3%; 2/6).

There are few studies on in vivo embryo production protocols in wild camelids. In vicunas,
two studies [107, 108] proposed ovarian superstimulatory protocols using eCG with or without
CIDR® during 5 days; unfortunately, the results involved only data for follicular development,
with no information on embryo recovered or transferred.

5.2. In vitro embryo production

The IVF is still the main in vitro technique for the reproduction of wild mammals, although
this technique demands a wide quantity of viable oocytes to be fertilized. Briefly, IVF steps
involve the oocyte recovery, the in vivo or IVM and selection of oocytes, the IVF using
capacitated spermatozoa, and the preimplantation embryonic development. The aim is to
develop high-quality embryos and obtain normal pregnancies, resulting in the birth of healthy
offspring. In this sense, Table 3 summarizes the results of in vitro ARTs applied in some South
American wild mammals. In general, the protocols used for domestic animals were gradually
adjusted to wild species.

Although IVF embryos have been produced from capuchin monkeys [109], marmoset
monkeys [66, 110], pumas [92], and tigrinas [51], modifications are needed to increase the
efficiency of protocols. Currently, in vitro embryo production depends primarily on two major
products: meiotic viable oocytes (meiotic competence) and capacitated viable spermatozoa
(sperm competence). Domingues et al. [71] reported the viability of in vitro matured oocytes
collected from nonstimulated capuchin monkeys. Lima et al. [109] established 40 hours as the
optimal IVM length and showed the positive effect of FSH/LH (0.5 μg/mL/50.0 μg/mL) on IVF
of oocytes collected also in nonstimulated females. In addition, spermatozoa obtained from
semen diluted in coconut water were able to fertilize oocytes. However, the establishment of
experimental conditions is still a requirement for this species.

Another interesting example of the use of IVF in wild felids [111] is that of jaguars; a stimulation
protocol using FSH/LH resulted in approximately 25 follicles/female, with more than 80% of
high-quality oocytes but the fertilization rates were fairly low (<25%) [55]. Contrastingly, ocelot
and tigrina each treated with eCG/hCG produced an average of approximately 10 follicles with
~7–9 high-quality oocytes/female that resulted in 76 ocelot and 52 tigrina embryos [51].

Alternatively, ICSI offers a precise control of sperm competence for in vitro procedures. ICSI
was first used in marmoset monkeys in 2007, by Grupen et al. [66], using in vivo matured
oocytes. Still, no blastocyst was produced by ICSI, despite that 47% of blastocysts were
achieved after IVF. In 2014 [110], ICSI embryos derived from in vitro matured marmoset
oocytes developed into neonates, through the use of two strategies: the evaluation of the most
suitable timing for ICSI and establishing the in vitro and in vivo embryo developmental
potential. In this study, the blastocyst rate tended to be low when ICSI was performed 1–2
hours after the extrusion of the first polar body. For in vitro developmental competence, a
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greater fertilization rate was observed in ICSI embryos (93.2%) compared with IVF embryos
(82.2%). However, no differences in developmental rate (blastocyst/fertilized oocytes) were
observed between ICSI (35.4%) and IVF (39.2%). In addition, for in vivo development of ICSI
embryos, an offspring rate of 28.6% (6/21) and 2.7% (1/37) was obtained after the transference
of 6 to 8 cell embryos and blastocysts, respectively.

In collared peccary [42], ICSI was used to evaluate the quality of sperm cells derived from testis
cell suspension xenografts. The collared peccary presents an interesting Leydig cell cytoarch‐
itecture, and therefore, it represents an interesting mammalian model for investigating cellular
roles in male gonads. In the study, the sperm recovered from the xenografts originated 75.0%
(6/8) of two-cell embryos and 37.5% (3/8) of four-cell embryos produced in 24 and 48 after ICSI,
respectively.

For South American wild camelids, information on oocyte recovery and maturation are only
available for vicuna: using the surgical oocyte aspiration from superstimulated females, a

Species
Oocyte

source

Maturation

type

Spermatozoa
ART

applied

Embryo production

AuthorsCollection/

selection

Motility

(%)
Mediaa

Cleavage

rateb

Blastocyst

ratec

Stage

reached

Embryo

destination

Sapajus

apela

Without

stimulation
In vitro

EEJ, cooled to

4°C/ Swim up
~80 IVF SOF 20 --- 4 cells

Cell

staining
[114]

Callithrix

jacchus

Hormonal

stimulation
In vivo

FertiCare

vibrator, artificial

vagina/ Pure

gradient

"/>70 IVF/ICSI
G1.2,

G2.2
44.7/94.2 46.7/0.0d Blastocyst

Cell

staining
[66]

Callithrix

jacchus

Hormonal

stimulation
In vitro

FertiCare

vibrator, artificial

vagina/ Swim up

NI IVF/ICSI
ISM1,

ISM2
93.2/97.6 39.2/35.4 Blastocyst

Embryo

transfer
[115]

Felis

concolor

Hormonal

stimulation
In vivo EEJ/ Swim up 40-50 IVF mKRB --- --- 1 cell NI [97]

Pecari

Tajacu

Without

stimulation
In vitro

Testis

cell suspension

xenografts/---

NI ICSI NI 37.5 --- 4 cells
Xenograft

assay
[42]

Abbreviations: EEJ, electroejaculation; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ARTs, Assisted
reproductive technique; NI, not informed.

aMore information about the composition of the media see reference.

bCleavage rate represents the number of cleaved oocytes in relation to the number of oocytes entering to maturation in
D2.

cBlastocyst rate represents the number of blastocyst in relation to the number of zygotes.

dBlastocyst rate represents the number of blastocyst in relation to the number of cleaved embryos.

Table 3. Results of IVF and ICSI techniques applied in some South American wild mammals.
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recovery rate of 55.4% (46/83) and an IVM rate of 41% were obtained, characterized by
extrusion of the first polar body and cytoplasmic maturation [81], but no information was
presented on IVF or ICSI.

5.3. Embryo cryopreservation and transfer

In recent years, advances in the embryo cryopreservation were achieved with studies in slow
freezing conventional method or vitrification. Currently, embryo cryopreservation targets the
establishment of a consistent vitrification protocol to be applied for the conservation of
preimplantation embryos in different stages of development. Protocols developed for other
species appear to be adequate for the purpose of embryo cryopreservation in wild felids.
Offspring were obtained in ocelot following transfer of cryopreserved embryos [111].

In marmoset monkey, due to its small body size, the technical development of an efficient
embryo transfer is being delayed. Different factors are being studied, such as nonsurgical
approaches, embryo cryopreservation, use of late-stage embryos, and volume medium [112]
to overcome these gaps. Using embryos in different developmental stages (10- to 16-cell,
morula, and blastocysts) after vitrification in Cryotop, Ishibashi et al. [112] defended that
reducing the transfer volume to 1 μL or less is essential for successful embryo transfer this
species. This procedure provides pregnancy and birth rates of 80% (8/10) and 75% (9/12), while
the use of larger volumes (2–3 μL) results in pregnancy and birth rates of 50% (5/10) and 27%
(3/11), respectively.

6. Somatic cell processing and cloning

Somatic cell nuclear transfer (SCNT, cloning) consists of the transfer of the nucleus of donor
cells into enucleated oocytes, resulting in the production of an individual genetically identical
to the nucleus donor animal. In general, SCNT is performed according to the following steps:
(i) preparing cytoplast receptors from oocyte recovery, selection, and maturation (cytoplast);
(ii) isolation, characterization, IVC, and cellular cycle synchronization of the somatic cells to
be used as nuclear donors (karyoplast); (iii) embryonic reconstruction by nuclear transfer,
fusion of karyoplast–cytoplast complex, cellular activation, and preimplantation embryo
development in vitro; and (iv) transfer of embryos for previously synchronized recipients,
establishment of pregnancies, fetal development, and birth of offspring. In all these steps, there
are determining factors for the success of the technique, including the media composition, the
donor cell type and the oocyte source, and the timing of all steps down the success of the
reproductive output of viable clones [113].

The use of cloning for conservation is often questionable for the risk of reducing the genetic
variability. However, it is now known that SCNT not only provides the production and
multiplication of a group of individual species of interest, as well as it allows additional studies
in the field of reprogramming and cryopreservation of somatic tissue and cells, providing a
larger scene in the reproduction of these species. Up to now, there are no studies on clone
embryo production in South American wild mammals.
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An important step in cloning is the selection of the cells donating a nucleus. In general,
fibroblasts derived from skin biopsies are the cell model used. Numerous reasons justify its
use for embryo reconstruction, such as the ease of obtaining and handling for the primary
culture or subcultures, freezing patterns, and suitable transfection, in addition to obtaining
inexhaustible quantities from a single explant. Moreover, the preservation of cells and tissues
of the animal to be cloned allows the preservation of the genetic material of an individual
indefinitely.

6.1. Generation and establishment of somatic cell primary cultures

The karyoplast preparation derived from skin biopsies involve multiple steps, harvesting of
the biological material, through the isolation, establishment and characterization of cell
cultures, and the cryopreservation conditions of cell populations after subculture cycle.
Routinely, karyoplasts may be derived from skin biopsies of adult or fetal auricular region,
according to established standards of asepsis and sterilization procedures [113]. After proc‐
essing tissue samples into smaller fragments, these are distributed in Dulbecco Modified
Eagles Medium (DMEM) supplemented with sodium pyruvate, sodium bicarbonate, antibi‐
otics, amphotericin B, and fetal bovine serum. The primary cultures are monitored every 24
hours to evaluate the cell growth and total medium replacement. When 70% cell confluence is
purchased on the plates, the cultures are subcultured. In general, explants are cultured under
these conditions for 7–14 days [114]. To confirm the cells’ characteristics, particular antibodies
are used, like vimentin [113].

In native Chilean species, the establishment of donor cell was already observed in Chilean
Shrew opossum (Rhyncholestes raphanurus) and chinchilla (Chinchilla lanigera) [115]. In the
study, tissue fragments were subjected to culture systems and somatic cells were obtained for
future cloning.

6.2. Somatic tissue conservation

The tissue cryopreservation involves some major issues, such as the conservation of cellular
functionality, extended storage of the samples, and the easiness of the procedures performed
outside the laboratory [115]. Tissue sample cryopreservation of wild species is an interesting
step for biodiversity conservation, when there is not an appropriate culture system.

In collared peccary [114, 116], vitrification techniques (conventional or solid-surface vitrifica‐
tion) may be used for cryopreservation of somatic tissue, allowing the isolation of viable cells.
In this study, ear fragments (9.0 mm3) were vitrified in a solution containing DMEM plus 3.0
M DMSO, 3.0 M EG, 0.25 M sucrose, and 10% fetal calf serum. The histological analysis and
IVC showed that few tissue damages were associated with solid-surface vitrification [116].
Moreover, all cells resulting in vitrified and noncryopreserved fragments showed the charac‐
teristics of suitable fibroblasts: fusiform features with oval nucleus in the center. The growth
curves showed clear log and lag phases of development, with no difference between treatment
and nonvitrified for population doubling time (conventional vitrification directly: 66.1 hours;
solid-surface vitrification: 66.3 hours; and nonvitrified: 54.0 hours) [114].
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6.3. Cloning and its perspectives

Although some domestic mammals have already been cloned, information on cloning of South
American wild animals is scarce. As with other animal species, cloning allows to know the
principles of nuclear reprogramming, conservation of cells and tissues for different purposes
(reproductive and therapeutic), and clones can also be used as models in several studies. Thus,
the efficient production of pluripotent stem cells (iPSC) allows the generation of genetic
preservation by different ways, such as gamete production and embryo complementation.
Dermal fibroblasts derived from jaguars were transduced using genes encoding the human
transcription factors, in an experiment that highlighted the homeobox protein NANOG as
crucial to the cell reprogramming in this species, and demonstrated that the technique may
represent an efficient method for iPSC production from endangered felids [117].

7. Final considerations

The ARTs have applications in different productive and scientific sectors, whether or not
aiming at the conservation of species. As occurred for the domestic species, the use of ART
sequence followed the order of complexity and evolution of biotechnologies. Accordingly, the
routine use of AI and embryo transfer in different species of mammals is evident. Moreover,
in vitro ARTs continue to grow, using a parallel between the protocols applied to domestic
species and individual characteristics of each wild ones. With the progress of in vivo or in
vitro ARTs, it is expected to know, to manipulate, and to conserve the genetic material,
promoting the preservation of biodiversity, especially in South American wild mammals.
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Abstract

Recombinant DNA technology has revolutionized the production of therapeutic proteins.
Thus, genes of a great number of human proteins have already been identified and
cloned. The use of farm animals as bioreactors may be the better choice to produce re‐
combinant therapeutic proteins. For this activity, the term “pharming” was created, refer‐
ring to the use of genetic engineering to obtain a transgenic or genetically modified
animal. Considering the advantages and disadvantages of livestock species, goats appear
as a very good model. In addition, the first human commercially approved biological
drug (antithrombin (AT)) was produced from the milk of transgenic goats. The aim of
this chapter is to present various reproductive technologies used to obtain transgenic
goats secreting recombinant proteins in milk. Initially, this chapter presents the methods
for embryo production (in vivo and in vitro) to realize the DNA microinjection in pronu‐
clear embryos. Thus, the techniques of superovulation of donors (in vivo embryo produc‐
tion) and ovarian stimulation for oocyte recovery (in vitro embryo production) are
described. Also, the methods for DNA microinjection and embryo transfer are detailed in
this chapter. Finally, this chapter describes the reproductive procedures used for obtain‐
ing transgenic goats by cloning.

Keywords: Transgenesis, DNA microinjection, Cloning, Assisted reproductive technolo‐
gies, Embryo

1. Introduction

The transgenesis technique consists of introducing a DNA construction into the genome of a
pluricellular organism, which then appears in most cells and, posteriorly, is transmitted to the
offspring. Typically, the term “transgenesis” is used to plants and animals, whereas other

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



organisms (yeast, bacteria, and cultured cells) harboring a foreign DNA fragment are named
as “recombinant”. The first gene transfer into mouse using isolated DNA showed that it was
possible to generate animals stably harboring foreign DNA and to modify phenotypic
properties [1, 2]. Subsequently, the use of gene microinjection was extended to pigs, sheep,
and rabbits [3]. After 4 years, the gene replacement was achieved by homologous recombina‐
tion [4].

Initially, in the genetic engineering area, the recombinant proteins were expressed in bacteria
and yeast. Subsequently, it was proved that several human recombinant proteins might not
be efficiently produced in those systems because human proteins do not undergo post-
translational modifications in bacteria. Additionally, in yeast cells, the modifications those
proteins suffer are different from those occurring in human cells. For these reasons, the great
challenge was to develop expression systems ensuring correct post-translational modifications
in recombinant proteins. According to the studies performed to date, transgenic animals offer
attractive advantages to prepare recombinant proteins, such as low cost production and high
protein quality (for review see [5]).

Application of genetic modified animals (GMA) technology to domestic species has been
limited due to the high cost of this kind of research. Thus, the selection of species to be used
as bioreactors depends on several factors (Table 1); however, the quantity of protein required
and the timescale for production are key factors. Additionally, feasibility and the costs of
keeping and breeding the animals should also be considered [6].

Species Pros Cons Reference*

Rabbit Short generation interval Very low milk yield [3]

Pig Short pregnancy length
Production of multiple offspring

Low milk yield
Difficult DNA microinjection

[3]

Sheep Short pregnancy length
Production of multiple offspring

Low milk yield
Difficult DNA microinjection

[3]

Goat Short pregnancy length
Production of multiple offspring
Good milk yield

Difficult DNA microinjection [9]

Cattle Very good milk yield Log generation interval
High maintenance cost
Difficult DNA microinjection

[10]

Table 1. The pros and cons for many animal species producing recombinant proteins in milk.

Considering the advantages and disadvantages of each livestock species, goats appear as an
excellent model for their use as bioreactors. In addition, it was from the milk of transgenic
goats that was produced and approved the commercialization of the first human biological
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drug (antithrombin (AT)). This approval first occurred in Europe, by The European Agency
for the Evaluation of Medicinal Products [7], and after in the United States, by the Food and
Drug Administration [8].

Transgenic goats are traditionally produced through the microinjection of a DNA construct
into the pronuclei of early embryos (Figure 1). Since the first report on transgenic goats using
this method to produce the human tissue plasminogen activator [9], several other human
proteins have been similarly produced such as hepatitis B surface antigen [11], lysozyme [12],
lactoferrin [13], and granulocyte colony stimulating factor (hG-CSF) [14]. Following the report
of the birth of the first cloned sheep [15], new improvements in production of transgenic goats
were obtained by the use of somatic cell nuclear transfer (SCNT), a method allowing to
incorporate a DNA construct into target cells in culture using lipid-mediated transfection,
followed by the selection of properly integrated donor cells for transfer. The efficiency obtained
from the two methods is lower in nuclear transfer reconstructed embryos than in pronuclear
microinjection, although all of the animals born are transgenic and most of them produce the
recombinant protein in milk during induced lactation [16].

Figure 1. Traditional methods used to obtain transgenic goats. A: DNA pronuclear microinjection. B: Somatic cell nu‐
clear transfer (SCNT).
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2. Pronuclear microinjection

The intention of the production of the first genetically manipulated goat embryos was to obtain
transgenic animals able to secrete pharmaceuticals in their milk, in particular the human tissue
plasminogen activator [9]. Upon its success, several other human proteins have been produced
in goats using pronuclear microinjection. However, the technique presents a poor overall
efficiency, especially when compared to that obtained in mice. In goats, up to 1% of the injected
zygotes give birth to a transgenic kid [17]. The method to produce transgenic goats using this
method can be summarized in the following steps: obtaining pronuclear embryos (in vivo or
in vitro), embryo microinjection with a DNA construct, transfer of microinjected embryos into
recipient goats, and early pregnancy diagnosis by ultrasound. The methods presented here on
microinjection technology to generate transgenic goats are based on our extensive experience
in goat reproductive technology and are complemented by information from the literature.

2.1. In vivo embryo production

A closely timed protocol to recover pronuclear embryos was developed in our laboratory
(Table 2); groups of four donors are used for reasons of efficiency. This protocol involves estrus
synchronization with the use of vaginal sponges, superovulation with porcine follicle stimu‐
lating hormone (pFSH; Folltropin-V, Vetrepharm, Belleville, Canada), and the administration
of gonadotrophin-releasing hormone (GnRH; Fertagyl; Intervet, Boxmeer, The Netherlands)
to ensure precisely controlled ovulation [18]. In our experience, it is necessary to mate
superovulated donors twice (at the beginning of estrus and 12 hours after) with the respective
bucks to achieve acceptable fertilization rates. Using Saanen or Canindé goats, an average of
24 and 12 ovulations can be obtained, respectively. However, it is important to emphasize that
FSH doses to obtain superovulation differ between breeds: we use 120 and 200 mg of pFSH
for Canindé and Saanen females, respectively.

Embryos are recovered surgically 24 hours after the second mating. Animals are deprived of
food and water for 24 hours prior to laparoscopy. Anesthesia is induced by administration of
thiopental (20 mg/kg of body weight) intravenously and maintained by continuous infusion
of 3% isoflurane, using an inhalational system with medical oxygen. A medial ventral incision
is made, and the oviduct is flushed to harvest the embryos, with 15–20 mL of Dulbecco
modified phosphate-buffered saline (DMPBS) using a catheter inserted in the uterotubal
junction and connected to a syringe containing the medium. A plastic cannula (tom cat) is
inserted in the infundibulum for flushing recovery into a Petri dish. The recovered medium is
examined under a stereomicroscope (70–80×) for identification of ova and embryos. The
average recovery rate (embryos per ovulation) is about 80% (>10 ova/embryo per donor) and,
for Canindé breed, the fertilization rate is not lower than 75% (7–8 embryos per donor) [19,
20] (Figure 2).

Thereafter, the ova found are observed with an inverted microscope (300×) for a qualitative
evaluation. Presumable zygotes are centrifuged (12000× g for 5 min) to allow a better visuali‐
zation of the pronuclei, while ova are placed in drops of M16 medium (Sigma–Aldrich)
supplemented with 10% fetal bovine serum (FBS). Then, embryos presenting visible pronuclei
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are immediately microinjected, whereas the others are placed for in vitro culture at 38.5°C in
a humidified atmosphere with 5% CO2 for a short period. Goat zygotes show nontransparent
cytoplasm and approximately 125–130 μm in diameter (Figure 3A and B). Nontransparent
cytoplasm is due to the presence of a large amount of lipid granules that hinder the visuali‐
zation of pronuclei. In addition, pronuclei seem to be visible sometimes, but this impression
can, however, appear false after attentive examination with an inverted microscope equipped
with interferential contrast optics (Nomarsky). The presence of the second polar body is a
rather marked indication that the egg has been fertilized. The presence of the second polar
body is typical for all zygote stages. It can be located in contact with the first polar body or not
far away from it. The first polar body most often stays at the degradation stage; sometimes
zygotes with three polar bodies occur if by that moment the division of the first polar body
has already occurred [19].

Day Time
Event in

Donors Recipients

−10 Morning Insertion of vaginal sponge (60mg medroxyprogesterone acetate)

−2
8:00 a.m.
8:00 p.m.

50 μg cloprostenol + 50 mg pFSH
50 mg pFSH

50 μg cloprostenol + 300 iu eCG

−1
8:00 a.m.
8:00 p.m.

30 mg pFSH
30 mg pFSH

0
8:00 a.m.
8:00 p.m.

20 mg pFSH + sponge removal
20 mg pFSH

Sponge removal

1 8:00 p.m. 100 μg GnRH + first natural mating Estrus detection

2 8:00 a.m. Second natural mating Estrus detection

3
8:00 – 10:00 a.m.
2:00 – 5:00 p.m.

Surgical embryo recovery Transfer of microinjected embryos

GnRH, gonadotrophin-releasing hormone; pFSH, porcine follicle- stimulating hormone.

Table 2. Time schedule to produce pronuclear goat embryos for subsequent DNA microinjection.

The pronuclei of goat zygotes are visible without centrifugation in only 30% of times (Figure
3C). To facilitate visualization of pronuclei, all the fertilized eggs are subjected to centrifuga‐
tion, which contributes to precipitation of the lipid granules. The pronuclei of late zygotes are
located closely to one another, usually in the center of the cytoplasm though closer to the pole
with dark granules; one of the pronuclei (male) is somewhat larger than the other (female)
(Figure 3D and F). Pronuclei in goat, unlike those in mouse, rabbit, or swine, are not visualized;
morphologically, they rather resembled sheep and cow pronuclei. The two pronuclei may not
be always simultaneously observed, and one of them can be located in the lipid granules.
However, even after very careful examination of the centrifuged zygotes in a microscope with
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Nomarsky optics, the pronuclei are not always clearly observed. Zygotes of different goat
breeds differ in the degree of visualization of pronuclei. For instance, in Canindé goats, the
pronuclei visualization is possible in almost 100% of examined zygotes, whereas in Saanen
this rate was only slightly higher than 70% [20].

Figure 3. Morphology of goat ova and embryos with microinjection details. A: Unfertilized oocytes; the secondary po‐
lar body is absent (×200). B: Zygotes; arrows indicate the secondary polar bodies but pronuclei are not visible (×200). C:
Zygotes; arrow indicates pronuclei visible without centrifugation (×300). D, E, and F: Microinjection into centrifuged
pronuclei of zygotes; arrow indicates the pole with lipid granules.

Figure 2. Embryo recovery in goats. A: Evaluation of ovarian response (arrows show some ovulation points) for fur‐
ther oviduct flushing. B: Presumable embryos observed under stereomicroscope.
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2.2. In vitro embryo production

Although the in vivo production method results in zygotes of high developmental capacity,
the procedure is characterized by a great deal of variability in the number of pronuclear
embryos. In addition, this technique causes adhesion formation following laparotomy and,
consequently, limits the repeat use of the donors. Laparoscopic ovum pick-up (LOPU)
followed by in vitro embryo production appears as an efficient method for the exponential
dissemination of high genetic value sheep and goats [21]. Similarly described for bovines, the
use of in vitro-matured oocytes is also advantageous in goats [22]. A year-round provision of
immature oocytes can be obtained from hormone-primed goats by LOPU, contrasting to the
seasonal fluctuations observed in the quantity of oocytes obtained from slaughterhouse-
derived ovaries. Thus, the laparoscopic approach provides a minimally invasive, efficient
means of obtaining immature oocytes for subsequent embryo production and microinjection.

The estrous cycle of goats should be manipulated with gonadotropins. Different hormonal
protocols have been tested to improve the oocyte production in quantity and quality obtained
from goats submitted to LOPU [22, 23]. These protocols enable the synchronous recruitment
of a large population of follicles. Progestagen impregnated vaginal sponges (45 mg MAP,
Progespon; Syntex, Buenos Aires, Argentina) are employed for 10 days to synchronize the
female cycle; they should be left in the vagina until the moment for oocyte aspiration to avoid
ovulations. Indeed, a dose of prostaglandin F2α analog (50 μg cloprostenol, Ciosin; Coopers,
São Paulo, Brazil) is used at the seventh day of progestagen treatment to promote luteolysis.
In a breed-dependent total dose (120–200 mg), pFSH is administered in five injections (de‐
creasing doses), 12 hours apart, beginning at prostaglandin injection. A 24-hour interval
between the last pFSH administration and LOPU is used. Goats can be treated seven or more
times using this protocol without a decrease in the ovarian response (Table 3).

Session Punctured follicles Recovered COCs Recovery rate (%)

1 21.3 ± 7.1 12.9 ± 5.1 60.8 ± 21.6

2 21.8 ± 8.3 15.6 ± 5.9 71.6 ± 12.7

3 20.0 ± 5.7 15.2 ± 5.1 75.8 ± 11.7

4 16.5 ± 7.9 12.9 ± 6.8 78.8 ± 14.4

5 16.3 v 4.8 11.9 ± 3.8 73.3 ± 9.6

6 19.0 ± 5.9 13.9 ± 3.4 73.2 ± 16.0

7 14.9 ± 5.8 10.6 ± 3.4 70.9 ± 16.4

Table 3. Punctured follicles, recovered cumulus–oocyte complexes (COCs), and recovery rate in goats hormonally
treated for seven times per session [25]. The values are mean (±SD) and percentages.

LOPU starts in the morning of the 10th day of progestagen treatment, after sponge removal.
Briefly, goats are deprived of food and water for 36 hours and 24 hours prior to LOPU,
respectively. Using a similar protocol for anesthesia to that previously described for embryo
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recovery, the female is placed on a cradle at a 45° angle to avoid accidents at trocars punction
(Figure 4A). One trocar is used to pass the endoscope into the abdominal cavity, cranial to the
udder, and to the left of the midline. Once the abdominal cavity is expanded with air, a second
trocar inserted in the right side is used to introduce atraumatic grasping forceps. Using gentle
manipulation, the uterine horns are pulled to allow visualization of each stimulated ovary. A
third trocar, inserted in the midline, is used to pass the oocyte aspiration needle (Figure 4B).
The system comprises a 5-mm laparoscope associated to a 22-G needle and a vacuum pump
regulated to 35 mmHg. Follicles of 2–7 mm are punctured from the side, the needle paralleling
the base of the follicle (Figure 4C). The collection medium is composed of HEPES buffered
TCM 199 supplemented with 20 IU/mL heparin and 40 mg/mL gentamicin sulfate. To avoid
adherences, after LOPU, each ovary is flushed with 100 mL of heparinized saline.

Figure 4. Structure to perform the laparoscopic ovum pick-up (LOPU) in goats. A: Room for oocyte recovery showing
the inhalation anesthesia equipment ①, goat on a cradle ②, video-laparoscopy equipment ③, and vacuum pump ④.
B: Points for insertion of the endoscope, follicular puncture needle, and the atraumatic grasping forceps. C: Moment of
the follicular puncture with needle in a vacuum system.

As shown in Figure 5, collected COCs are visualized under a stereo zoom microscope and
graded according to the classification used in our laboratory [24]. Only oocytes graded as 1
and 2 are considered acceptable and used for in vitro maturation (IVM). COCs are then washed
four times and transferred into maturation medium consisting of TCM 199 supplemented with
10 ng/mL epidermal growth factor (EGF) and 100 μM cysteamine in four-well Petri dishes,
each well containing 45–50 oocytes in 500 μL of maturation medium. COCs are incubated for
24 hours at 38.5°C and 5% CO2.

Oocyte maturation includes meiotic resumption and progression to the fertilizable stage of
metaphase II after emission of the first polar body and related events in oocyte cytoplasm and
surrounding cumulus cells. Therefore, the result of IVM depends on the intrinsic quality of
immature oocytes, but the maturation conditions can widely modulate the final competence
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adherences, after LOPU, each ovary is flushed with 100 mL of heparinized saline.

Figure 4. Structure to perform the laparoscopic ovum pick-up (LOPU) in goats. A: Room for oocyte recovery showing
the inhalation anesthesia equipment ①, goat on a cradle ②, video-laparoscopy equipment ③, and vacuum pump ④.
B: Points for insertion of the endoscope, follicular puncture needle, and the atraumatic grasping forceps. C: Moment of
the follicular puncture with needle in a vacuum system.

As shown in Figure 5, collected COCs are visualized under a stereo zoom microscope and
graded according to the classification used in our laboratory [24]. Only oocytes graded as 1
and 2 are considered acceptable and used for in vitro maturation (IVM). COCs are then washed
four times and transferred into maturation medium consisting of TCM 199 supplemented with
10 ng/mL epidermal growth factor (EGF) and 100 μM cysteamine in four-well Petri dishes,
each well containing 45–50 oocytes in 500 μL of maturation medium. COCs are incubated for
24 hours at 38.5°C and 5% CO2.

Oocyte maturation includes meiotic resumption and progression to the fertilizable stage of
metaphase II after emission of the first polar body and related events in oocyte cytoplasm and
surrounding cumulus cells. Therefore, the result of IVM depends on the intrinsic quality of
immature oocytes, but the maturation conditions can widely modulate the final competence
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of IVM oocytes. The IVM procedure is commonly performed using TCM 199 enriched with
amino acids and glucose, supplemented with hormones and heat-inactivated serum. To make
IVM simpler, more safe, and repeatable, our laboratory proposed a maturation medium using
just defined compounds—TCM 199 supplemented with 10 ng/mL EGF and 100 mM cystea‐
mine—and obtained good results in embryo development of adult goat oocytes [26].

Motile sperm from frozen/thawed semen are separated by centrifugation (700× g for 15 min)
on 2 mL of Percoll discontinuous density gradient (45%/90%). Then, dilution of viable sperm
in fertilization medium to achieve a final concentration of 2.0×106 sperm/mL is performed. The
matured COCs are transferred into plates containing washing medium. The washing and
fertilization medium are synthetic oviduct fluid (SOF) medium containing 10% of heat
inactivated estrus goat serum, 5 mg/mL heparin, and 4 mg/mL gentamicin. Groups of 45–50
oocytes are transferred into four-well Petri dishes with 450 mL of fertilization medium and 50
mL of sperm suspension is added to each well. Sperm and oocytes are co-incubated for 18
hours at 38.5°C in a humidified atmosphere of 5% CO2 in air [27, 28]. Oocytes are then stripped

Figure 5. Criteria for grading cumulus–oocyte complexes (COCs) recovered from goats. A: Grade 1 COCs show mul‐
tilayered compact cumulus and finely granulated oocyte cytoplasm. B: Grade 2 COCs show one to three layers of cu‐
mulus cells and finely granulated oocyte cytoplasm. C: Grade 3 COCs show incomplete or no cellular investment or
heterogeneous oocyte cytoplasm. D: Grade 4 oocyte evidences an abnormal shape and heterogeneous oocyte cyto‐
plasm, whereas apoptotic oocytes are surrounded by jelly-like cumulus-corona cells investment. Scale bar represents
50 μm.
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off cumulus cells and centrifuged to facilitate pronuclear visualization. All procedures for
DNA microinjection are similar to those made during the in vivo embryo production.

3. Somatic cell nuclear transfer

The current knowledge on SCNT results from the hard work and curiosity of scientists who
began more than 100 years ago. Hans Spemann was the first to demonstrate that salamander
nuclei were pluripotent up to 16-cell stage [28]. The fascinating study demonstrated the
production of twin larvae by cutting the embryo in half using his son’s hair strand. Further
research from other groups confirmed that nuclei from early amphibian embryos transferred
to appropriate cytoplasm were totipotent. The further experiments tried to transfer nuclei from
more advanced species; disappointingly, the results were not encouraging. Following the lead,
Illmensee and Hoppe [29] reported successful nuclear transfer of embryonic nuclei in mice by
directly injecting inner cell mass into enucleated zygotes. Willadsen [30, 31] reported for the
first time the nuclear transfer using enucleated, metaphase-II sheep oocytes. After 10 years,
Campbell et al. [32] reported the production of first offspring using transfer of cultured
embryonic cell line derived from day 9 in vivo–produced sheep embryo. This significant study
demonstrated that differentiated cells have the ability to originate a new individual and cells
could be induced to enter a quiescent state. Finally, in 1997, the first mammal cloned from an
adult, differentiated cell was named Dolly; it was produced by transferring a differentiated
somatic cell into an enucleated mature oocyte [15]. Since Dolly, several other mammalian
species have been cloned.

Different approaches have been conducted to modify donor cells and for nuclear transfer to
improve the efficiency of the technique. These manipulations were focused on donor cells,
including (a) the synchrony of the cell cycle stage among donor cells and the synchrony
between donor cells and recipient oocytes; (b) the use of somatic cells from donors of various
ages, tissue origins, passages, and culture conditions; (c) the transfer of stem cells with
epigenetic marks; and (d) the drug-induced modification of the epigenetic marks in donor
cells. The efficiency of nuclear transfer has been dramatically improved from the initial success
rate, although none of these efforts eliminated the common problems associated with nuclear
transfer, suggesting the need for further studies on nuclear reprogramming to better under‐
stand the underlying mechanisms of reprogramming and consequently to enhance the ability
to reprogram differentiated somatic nuclei.

Metaphase II enucleated oocytes are most frequently used as recipient cytoplasm in SCNT
studies. Two sources are available for these stage oocytes: (a) in vivo mature oocytes collected
directly from animals and (b) aspirated oocytes collected from the ovaries of live or slaughtered
animals and cultured in vitro for maturation (as described for microinjection). The selection
of the source of recipient oocyte depends on the experimental species. In some species, the
developmental competence is similar for both the oocyte sources. Conversely, in other species,
the developmental competence is rather variable for in vivo or in vitro recipient oocytes.
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The use of recombinant somatic cell lines for nuclear transfer shows several advantages: it
allows the introduction of transgenes by traditional transfection methods, increases the
efficiency of transgenic animal production to 100%, and overcomes the problem of founder
mosaicism. Additionally, SCNT protocols may also be used to clone transgenic founders
obtained by pronuclear microinjection. Several steps of SCNT technique to produce transgenic
goats are described in Table 4.

Step Description

1. Isolation of fibroblast cell line The primary goat fibroblast cells used as karyoplast donors are obtained by biopsy.
Tissues are minced, washed, and transferred into culture flasks. Cells are cultured
in TCM 199 supplemented with 10% fetal bovine serum (FBS), nucleosides, 2 mM L-
glutamine, 0.1 mM β-mercaptoethanol as an antioxidant, and 50 μg/mL gentamicin.
After three subpassages, cells are frozen and stored in liquid nitrogen.

2. Oocyte recovery Oocytes can be obtained from follicle-stimulating hormone (FSH)-stimulated
animals (as described by laparoscopic oocyte collection) or slaughterhouse ovaries

3. Oocyte enucleation Cumulus–oocyte complexes (COCs) are vortexed at 18 to 22 hours post in vitro
maturation (IVM) in TL-HEPES containing 0.6 mg/mL hyaluronidase for removal of
the cumulus cells. Oocytes are washed in modified TL-HEPES (TL-HEPES
supplemented with 10% FBS), selected based on the presence of a polar body, and
labeled with 3 μg/mL Hoechst 33342 for 1 min. Mature oocytes are enucleated in
inverted microscope with micromanipulators and epifluorescent illumination.

4. Donor cell preparation Fibroblast cells are trypsinized, washed, and held (<1.5 hours) in modified TL-
HEPES immediately before transfer into the recently enucleated oocytes.

5. Reconstruction and fusion A single fibroblast cell is injected into the perivitelline space of each enucleated
oocyte. Karyoplast–cytoplast couplets are manually aligned between two stainless
steel electrodes in a microslide fusion chamber filled with fusion buffer (0.3 M
mannitol, 0.1mM MgSO47H2O, 0.05mM CaCl2, 0.5mM HEPES and 4mg/mL BSA)
and fused by a single DC pulse (1.30 kV/cm for 25 μsec) delivered by electrofusion
equipment. Fused couplets are activated by a 5-min exposure to 5 μM ionomycin,
washed extensively in modified TL-HEPES, and then incubated for 3 hours in 2 mM
6-dimethylaminopurine. Following activation, reconstructed embryos are cultured
for 36 hours prior to transfer to recipient females.

Table 4. Brief methodology for the use of somatic cell nuclear transfer (SCNT) technique to produce transgenic goats.

There are no major changes in the technical characteristics of SCNT methods for farm animals
since the pioneer description of the first successful embryonic cloning [31]. Researchers
working in embryology consider the zona pellucida as important for the correct embryonic
development. However, this technique requires the use of micromanipulators, highly skilled
labor, and very expensive equipment. Some years ago, other forms of the technique (zona-free
procedures) were described [36]. For clear distinction, the term hand-made cloning (HMC)
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was used for the micromanipulation-free SCNT method. Several publications with zona-free
NT techniques agree that these methods are easier to learn and do not require skilled work‐
force, originating embryos with a final quality comparable with that of traditional cloning [37,
38]. Our group obtained a transgenic female goat founder by pronuclear microinjection, which
expressed acceptable levels of the hG-CSF in the milk [14]. Currently, the objective of our group
is to increase the number of transgenic animals by cloning techniques. Therefore, using skin
fibroblast primary culture cells collected from the transgenic founder goat as nucleus donor
cells, the HMC cloning procedure was used (Figure 6) to test the developmental potential of
cloned transgenic goat embryos [39].

Figure 6. In vitro production steps of goat hand-made cloned embryos using donor cells from a transgenic founder
goat. A: Cumulus–oocyte complexes after 20 hours of in vitro maturation (200×). B: In vitro–matured oocytes based on
evaluation of polar body (200×). C: Zona-free oocyte after removal of the zona pellucida (600×). D: Transgenic one-cell
stage cloned embryo on day 1 of culture into a microwell (400×). E: Transgenic four-cell stage cloned embryo on day 2
of culture into a microwell (400×). F: Transgenic cloned blastocyst on day 7 of development (600×).

4. Embryo transfer and pregnancy diagnosis

Crossbred recipient goats can be selected from those exhibiting estrus 48–72 hours prior to the
scheduled embryo transfer. Nuclear transfer embryos are transferred into oviduct’s recipients.
For the embryo transfer procedure, we used the same general anesthesia protocol as for oocyte
collection. Likewise, goats are placed in dorsal recumbence for midventral laparotomy
procedure. The ovaries are then examined for evidence of ovulation; thereafter, the uterus is
exteriorized, and embryos are transferred into the oviduct (2-day embryos) or the uterus (7-
day embryos) ipsilateral to the ovary with the most ovulation points. Embryos (5–10/recipient)
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are transferred via a small plastic catheter through the tubal ostium, the catheter gently
advanced into the oviduct.

The need for early diagnosis of pregnancy in goats, especially for valuable embryos, as in the
case of transgenesis and cloning, lead to the common application of transrectal or abdominal
real-time B-mode ultrasonography (US) for pregnancy examination. The distension of the
uterus, the evidence of embryonic vesicles or the embryo, the fetal heartbeat, and placentomes
are positive signals for pregnancy. Ideal time for abdominal scanning is between 40 and 60
days. Prior to 40–45 days, the transducer may have to be placed higher in the inguinal region,
but if transrectal US is used the diagnosis is anticipated up to 25–30 days. In our studies,
transrectal US examinations of recipients begin on day 25 of gestation, whereas additional US
assessments are performed at intervals of 7 and 10 days until unequivocal pregnancy diagno‐
sis. The fetal heartbeat is normally used to diagnose pregnancy and fetus viability. Goats with
pregnancy confirmed are monitored at 2-week intervals until day 90, when they are separated
from the others and placed in groups (two or three) per pen. Monitoring of pregnant recipients
past day 45 is performed through abdominal US (Figure 7).

Figure 7. Pregnancy diagnosis in recipient goats. A: Real-time ultrasonography (US) equipment and its probes for
transrectal and abdominal examination. Pregnant recipients at 25 (B) and 45 days (C) after embryo transfer.

Real-time US is also currently used for other kind of assessments, such as to verify and monitor
the ovarian follicular dynamics, the time of ovulation, and to accurately estimate the number
of corpora lutea at days 6–7 after induced superovulation in goats. Nevertheless, studies
focusing the superovulation response in goats, particularly, to verify early ovulatory response
(corpora haemorraghica (CH)), are very limited, and the accuracy of the method with this
objective has not been assessed. Thus, our group proposed to assess the efficiency of real-time
US as a noninvasive method to estimate the ovulation ratio after superovulation in goats by
counting the number of CH’s in the ovaries. The sensitivity, specificity, and total efficiency of
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the ultrasonographic estimation of ovulations in a goat were 100.0% [40]. Thus, transrectal real-
time US is a valuable method for assessing the ovulatory response and can be used to select
donor goats in a transgenesis program or to estimate embryo yield after superovulation.

5. Conclusions

Research in producing transgenic animals currently uses goats for its lower cost and precise
genomic alterations. This statement is reinforced by the approval and the commercialization
of the first human biological drug from the milk of transgenic goats.

Nuclear transfer protocols have evolved, which make it possible to obtain transgenic goats
efficiently. Also, it seems that goats generated by SCNT do not suffer from the health problems
reported in sheep and cattle. Moreover, the HMC technique does not require the use of
micromanipulators and accessories. Also, the HMC procedure does not request micromani‐
pulators or related equipment, making the method accessible to laboratories with limited
funding.
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Abstract

The litter size is an important trait in prolific species such as rabbits and pigs. However,
selection on litter size has had limited success in these species because of its low heritabil‐
ity and sex-limited expression. The litter size is a complex physiological trait in prolific
species, affected by several components that are expressed sequentially, for example, ov‐
ulation, fertilization, embryo development, and fetal survival. The selection for ovulation
rate or/and prenatal survival has been proposed to improve litter size indirectly. Howev‐
er, these alternative methods have not reached the expected response rate. Implantation
is also a critical point in successful gestation, one-third to one-half of prenatal mortality
occurring during peri-implantation. The uterus must provide an adequate microenviro‐
ment for the growth and development of embryo and for receptivity to implantation.
There are multitudes of cellular events involved in crosstalk between embryo and mater‐
nal uterus during peri-implantation. A better understanding of molecular mechanisms af‐
fecting the implantation process could help to propose new strategies for litter size
improvement in prolific species.

Keywords: Ovulation rate, embryonic survival, litter size, candidate gene, quantitative
trait loci (QTL)

1. Introduction

Litter size is a complex physiological trait in prolific species, being affected by several com‐
ponent traits representing sequential events, e.g., ovulation, fertilization, embryo develop‐
ment, and fetal survival. Fertilization rate is usually high, exceeding 90 to 95% in rabbit [1],
pigs [2], and mice [3]. Therefore, prenatal survival is considered a limiting factor of litter size.
Uterine capacity is an important component in prenatal survival [4; for a review address to 5].
Whenever the ovulation is not a limiting factor, this trait depicts the ability of the uterus to
support embryo development through gestation [6]. Approximately 30 to 40% of ova shed do
not result in fetuses at term in prolific species such as rabbits, pigs, and mice (see review [7])

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



due to potentially viable embryos exceeds uterine capacity. One-third to one-half of these
losses occurs during peri-implantation in rabbits [8], pigs [9], and mice [10]. Preimplantation
embryo losses are mainly associated with embryonic viability [4], including chromosomal
abnormalities [11] and oviductal or uterine environment, particularly in relation with the
suitability of oviductal or uterine secretions [12]. The oviduct must provide an adequate milieu
for sperm capacitation, gamete fertilization, and the first embryo cleavages until the embryo
enters the uterus [13]. Many proteins that may contribute to these functions have been
identified in the oviduct, including the insulin-like growth factor 1 (IGF1) [14], oviductin
(OVGP1, known also as MUC9) [15], tissue inhibitor of metalloproteinase (TIMP1) [16],
plasminogen activator inhibitor 1 (PAI1) [17], uteroglobin [18], and leptin [19]. A progesterone-
primed uterus coordinates the embryo survival and receptivity. The asynchrony between
embryo development and uterine environment increases the number of dead embryos in the
peri-implantation gestational stage [20, 21].

In rabbits, the period between pregnancy days 8 to 17 is critical for fetal survival, corresponding
to the stage when the hemochorial placenta of rabbit is established and the control of the fetal
nutrition is transferred to the placenta [22]. A secondary critical period for fetal survival occurs
between pregnancy days 17 and 24, accompanying the uterine enlargement, the increased
tension exerted on the spherical conceptus, and the reduction of blood flowing through the
maternal vessels of the uterus [23]. In this moment, the placenta should compensate these
limiting factors and increase its surface area for fetomaternal exchanges [24] and stimulate the
development of an adequate vascular network [25, 26]. In pigs, the distribution of mortality
after implantation is slightly different throughout pregnancy [9], the first peak occurring
between days 30 and 40 of gestation (10-15%) while the second peak is observed in the last two
weeks of gestation (5-10%). Despite the existing species differences, it is now accepted that
each embryo requires a minimum space in uterus to attach, survive, and develop. Thus, a
decrease in the availability of uterine space increases prenatal mortality in pluriparous species,
such as rabbits [4] or pigs [27], despite that the factors involved in the process may differ among
species. In pigs, the area of attachment between the placenta and endometrium is a limiting
factor of uterine capacity, due to its noninvasive placentation [9]. Thus, it was proposed that
uterine capacity in pigs could be defined more correctly as the total amount of placental mass
or surface area that a dam can support to term [28]. Earlier studies in pigs indicate that the
limiting influence of the uterine capacity is generally exerted after the day 30 of gestation and
that the effects of moderate crowding of embryos before day 30 could be compensated by
increased placental efficiency later in gestation (see review [29]).

2. Selection experiments for components of litter size

Litter size is an important economic trait in prolific species such as rabbits or pigs. However,
direct selection for litter size has not presented the success expected for these species (see
review [7, 30]), which may be due to the fact that it is a female sex-limited trait with low
heritability. The selection response for litter size has been established around 0.1 young per
generation in rabbits [31, 32] and pigs [33-36]. This response has been much lower than that
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reported in mice: 0.15 to 0.20 young per generation [37-40]. Recently, in pigs, a selection
experiment for litter size at day 5 after farrowing obtained a selection response around to 0.25
young per generation [41]. However, additional information on following generations will be
required to confirm this trend.

The leading components of litter size are the ovulation rate and the prenatal survival; these
parameters are also the limiting factors for the litter size improvement. For this reason,
selection for ovulation rate and prenatal survival has been proposed as an indirect approach
for increasing litter size. Selection for ovulation rate in prolific species, namely rabbits [42],
pigs [43-45], and mice [40, 46], were in fact successful to improve the ovulation rate, but it was
not convoyed by a corresponding increase in litter size in either pigs or rabbits, which was
attributed to an increase in prenatal loss.

The selection for prenatal survival in pigs [45] and mice [40] allowed to increase litter size in
both pigs and mice, but it was not more advantageous compared with the direct selection for
litter size. Besides, prenatal survival might be limited by uterine capacity, defined as the
maximum number of fetuses that a dam can support at birth when ovulation rate is not a
limiting factor [6]. However, the ability to establish this trait is not easily performed across
species, as it is dependent on the species physiology. In pigs, litter size in unilaterally ovario-
hysterectomized females may be considered an indirect measure of the uterine capacity in pigs
[6], since the remaining ovary nearly doubled its ovulation rate originating the fetal over‐
crowding in the ipsilateral uterine horn. Conversely, in unilaterally ovariectomized female
rabbits and mice, which possess a duplex uterus that impedes intercornual transmigration, the
number of total fetuses would represent their uterine capacity [47, 48].

Selection experiments for increased uterine capacity failed to obtain the expected success on
litter size, in rabbits [8, 49], pigs [44], or mice [50]. Considering that uterine capacity in pigs
would be more appropriately measured using the total amount of placental mass or the surface
area that a dam can support to term as variables [28], a divergent selection experiment for
placental efficiency developed in this species achieved success [51]. However, selection for
increased placental efficiency will unlikely result in correlated increase in litter size [52].

A joint selection for ovulation rate and prenatal survival using an index would expectably
show a greater response on litter size, since these parameters are optimally weighted [53, 54].
In pigs [55] and mice [56], the use of this joint selection successfully increased litter size, but
the gain was lower than expected, probably due to a low precision of the estimated genetic
correlations or the use of inappropriate economic weights [57]. Alternatively, a two-stage
selection was proposed, which would be less affected by the precision of the genetic parame‐
ters; its application to rabbits [58] and pigs [59] obtained greater response on litter size than
the observed in the other experiments of selection for litter size [31-36].

Selection for the environmental variability in litter size has been recently proposed as an
alternative method for increased litter size. A reduction in litter size environmental variability
would increase litter size heritability, and consequently its response to selection [60]. In rabbits,
the environmental variance of a doe was estimated as within-doe variance of litter size.
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Selection for environmental variance of litter size was successful [61], and as a consequence of
reducing litter size variability the litter size was increased due to higher embryo survival [61].

3. Genetic control before implantation

The maternal genome controls virtually all aspects of early embryo development, through
several maternal gene products such as mRNA and protein, which are loaded into the egg
during oogenesis. As development proceeds, two processes subsequently lead to the maternal-
to-zygotic transition (MZT) during which developmental control is transferred to the zygotic
genome: first, a subset of the maternal mRNAs is degraded; second, the embryonic genome is
transcriptionally activated. These maternal gene products play an important role in the
regulation of the first cleavages until embryonic genome is activated [62]. Zygotic genome
activation (ZGA) is a critical event determining the transition from maternal to embryonic
control of development. Disruption of these critical events by specific chemicals or environ‐
mental factors results in irreversible arrest of embryo development [63]. ZGA has been shown
to be a species-specific phenomenon, occurring at 2-cell stage in mice [64], 4-cell stage in pigs
[65], and 8- to 16- cell stages in sheep, cows, or rabbits [66]. Many maternal-effect genes have
been identified initially in mouse during the MZT, and several of whom have been detected
posteriorly in rabbits and pigs.

Genome-wide gene activation in the zygote (ZGA) is regarded as crucial for preimplantation
embryonic development. Multiple maternal factors were identified on the regulation of ZGA,
which are listed in Table 1. Ablation of the gene encoding for these proteins results in embry‐
onic arrest at cleavage-stage development.

These factors play critical roles in the regulation of embryo preimplantation development. For
example, DICER1 enzyme is required for completion of oocyte mitotic maturation, and oocytes
are arrested in metaphase of meiosis II when DICER1 gene is deleted [67, 68]. HSF1 protein is
required for oocyte maturation. Embryos produced in knockout females for this gene are
unable to proceed into the 2-cell stage after fertilization, possibly due to mitochondrial damage
and altered redox homeostasis [69, 70]. UCHL1 is an import factor in blocking polyspermy [71,
72]. AGO2 is involved in the destruction of maternally inherited transcripts and activation of
zygotic gene expression; knockout female for this factor is infertile because embryos fail to
undergo the first cleavage [73, 74]. Moreover, embryos from MATER, ZAR1, PADI6, and
SEBOX knockout females do not develop beyond the 2-cell stage embryo [75-82], and embryos
lacking SMARCA4, DNMT1, DNMT3A, TET, and KLF4 are unable to reach the 8-cell stage
[83-91]. BCLXL, HDAC1, and C-MYC exhibit maximum expression in 8-cell rabbit embryos
coinciding with start of ZGA [90]. Hence the peak expression of transcripts at ZGA might be
a requirement for embryo development. OCT4, NANOG, and SOX2 were co-expressed in
epiblasts, and the combinatorial expression of these three genes is critical for the embryo
development [92, 93].
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4. Genetic control during implantation

Implantation requires a complex interaction among the developing embryo, decidualizing
endometrium and developing maternal immune tolerance. For the successful implantation, it
is of upmost importance the synchronization between the acquisition of implantation compe‐
tency by the blastocyst and a receptive state in the uterine endometrium, for which the
concurrence of the ovarian steroid hormones dynamics is crucial. The ovarian hormones
determine a complex interplay of locally produced molecules in the endometrium, including

Symbol gene Name Effect References in

Mice* Rabbits and pigs

DICER1
Endoribonuclease Dicer or helicase with
RNase motif

Metaphase II [67] [68]

HSF1 Heat shock factor 1 Zygote [69] [70]

UCHL1 Ubiquitin carboxyl-terminal hydrolase L1 Zygote [71] [72]

AGO2 Argonaute 2 Zygote [73] [75]

MATER or
NLRP5

Maternal antigen that embryos require 2-cell stage [75] [76]

ZAR1 Zygote arrest 1 2-cell stage [77] [78]

PADI6 Peptidylarginine deiminase type 6 2-cell stage [79] [80]

SEBOX Skin-embryo-brain-oocyte homeobox 2-cell stage [81] [82]

BRG1 or
SMARCA4

Brahma-related gene 1 4-cell stage [83] [84]

DNMT1 DNA cytosine methyltransferase 1 4-cell stage [85] [86]

DNMT3A DNA cytosine methyltransferase 3 alpha 4-cell stage [87] [86]

TET1, 2 and 3 Ten-eleven translocation (Tet) dioxygenases 4-cell stage [88]

KLF4 Kruppel-like factor 4 4-cell stage [89, 90]

BCLXL B-cell lymphoma-extra large 8-cell stage [89]

HDAC1 Histone deacetylase 1 8-cell stage [89]

C-MYC
Avian myelocytomatosis viral oncogene
homolog

8-cell stage [90]

NANOG The homeoprotein Nanog 16-cell stage [91] [84, 89, 93]

OCT4 or POU5F1 Octamer-binding protein 4 Morula [92] [89, 90, 93]

SOX2 SRY-box containing gene 2 Blastocyst [84, 89, 93]

* Using gene-knockout mouse models.

Table 1. Maternal genes acting on early fetal embryogenesis.
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cytokines, growth factors, homeobox transcription factors, lipid mediators, and morphogen
genes that are involved in the complex process of implantation. The crosstalk between the
blastocyst and the uterus is limited in most mammal species for a brief period, named as window
of implantation. During this short period, in response to a viable embryo, the endometrium
responds through species-specific transformation of the superficial tissue architecture, a
process known as decidualization, allowing the organ to accommodate embryonic growth and
placentation. The decidua will function like a barrier, protecting the embryo against the
maternal immune system [see review 94].

Steroid hormones

The progesterone receptor (PR) was identified as one of the molecules that genetic polymor‐
phisms were associated with the risk of implantation failure. The PR is encoded by PGR gene,
and has two isoforms, PRA and PRB, both of them are expressed in the uterus [94]. Studies in
mice showed that a deletion on PRA provokes severe abnormalities in ovarian and uterine
function and impairs implantation [94]. A study in rabbits reported that favorable allele of
PRG had an additive effect of 0.25 for implanted embryos and kits for litter size [95].

Estrogen receptor (ER) was also implied in uterine receptivity for embryo implantation. ER
presents two isoforms, known as ERα (encoded by ESR1 gene) and ERβ (encoded by ESR2
gene). In mice, knocking out the ERα gene leads to unsuccessful implantation [94]. In pigs,
favorable allele of ESR shows an additive effect between 0.45 and 0.75 piglets for litter size [96,
97]. In another hand, it has been shown that the ERBB receptor feedback inhibitor 1 (ERRFI1)
gene is involved with successful implantation, which was associated with its suppression of
ESR1 activity in the uterine epithelium, a crucial event for embryo implantation. Despite that
the ovaries of ERRFI1 knockout female mice show a normal morphology and steroidogenesis
function, its uterine horns do not develop an implantation site [98]. The steroid receptor
coactivators (SRC1 and SRC2) present distinct physiological functions in the female repro‐
ductive system. For example, female mice lacking either SCR1 or SCR2 show progesterone
resistance and compromised decidualization, whereas deletion of both SCR1 and SCR2 genes
provoke infertility in female due to a complete blockage of decidualization [99], suggesting
that one of the steroid receptor coactivators may, at least in part, compensate the absence of
the other. Also the blockage of the repressor of estrogen receptor activity (REA), a significant
modulator of estrogen responsiveness, was reported to induce implantation failures [100].

Moreover, prostaglandins (PGs) play an important role in various reproductive processes,
including ovulation and implantation [101]. Cyclo-oxygenases (COX-1 and COX-2) are crucial
enzymes in the synthesis of various PGs. Females lacking COX-1 and COX-2 are infertile,
due to abnormalities in ovulation, fertilization, implantation, and decidualization [102]. A
study in pigs showed that favorable allele of COX-2 had an additive effect of 0.3 piglets for
litter size [103].

Cytokines

During the embryo implantation, the endometrium undergoes a dramatic transformation into
a specialized transitory tissue known as the decidua in species with invasive hemochorial
placenta, such as rodents and lagomorphs. In other species with no invasive placenta as pigs,
the changes in endometrium ought to allow the trophoblast and its supporting layer of

Insights from Animal Reproduction92



cytokines, growth factors, homeobox transcription factors, lipid mediators, and morphogen
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extraembryonic mesoderm to contact successfully with the uterine epithelium. The placenta
surrounding the developing embryo facilitates the nutrient transfer and limits trophoblast
invasion. The endometrium is recognized as an important site of production of cytokines and
their receptors, which are also potential regulators of the phenotype and activation status of
the uterine-resident leukocytes. Leukocytes infiltrated in the endometrium are required for
the immunotolerance pathways that allow the maternal organism to accommodate the
conceptus during implantation and placental development. Several cytokines, such as the
macrophage colony-stimulating factor 1 (CSF1, also known as M-CSF), granulocyte colony-
stimulating factor (CSF3, also known as G-CSF), and granulocyte-macrophage colony-
stimulating factor (CSF2, also known as GM-CSF), are implicated in the recruitment and
phenotypic regulation of the abundant populations of endometrial macrophages, granulo‐
cytes, and dendritic cells. These cytokines appear to be related to the successful embryo
implantation and placental growth [104]. Also leukemia inhibitory factor (LIF), interleukin-6
(IL-6) and interleukin-11 (IL-11), and its receptor (IL-11Ra) have unquestionable roles in the
implantation process [105-107]. Studies in pig have reported an association between certain
polymorphisms in LIF gene with the number of piglets [108-111].

Growth factors

The epidermal growth factor (EGF), heparin-binding epidermal growth factor-like growth
factor (HB-EGF), the vascular endothelial growth factors (VEGFs), the IGF-I and IGF-II as well
as the IGF-binding protein-1 (IGFBP-1) are important factors for implantation. It was shown
that EGF plays a critical role in trophoblast invasion, differentiation, and proliferation. EGF
deficiency during pregnancy causes intrauterine growth retardation or abortion [112], while
the deletion of epidermal growth factor receptor (EGFR or ERB1) gene causes failure in the
embryo development and the placenta formation [113]. Likewise, other factors involved in the
implantation process, such as HB-EGF, are expressed in endometrial stromal and epithelial
cells. It has been demonstrated that HB-EGF regulates endometrial cell proliferation, glandular
epithelial secretion, and decidual transformation [113]. Gene knockout studies reveal that
deletion of HBEGF reduces litter size [114].

VEGF is an endothelial-cell specific mitogen in vitro, and it is the main factor responsible for
de novo blood vessel formation (vasculogenesis) and angiogenesis in vivo [115]. Proper level
of VEGF expression is required for implantation [116]. Many critical cell responses, including
mitogenesis, proliferation, growth, differentiation, and angiogenesis, are mediated by IGF-I
and IGF-II [117]. Both IGF-I and IGF-II are necessary to maintain normal embryonic growth
rates [117]. In addition, higher expression of IGF1 mRNA has been observed during the peri-
implantation period in mouse uterus [118]. Also in rabbit, it has been observed that IGF-II
receptor plays an important role in embryo development and its implantation [119].

Transcription factors

Homeobox genes are transcriptional regulators evolutionarily conserved that control embryonic
morphogenesis and differentiation [120]. Homeobox A (HOXA10 and HOXA11) and H6
homeobox 3 (HMX3) genes are expressed in uterine stromal cells during the receptivity period,
and upregulated upon decidualization in response to steroid hormone stimulus. Ablation of
HOXA10, HOXA11, or HMX3 genes leads to implantation defects [121-123]. MSX1 (also known
as HOX7.1) and MSX2 also belong to homeobox genes, and deletion of both genes results in
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female infertility due to altered uterine polarity and integrity of the surface epithelium [124].
The Kruppel-like transcription factors (KLFs) are implicated in diverse cellular processes,
including proliferation, differentiation, and apoptosis. The Kruppel-like factor 5 (KLF5), one
of these transcription factors, is essential for the establishment of uterine receptivity [125], and
its depletion induces implantation failure [126]. KLF9 is another KLF that plays an important
role in blastocyst attachment; its loss reduces female fertility due to defective implantation
[127]. The transcription factor named heart and neural crest derivatives-expressed transcript
2 (HAND2) and its protein are present in endometrial stromal cells adjacent to the surface
epithelium in the uterus prior to the onset of implantation [128], suggesting that they may play
a key role in uterine receptivity in mice [129]. Forkhead box protein A2 (FOXA2) is only
expressed in the glandular epithelium of the uterus, and FOXA2 deficiency affect the endo‐
metrial gland formation and decidualization [130]. Deletion of chicken ovalbumin upstream
promoter transcription factor II (COUP-TFII), which is mainly expressed in uterine stromal
cells, originates implantation failure due to disrupted uterine receptivity associated with high
estrogen activity [131].

Morphogen genes, lipid mediatiors, integrins, mucins, and others molecules

Proteins belonging to the transforming growth factor beta superfamily (TGF-β), Wingless
(WNT), Hedgehog, and Notch have been identified as morphogens. Morphogens act directly
on angiogenesis, cell growth, pattern formation, embryo development, metabolic regulation,
cell migration, and tissue repair, while also presenting neurotropic effects. Five TGF-βs have
been identified, of which TGF-β1, β2, β3 are abundant in mammals. However, only TFG-β1
appears to limit the number of implanted embryos [132]. Activins are also members of the
TGF-β superfamily that participate in the regulation of several biological processes, including
cell differentiation and proliferation, apoptosis, and the immune response [133]. Activin A
plays an important role in the implantation of embryos in rabbits and mice, promoting
decidualization and preventing the activation of T cells [134]. Among all bone morphogenetic
proteins expressed in the uterus, only BMP2 shows intense expression in the stromal cells
surrounding the implanted embryo under response to progesterone [135]. In vitro studies in
undifferentiated stromal cells demonstrated that silencing the expression of BMP2 efficiently
blocks the decidualization [136]. Deletion of NODAL gene was accompanied by severe
malformation of the maternal decidua basalis during placentation and increasing fetal losses
before birth [137]. Several components of WNTs signaling pathway are spatiotemporally
regulated in the peri-implantation uterus and are crucial to implantation. The absence of
WNT4, WNT5a, and WNT7a in the uterus induces defective embryo implantation and
subsequent decidualization failure [138-140], while deletion of WNT7b gene provokes fetal
losses during mid-gestation, due to failure of chorioallantoic fusion [141]. Indian hedgehog
(IHH) is a member of the Hedgehog family. It has been reported that conditional deletion IHH
protein in the uterus results in implantation failure [142]. Activation of smoothened (SOM),
another member of the Hedgehog family, provokes hypertrophy in uterus along and conse‐
quently failure to decidual response [143]. The NOTCH1 is responsible for cell survival, cell-
to-cell communication, differentiation, and all fundamental processes for successful
decidualization [144].

The blastocyst has a significant number of cannabinoid receptors (CB1) that are activated by
the anandamide (AEA) produced in the uterus. It has been found that the levels of AEA are

Insights from Animal Reproduction94



female infertility due to altered uterine polarity and integrity of the surface epithelium [124].
The Kruppel-like transcription factors (KLFs) are implicated in diverse cellular processes,
including proliferation, differentiation, and apoptosis. The Kruppel-like factor 5 (KLF5), one
of these transcription factors, is essential for the establishment of uterine receptivity [125], and
its depletion induces implantation failure [126]. KLF9 is another KLF that plays an important
role in blastocyst attachment; its loss reduces female fertility due to defective implantation
[127]. The transcription factor named heart and neural crest derivatives-expressed transcript
2 (HAND2) and its protein are present in endometrial stromal cells adjacent to the surface
epithelium in the uterus prior to the onset of implantation [128], suggesting that they may play
a key role in uterine receptivity in mice [129]. Forkhead box protein A2 (FOXA2) is only
expressed in the glandular epithelium of the uterus, and FOXA2 deficiency affect the endo‐
metrial gland formation and decidualization [130]. Deletion of chicken ovalbumin upstream
promoter transcription factor II (COUP-TFII), which is mainly expressed in uterine stromal
cells, originates implantation failure due to disrupted uterine receptivity associated with high
estrogen activity [131].

Morphogen genes, lipid mediatiors, integrins, mucins, and others molecules

Proteins belonging to the transforming growth factor beta superfamily (TGF-β), Wingless
(WNT), Hedgehog, and Notch have been identified as morphogens. Morphogens act directly
on angiogenesis, cell growth, pattern formation, embryo development, metabolic regulation,
cell migration, and tissue repair, while also presenting neurotropic effects. Five TGF-βs have
been identified, of which TGF-β1, β2, β3 are abundant in mammals. However, only TFG-β1
appears to limit the number of implanted embryos [132]. Activins are also members of the
TGF-β superfamily that participate in the regulation of several biological processes, including
cell differentiation and proliferation, apoptosis, and the immune response [133]. Activin A
plays an important role in the implantation of embryos in rabbits and mice, promoting
decidualization and preventing the activation of T cells [134]. Among all bone morphogenetic
proteins expressed in the uterus, only BMP2 shows intense expression in the stromal cells
surrounding the implanted embryo under response to progesterone [135]. In vitro studies in
undifferentiated stromal cells demonstrated that silencing the expression of BMP2 efficiently
blocks the decidualization [136]. Deletion of NODAL gene was accompanied by severe
malformation of the maternal decidua basalis during placentation and increasing fetal losses
before birth [137]. Several components of WNTs signaling pathway are spatiotemporally
regulated in the peri-implantation uterus and are crucial to implantation. The absence of
WNT4, WNT5a, and WNT7a in the uterus induces defective embryo implantation and
subsequent decidualization failure [138-140], while deletion of WNT7b gene provokes fetal
losses during mid-gestation, due to failure of chorioallantoic fusion [141]. Indian hedgehog
(IHH) is a member of the Hedgehog family. It has been reported that conditional deletion IHH
protein in the uterus results in implantation failure [142]. Activation of smoothened (SOM),
another member of the Hedgehog family, provokes hypertrophy in uterus along and conse‐
quently failure to decidual response [143]. The NOTCH1 is responsible for cell survival, cell-
to-cell communication, differentiation, and all fundamental processes for successful
decidualization [144].

The blastocyst has a significant number of cannabinoid receptors (CB1) that are activated by
the anandamide (AEA) produced in the uterus. It has been found that the levels of AEA are

Insights from Animal Reproduction94

lower in the receptive uterus and at implantation sites than in the non-receptive uterus or at
inter-implantation sites. These findings suggest the need for low AEA levels to activate uterine
receptivity [145].

The integrin family of cell adhesion molecules is a major class of receptors for the extracellular
matrix. They have many functions in cellular processes including differentiation, apoptosis,
and attachment [146]. Previous studies have demonstrated that integrins exhibit distinctive
expression patterns in different phases of uterine receptivity. Both α4β1 and αvβ3 integrins
are present in uterus at the time of implantation, and intrauterine inhibition of these two
molecules results in defective implantation [147, 148].

Symbol gene Name Effects References

Morphogens

TFG-β1
Transforming growth factor
beta 1

Failures in immunotolerance during embryo
implantation

[132, 133]

INHBA Activin A
Limiting decidualization, and no preventing
activation of T cells

[134]

BMP2 Bone morphogenetic protein 2 Block the decidual reaction [135, 136]

NODAL NODAL
Abnormal decidua basalis at midgestation
and aberrant placental development

[137]

WNT4, WNT5A,
WNT7A and WNT7B

Wingless-related MMTV
integration site 4, 5a, 7a, 7b.

Implantation and decidualization failures [138-141]

IHH Indian hedgehog Implantation failure [142]

SMO Smoothened
Uterine hypertrophy with the reduction in the
number of uterine glands and impaired
decidualization

[143]

NOTCH1 Notch1 Failure in decidualization [144]

Lipid mediators

AEA Anandamide Uterine receptivity [145]

Integrins

ITGA4/ITGB1 α4β1 integrin Implantation and decidualization failures [146, 147]

ITGAV/ITGB3 αvβ3 integrin Implantation and decidualization failures [146, 148]

Mucins

MUC1 Mucin 1 Embryo attachment failure [149, 151]

OVGP1 or MUC9 Oviductal glycoprotein 1 Fertilization and implantation failures [152]

Other molecules

CTNNB1 β-catenin Defects in embryonic ectoderm cell layer [153-154]

CX43 or CJA1 Connexin 43
Comprised decidualization;
neovascularization defects

[155]

Table 2. Genes considered as critical to implantation.
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Mucins also participate in the decidualization process. For example, mucin (MUC1) has been
identified as an effective barrier that prevents embryo attachment to the uterine epithelium.
Uterine MUC1 expression declines to undetectable levels prior to blastocyst attachment,
reinforcing the impression that loss of MUC1 contributes to the establishment of a receptive
uterus [149-151]. Other oviductal glycoprotein, as OVGP1 or MUC9, seems to affect the
differentiation of endometrial and fetal cells by paracrine pathway, inhibiting the implantation
and fetal development [152]. The active beta-catenin (CTNNB1) is only detected in morula and
early blastocyst stages, its signal disappearing as soon as the blastocyst hatches from the zona
pellucida [153]. Furthermore, deletion of CTNNB1 gene provokes severe gastrulation defects
that results in embryonic lethality [154]. Connexin 43 (CX43, also known as GJA1) is a major
gap junction protein that is markedly expressed in the uterine stromal cells surrounding the
implanted embryo during early pregnancy. Deletion of CX43 gene leads to aberrant differen‐
tiation of uterine stromal cells, preventing the secretion of angiogenic factors, such as the VEGF.
As consequence, the development of new blood vessels within the uterine stromal compart‐
ment suffers a striking impairment, resulting in the arrest of embryo growth and early
pregnancy loss [155]. All these critical genes on successful implantation are listed on Table 2.

5. Approaches for identifying genes in pigs and rabbits

In pigs and rabbits, genetic markers associated with reproductive traits have been identified
through two complementary approaches. The first approach has been performed through
unbiased genome scans with anonymous DNA markers, such as microsatellites and more
recently with thousands of single nucleotide polymorphisms (SNPs), which have been used
to identify quantitative trait loci (QTL) with effects on reproductive traits. Genome-wide
scanning usually proceeds without any presuppositions regarding the importance of specific
functional features of the investigated traits. Until now, a total of 28 suggestive QTL have been
reported on pig chromosomes (SSC) 2, 6, 7, 8, 11, 12, 14, 15, 16, 17, and 18 for litter size
[156-165], on SSC 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, 16, 17, and 18 for ovulation rate [165-171],
and on SSC8 for the uterine capacity and prenatal loss [159, 166, 168].

In the second approach, the physiological role of candidate gene is known, and the gene is
scanned for polymorphisms and associations to variations within the trait. Numerous genes
have been evaluated as candidate genes affecting litter size in pigs, such as the estrogen
receptor (ESR) [95-97], retinol binding protein 4 (RBP4) [172], gonadotrophin-releasing
hormone receptor (GNRHR) [173], osteopontin (OPN) [174], folate-binding protein (FBP) [175],
mitogen-activated protein kinase 3 (MAP3K3) [176], vascular endothelial growth factor
receptor (KDR) [176], ERBB2 interacting protein (ERBB2IP) [176], and peroxisome proliferator-
activated receptor delta (PPARD) [176]. Another candidate genes have been found for
progesterone receptor (PRG), TIMP1, oviductal glycoprotein 1 (OVPG1), hydroxysteroid-17-
beta- dehydrogenase 4 (HSD17B4), endoplasmic oxidoreductin-1-like protein (ERO1L), and
octamer-binding transcription factor 4 (OCT4) in rabbits [177-181]. However, associations of
these genes with litter size are always population specific, and the causative mutations
underlying litter size remain unexplored.
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DNA microarray is a new powerful tool for studying the molecular basis of interactions on a
scale that is impossible using conventional analysis, making possible to examine the expression
of thousands of genes simultaneously. In order to expand the understanding of the biological
processes involved in the success of female reproduction, several studies in gene expression
were developed in pigs targeting to identify the changes in ovaries [182, 183] and the endo‐
metrium at implantation [184-191]. For example, after selecting for 11 generations using an
index of ovulation rate and embryonic survival, followed by 7 generations of selection for litter
size, a total of 71 differentially expressed genes were identified in ovarian tissues of the selected
and control lines at days 2–6 of the follicular stage of the estrous cycle [182]. Many of these
genes had not been previously associated with reproduction. From these genes, 59 were
homologous to genes of known function, 5 had no known matches in GenBank, and 7 were
homologous to sequences of unknown function. Among the differentially expressed genes
identified were those associated with the transport of cholesterol in ovarian follicles and the
synthesis of steroids, such as collagen type I receptor (CD36L1, also known as scavenger
receptor class B type I). The experiment also showed the importance of studying the expression
of all these genes at different times of estrous cycle. For instance, genes of steroidogenic acute
regulatory protein (STAR), 3-β-hydroxysteroid dehydrogenase (3βHSD), were overexpressed
in higher producing pig ovaries at day 2 of analysis, while were underexpressed at day 3. In
contrast, plasminogen activator inhibitor 1 (PAI1) and cytochrome P450 17-α-hydroxylase
(CYP17) were overexpressed at day 3.

In a different study, 189 genes were found to be differentially expressed in the ovaries of
pregnant pigs with high and low prolificacy, of which 72 were overexpressed in the high
prolificacy group, while 133 of them were overexpressed in the low prolificacy group [183].
These genes appear to cluster in three main biological processes: the first group would be
related to the immune system response activation against external stimulus, the second group
included integrated genes that regulate maternal homeostasis by complement and coagulation
cascades, and the third was involved in lipid and fatty acid enzymes of metabolic processes
of the steroidogenesis pathway. Among validated genes, 2-5-oligoadenylate synthetase 1
(OAS1) was found overexpressed in high prolificacy females, while a family with sequence
similarity with 46 member C (FAM46C), secreted phosphoprotein 1 (SPP1), thiosulfate
sulfurtransferase (TST), and vitronectin (VTN), were reported overexpressed in low prolificacy
females.

Recent microarray analysis revealed more than 2000 differentially expressed genes in endo‐
metrium between pregnant and cyclic pigs at the time of implantation, i.e., on days 12 [186],
13 [191], 14 [187], 15 [188], 16 [192], 18 [191], or 24 [191] of gestation. Most genes were involved
in cell motility as well as apoptosis, transporter activity, calcium ion binding, lipid metabolic
processes, hormone activity, vascular development and proteolysis, immune response. The
identified and validated genes that are upregulated included ADAM metallopeptidase with
thrombospondin type 1 motif 20 (ADAMTS20), mucin 4 (MUC4), leukemia inhibitory factor
receptor alpha (LIFR), interleukin 6 receptor (IL6R), interferon regulatory factor 1 (IRF1),
immunoresponsive 1 homolog (IRG1), secreted phosphoprotein 1 (SPP1), osterocrin (OSTN),
nuclear receptor interacting protein 1 (NRIP1), proteolipid protein 1 (PLP1), signal transducer
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and activator of transcription 1 (STAT1), serpin peptidase inhibitor, clade B (ovalbumin),
member 7 (SERPINB7), s100 calcium binding protein A 9 (S100A9), Erb-B2 receptor tyrosine
kinase 3 (ERBB3), and fibroblast growth factor 9 (FGF9). Contrasting, mucin 5AC, oligomeric
mucus/gel-forming (MUC5AC), interleukin 11 receptor alpha (IL11RA), interleukin 24 (IL24),
brain and acute leukemia cytoplasmic (BAALC), defensin beta 1 (PBD-2), defensin beta 1
(PBD-2), cadherin 17 li (CDH17), FXYD domain containing ion transport regulator 4 (FXYD4),
G protein-coupled receptor 83 (CPR83), and fibroblast growth factor receptor 3 (FGFR3) are
downregulated [182-187, 191]. Litter size is controlled by a large number of genes.

Improvement in litter size has become one main objective of selection in pig and rabbit
breeding programs. However, litter size is a complex trait, because it is controlled by numerous
genes in complicated physiological networks such as those affecting ovulation rate, embryo
survival, and uterine capacity. The genomic approaches, both QTL mapping and candidate
gene analysis, have helped increase understanding in genetic control of litter size. Moreover
newly developed tools based on DNA microarray techniques appear to be useful for in-depth
understanding of the genetics of litter size in pigs and rabbits. A better understanding of
genetic mechanisms controlling litter size could help to design more efficient selection
strategies in improvement of this trait.
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Abstract

Animals specify primordial germ cells (PGCs) in two alternate modes: preformation and
epigenesis. Epigenesis relies on signal transduction from the surrounding tissues to in‐
struct a group of cells to acquire PGC identity. Preformation, thought to be the more de‐
rived PGC specification mode, is instead based on the maternal inheritance of germ cell-
determining factors. We use the zebrafish as a model system, in which PGCs are specified
through maternal inheritance of germ plasm, to study this process in vertebrates. In ze‐
brafish, maternally inherited germ plasm ribonucleoparticles (RNPs) have co-opted the
cytoskeletal machinery to reach progressive levels of multimerization, resulting in the
formation of four large masses of aggregated germ plasm RNPs. At later stages, germ
plasm masses continue to use components of the cell division machinery, such as the
spindles, centrosomes, and/or subcellular organelles to segregate asymmetrically during
cell division and subsequently induce germ cell fate. This chapter discusses the current
knowledge of germ cell specification focusing on the zebrafish as a model system. We al‐
so provide a comparative analysis of the mechanism for germ plasm RNP segregation in
zebrafish versus other known vertebrate systems of germ cell preformation, such as in
amphibian and avian models.

Keywords: Germ cells, germ plasm, zebrafish, cell division, cytoskeleton, RNP segrega‐
tion

1. Introduction

1.1. Fundamentals of germ cell specification: Epigenesis vs. preformation

One of the most fundamental early cell fate decisions in animal embryos is the specification of
primordial germ cells (PGCs) from the somatic tissue. PGCs are the precursors to gametes and
thus hold the information to recreate the species in each generation. Consequently, individuals
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from every population must employ a robust mechanism for PGC induction. Specification
occurs by one of two mechanistic modes: epigenesis or preformation (Figure 1). Epigenesis refers
to a mechanism by which certain cells receive PGC-inducing signals from surrounding tissues.
Epigenesis is found in mammals, as well as species in many other clades. Preformation
describes a cell autonomous specification of germ cells from maternally inherited germ plasm
deposits that specify the PGCs. This mechanism of preformation is used in a large number of
organisms distributed in many animal lineages, including major model systems for biological
research, such as the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans,
amphibians, such as Xenopus laevis and X. tropicalis, and the chick.

Figure 1. Mechanisms of primordial germ cell specification. Species employing preformation deposit germ plasm in
oocytes. Throughout development, germ plasm localizes into select cells that eventually become the germ cells. In spe‐
cies employing epigenesis, cells receive inductive signals from neighboring tissue to become the primordial germ cells.

When comparing epigenesis and preformation as PGC-determining mechanisms, it was
originally pointed out that epigenetic germ cell determination is an exception, and most
animals use germ plasm [1, 2]. Subsequently, the analysis of distribution of these mechanisms
within the evolutionary tree has led to the hypothesis that epigenesis is an ancestral PGC-
determining mechanism and that preformation has arisen multiple times from this basal mode.
Many clades employ both mechanisms, for example, within amphibians axolotls (urodeles) [3]
use epigenesis and frogs (anurans) employ preformation [4]. Similarly, species in the group
reptilia, such as turtles, use epigenesis [5], and species of the related group aves (birds) use
preformation [6].
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When protein-coding sequences of vertebrate species using epigenesis are compared with
sister taxa employing preformation, genes of the latter evolve more rapidly. For example, when
comparing protein-coding sequences from species in the amphibian and actinopterygian (ray-
finned fishes) taxons, in all cases, species using preformation grouped further away from
mammals than those using epigenesis. Evans et al. [7] found that no biological factor, including
genome size, longevity, and generation time, correlates with sequence rate changes as
optimally as the mode of PGC induction. This has led to the suggestion that the use of germ
plasm relieves constraints on somatic development by dissociating PGC development from
somatic development during early embryogenesis. This is because in animals using prefor‐
mation mechanisms, changes in gene networks involved in somatic tissue development can
occur without causing deleterious effects on the germ line, which would cause sterility and
would therefore be selected against. This developmental flexibility allows for a faster rate of
evolution of developmental programs. For example, ancestral gene regulatory networks
(GRNs) for pluripotency and mesoderm specification found in axolotls are conserved through
the evolution of mammals, whereas in frogs, pluripotency GRNs have been lost and the
number of key regulators (i.e. multiple copies of Nodal and Mix) have increased in the
mesoderm specification GRN [2]. Since axolotls specify PGCs through epigenesis within the
mesoderm, the GRN is under constraints preventing variation—constraints that are not
present in frogs. However, frogs carry preformed germ plasm, whose direct role in PGC
induction allows the embryo to undergo drastic changes to the mesoderm specification GRN,
such as Nodal expansion [8]. Consistent with this hypothesis, the use of germ plasm coincides
with increased morphological variation and enhanced speciation within a clade [7].

Although these two PGC-determining mechanisms differ, many of the factors involved in
PGC development are highly conserved regardless of the mechanism employed to differen‐
tiate PGCs. For example, the gene product of vasa is found in germ cells of a wide range of
organisms from planaria [9] to humans [10]. Importantly, both mechanisms, epigenesis and
preformation, in addition to promoting germ cell fate in PGCs, must also block somatic fate
in this cell type [11].

1.1. Epigenesis, a mechanism by which cells receive signals from their surroundings

Most animal clades include lineages that use epigenesis to specify PGCs. Within the amphibian
clade, axolotl (salamander) PGC specification occurs in primitive ectoderm (animal cap) cells
in response to ventral mesoderm-inducing signals [12], including fibroblast growth factor
(FGF) and BMP4 [13]. PGC precursors arise in the ventral marginal zone and migrate over the
blastopore during gastrulation and by tailbud stage are detected in the posterior of the dorsal–
lateral mesoderm expressing PGC-specific genes, such as dazl [3] and vasa [14].

All mammals specify PGCs through inductive signaling, and this mechanism is most well
studied in mouse. In these organisms, extraembryonic tissue signals the most proximal region
of the postimplantation epiblast to become the PGCs, whereas cells that do not receive the
signals give rise to somatic tissue [15]. The mouse PGC precursors are detected just prior to
primitive streak formation, and by the end of primitive streak formation, a population of
around 40 PGCs are generated. Key instructive signals are the bone morphogenic proteins
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(BMP2, BMP4, and BMP8B), which act through SMAD1 and SMAD5 [16, 17,18]. The popula‐
tion of PGCs is heavily reliant on BMP dosage as loss of BMP4 reduces their induction [18].
Some RNAs present in the germ plasm in organisms with a preformative mechanism, such as
nanos, dead-end (dnd), and dazl, also have roles in germ cell development in the mouse [19]. For
example, mouse Dazl protein has a complex role in PGC development by targeting mRNAs
for translational inhibition, thus preventing somatic differentiation, pluripotency, and
apoptotic death [20]. In addition, mouse Dazl also has a role at later stages of germ cell
development, during spermatogonia differentiation [21]. This latter role is likely conserved in
humans, having led to the original identification of this gene (DAZ or “deleted in azoosper‐
mia”) as being affected in 13% of human male infertility cases [22, 23].

1.2. Preformation: Germ plasm deposits determine the germ cell fate

Preformation describes a mechanism whereby differentiation as germ cells is decided by the
acquisition of maternally inherited determinants following fertilization [24]. The common term
to describe such determinants is germ plasm, which is considered as a specialized cytoplasm
enriched for factors that function in PGC determination. Germ plasm contains RNAs (both
coding and noncoding) and proteins, which in many organisms appear to assemble together
in punctate structures known as ribonucleoparticles (RNPs). In many organisms, germ plasm
closely associates with the cytoskeleton and/or mitochondria. Proposed functions of germ
plasm include the translational regulation of germ plasm RNAs, the establishment of a
partially repressive chromatin in the germ line and the prevention of activation of somatic
development by repressing mRNA transcription (reviewed in [25, 26]).

In Drosophila, arguably one of the most well-characterized species that use germ plasm as a
means of PGC determination, the progenitors of the germ line are four to five pole cells found
at the posterior pole of the embryo before blastoderm formation [27]. Pole cells acquire PGC
identity through inheritance of the germ plasm (reviewed in [28]) called pole plasm in this
organism [29, 30]. Polar granules appear at the posterior tip during mid-oogenesis, coincident
with the time when vitellogenesis occurs. Toward the end of oogenesis, the polar granules
associate with other germ plasm-associated structures (i.e. mitochondria) [31]. Germ plasm
components are released from cortical actin at the posterior of the oocyte, and are transported
via dynein motors on astral microtubules to centrosomes associated with nuclei in posterior
regions of the early embryo [32]. These posterior nuclei subsequently separate from the
syncytial mass through cell cleavage to form the PGC precursors or pole cells (reviewed in
[28]). Embryological manipulations confirm that pole plasm is a true germ cell determinant as
it can recreate pole cells when transplanted ectopically, for example, in the anterior region of
the embryo. Interestingly, pole cell number relies on the dosage of a single RNA, oskar [33],
which is required for proper induction of germ cells. However, the function of oskar in PGC
determination is restricted to dipterans [34], so that other factors must take its role in other
organisms.

P-granules are another type of RNA-rich cytoplasm structures involved in the specification of
the C. elegans germ line. These granules are scattered evenly throughout the cytoplasm before
and just after fertilization [35]. At a time coincident with pronuclear fusion, under the influence
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of cell polarity factors (PAR factors) and implemented by microfilament-dependent cytoplas‐
mic streaming [36, 37], P-granules translocate to and accumulate at the posterior of the early
embryo. As a result of asymmetric positioning of the spindle during cell divisions, each
division generates daughters of unequal size, with the smaller daughter inheriting most of the
P-granules asymmetrically until the generation of the P4 cell, after four cell divisions. However,
the minority of P-granules remaining at the anterior end or in non-P4 cells is degraded [38,
39]. Interestingly, P-granule localization during these early divisions (which generate P2, P3,
and P4 cells) relies on attachment to the nuclear periphery coupled to centrosome rotation,
which leads to asymmetric placement of the P-granules with respect to the nucleus, specifically
at the ventral side of the P cell [38]. Although “local gathering mechanisms” that each of the
P cells use to deliver P-granules to the proper location appear to vary, asymmetric cell division
and directional P-granule segregation occur through the first four cell cycles, generating P-
granule-containing cell P4. This cell type, whose nucleus is surrounded by large, coalesced P-
granules, is the first cell whose descendants are restricted to the germ line [40, 41] and whose
ablation results in sterility [42]. The P4 cell divides symmetrically during embryogenesis
resulting in Z2 and Z3, which after the first larval stage continue to divide symmetrically to
produce about 1000 germ cells in the adult gonad [43]. P-granules continue to associate with
the nuclear envelope of germ cells throughout embryonic and larval divisions and only detach
from this structure during gamete maturation. However, the significance of this dynamic
association remains poorly understood.

Although research on PGC specification is sparse for colonial ascidians, studies of a single
species, Botryllus schlosseri, describe aggregation and ventral localization of maternally
inherited germ plasm RNAs, in particular vasa mRNA [44]. The solitary ascidian (Ciona
intestinalis) also uses a specialized cytoplasm (myoplasm) containing maternally inherited
determinants of germ cells [45]. The first pre-PGCs form at the posterior end of the early
embryo [46] and express conserved germ line gene, such as vasa [47]. Interestingly, when the
PGCs are ablated, a new collection of vasa-expressing cells appears in the juvenile after
metamorphosis. Because these cells did not inherit myoplasm, this suggests an alternative,
compensatory mechanism for PGC specification in this organism, possibly similar to an
inductive mode of PGC specification [48], which may be occurring as a safe–fail mechanism
in this organism. Other well-studied systems that use germ plasm to specify PGCs, now within
vertebrate lineages, include zebrafish, which is the focus of this chapter, Xenopus and chicken
(see below).

2. Germ cell determinant segregation in zebrafish

2.1. Maternal inheritance of germ plasm RNPs

The fish model, Danio rerio, employs the preformative model of germ cell specification wherein
the mother deposits factors important for PGC specification into the oocytes, which are
transmitted to the embryo. RNPs containing RNAs for all known germ plasm factors in this
organism originally localize to the same structure during oogenesis. This is the mitochondrial
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cloud or Balbiani body (Bb), a large aggregate of organelles found in the oocytes of many
species, that translocates from a location near the nucleus to the vegetal pole during oogenesis.
Germ plasm RNA and mitochondrial enrichment to the Bb depend on the functional product
of buckyball (buc), a novel vertebrate-specific protein that is the first gene identified as being
required for the formation of this structure [49]. The Bb disassembles by stage II oogenesis,
when the germ plasm RNAs localize to the vegetal pole via a pathway similar to the messenger
transport organizer (METRO) pathway originally described in Xenopus. Subsequently,
different germ plasm RNAs undergo different patterns of distribution in the oocyte: vasa
becomes redistributed along the cortex, nanos becomes evenly distributed in the oocyte and
deleted in azoospermia (dazl) remains localized to the vegetal pole (reviewed in [50]; see also [51]).
These various patterns of redistribution during oogenesis result in the creation of two types
of localized germ plasm RNPs, those present in the forming blastodisc at the animal region
(animal germ plasm RNPs) and those remaining in the vegetal region (vegetal germ plasm
RNPs).

2.1.1. Animal region germ plasm factors

Known animal region germ plasm factors include vasa, a gene whose RNA or gene product is
one of the most widely used markers for germ cells or germ plasm in metazoans [52]. As
mentioned above, vasa-containing germ plasm RNPs localize along the cortical region of the
oocyte at stage II and after egg activation are rapidly transported to the animal pole, where
they are found dispersed evenly around the blastodisc. The protein product for this gene is a
DEAD-box ATP-dependent helicase involved in RNA metabolism that facilitates interactions
between RNA–RNA and RNA–protein [53]. Loss of function mutations in vasa lead to
reduction in number or functionality of germ cells in almost all organisms [54–58]. In zebrafish,
vasa morphant embryos (knock down of protein using a morpholino-conjugated oligonucleo‐
tide (MO)) do not exhibit defects in the establishment of the germ line [59]. Moreover, injection
of vasa RNA into one-cell zebrafish embryos does not lead to an increase in PGCs; instead this
RNA is degraded, suggesting that endogenous vasa RNA levels are carefully controlled by an
intrinsic cellular mechanism [60]. These studies suggest that vasa is generally required, but is
not sufficient, for germ cell development. However, a more rigorous set of tests using a
knockdown or ectopic expression initiated during oogenesis, or vasa/ddx4 maternal mutants,
has not yet been reported.

Another animal germ plasm RNA is that of the gene nanos. Before egg activation, nanos mRNA
is not localized; however, shortly after activation nanos is found to colocalize with vasa RNA.
nanos RNA and/or gene product are also commonly associated with germ cell development
and present in germ plasm. First described in Drosophila, nanos encodes a RNA-binding zinc
finger protein. In Drosophila, nanos is not generally required for PGC formation; however,
Drosophila PGCs deficient in nanos activity have abnormal development, including failure to
migrate to the gonad, reduction in egg number, early activation of germ cell genes, deregulated
expression of somatic mRNAs, and irregular morphology [61–63]. In zebrafish, knockdown of
nanos1 using antisense morpholinos injected at the one-cell stage proves that it is essential for
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germ cell development [64]. In these morphants, PGCs are specified, yet these undergo
aberrant migration and exhibit reduced number.

Other germline-specific RNAs found at the animal pole include dnd, askopos (kop), and TDRD7.
dnd encodes a RNA-binding protein that blocks negative regulation through mRNA target
degradation caused by binding of several microRNAs (miRNAs). Dnd protein achieves this
protective function against miRNA-mediated mRNA degradation by binding mRNAs at
miRNA target sites contained within these transcripts, thus blocking miRNA binding. This
mechanism is used in the zebrafish germ line by PGC factor Dnd1 to protect several mRNAs,
including nanos and TDRD7, from miR-430 repression, which is achieved through Dnd binding
to U-rich regions in mRNA targets [65, 66]. Similar to nanos1, knockdown knockdown of dnd
in morphants results in defects in PGC migration exhibits defects in PGC migration and
viability [67].

kop mRNA was found to localize to zebrafish germ plasm and encodes a novel nuclear protein
[68] that is not yet well studied. Some tudor domain-containing genes are expressed in germ
cells, RNF17, TDRD1, TDRD6, and TDRD7. The latter (TDRD7) also localizes to germ plasm
as it aggregates to the forming furrows, and TDRD7 protein colocalizes with Vasa in PGCs [69].
In Drosophila, homologous tudor proteins have been proposed to serve as a platform for polar
granule assembly [70], a function that is consistent with the presence of TDRD7 protein in the
zebrafish germ plasm. Zebrafish TDRD7 morphants lack normal germ cell granule integrity
at late somite stage [69]. Interestingly, TDRD7 is highly expressed in the developing lens, and
mutations of TDRD7 in human, mouse, and chick lead to cataracts [71].

For tested animal germ plasm RNAs (vasa, nanos, and dnd), animal RNPs appear to colocalize
and exhibit a similar size [72]. These observations suggest that germ plasm RNPs may be
composites containing a set of germ plasm factors essential for germ plasm determination.

2.1.2. Vegetal region germ plasm factors

Vegetally localized germ plasm RNPs contain RNAs for the genes deleted in azoospermia-like
(dazl) and bruno-like (brul). These germ plasm RNPs are initially localized to the vegetal pole
of the egg and upon egg activation translocate toward the blastomeres forming at the animal
pole [73–75]. Both dazl and brul encode RNA-binding proteins present in germ plasm across a
wide variety of animal lineages. Although Dazl protein is not on its own sufficient to promote
translation, this factor promotes RNA polyadenylation to enhance the stability of PGC
transcripts, such as those for TDRD7 and dazl. Thus, Dnd1 and Dazl may work additively in
this fashion to protect RNAs from miRNA repression [76]. Studies focusing on dazl RNA
aggregates show that these are restricted to the vegetal cortex in the mature egg and move
animally after egg activation, so that 45 minutes post fertilization dazl RNP aggregates begin
to be observed at the site of germ plasm accumulation at the first cleavage furrow [75, 77].
During animally directed movement, aggregates do not appear to be of uniform size and may
translocate using two pathways: an ooplasmic streaming pathway mediated through axial
streamers in internal regions of the zygote and a cortical pathway along meridional streamers
in more superficial regions [73, 75, 77]. During furrow formation, vegetally derived germ plasm
RNPs associate with large germ plasm masses of animal germ plasm RNPs forming at the
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furrows, in a cortical location near the distal-most end of the furrow and close to the yolk
membrane cortex (see below). This location suggests that the animally directed cortical
pathway may be the primary pathway used by vegetal germ plasm RNPs fated to become a
part of a reconstituted and functional germ plasm mass.

Recent studies have shown that vegetal RNPs appear to be differentially distributed in the
vegetal cortex, specifically at a cortical depth that is deeper than that of factors that also
localize to the animal pole but are required for axis induction [78]. This differential distribu‐
tion along cortical depth, with germ plasm RNPs at deeper levels and dorsal factors at more
superficial ones, likely facilitates the symmetric animally directed movement of germ plasm
RNPs [75, 79] in spite of the asymmetric movement of the bulk of the cortex required for axis
specification [80, 81].

2.2. Repackaging germ plasm: Gradual multimerization and recruitment

As mentioned above, after egg activation and prior to the first cell division, animally localized
RNPs are present in single particles, which we refer to as singletons, spread throughout the
developing blastodisc. Germ plasm RNP singletons aggregate in a wave-like fashion, where
the wave of aggregation emanates from the center of the blastodisc outwards, toward the edge
of the blastodisc.

Germ plasm RNP multimerization at this stage depends on the interplay between microtubule
and microfilament networks during blastomere cell division (Figure 2A). After fertilization in
zebrafish, paternally derived centrioles act as a template to reconstruct the centrosome using
maternally derived components. This newly formed centrosome nucleates a sperm aster or
monoaster prior to initiation of the first cell division cycle. In this structure, plus ends of the
astral microtubules interact with germ plasm RNPs at the cortex and help direct germ plasm
RNP multimerization in a process of pre-aggregation (the prefix of this term indicates that this
process occurs prior to furrow formation). The growing tips of astral microtubules thus
generate an aggregation front of multimerizing RNPs, initiating near the center of the blasto‐
disc and moving outward. The inner rim of RNP aggregates remains surrounded by a field of
RNPs that have not yet been influenced by astral microtubules and therefore remains as
singletons until the front arrives [72, 75]. As this process ensues, central regions of the
blastodisc become depleted of germ plasm RNPs, generating an outwardly expanding RNP-
free zone (Figure 2B). When embryos are treated with the microtubule inhibitor nocodazole,
germ plasm RNPs do not undergo multimerization and instead remain dispersed throughout
the cortex. This effect is also observed in embryos deficient for the Chromosomal Passenger
Complex protein, Birc5b/Survivin, encoded by the gene motley [72]. In wild-type embryos,
Birc5b protein localizes to the tips of astral microtubules (plus ends) and interacts with germ
plasm RNPs. In motley-mutant embryos, mutated Birc5b/Survivin product localizes to germ
plasm RNPs but not to microtubule plus ends, demonstrating Birc5b is an important linker
between the two and explaining the motley-mutant phenotype. The fact that in these mutants
germ plasm RNPs do not multimerize indicates that this linkage is necessary for the aggrega‐
tion process [72].
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Figure 2. Germ plasm accumulation during the first zebrafish cell cycles. A) In the egg, animal pole (AP) germ plasm
RNPs are dispersed at the blastodisc cortex, whereas vegetal pole (VP) germ plasm is localized at the vegetal pole. B)
Prior to the initiation of cell cycling, during pronuclear fusion, astral microtubule growth moves AP germ plasm RNPs
outward, whereas VP germ plasm begins to travel toward the AP. During the next several cell cycles, aggregated RNPs
are collected in the (C) first furrow, (D) second furrow and (E) third furrow. F) Germ plasm RNPs in the first and sec‐
ond furrows are stabilized, whereas all other RNPs are cleared. Figure adapted from [86].

Another maternal factor important for germ plasm RNP recruitment during these early stages
is Buc. In addition to a role for Buc to assemble the Bb during oogenesis, this factor is also
required for recruitment of germ plasm during early embryogenesis, and its overexpression
in the early embryo leads to an increase in PGCs [49]. Recently, a microtubule motor protein,
Kif5Ba (kinesin), was found to bind to Buc and mediate its recruitment (thereby recruitment
of other germ plasm molecules) to the cleavage furrow. Germ plasm in kif5Ba mutants is spread
throughout the blastomeres, and Kif5Ba is required for the excess of PGCs that form when Buc
is overexpressed [82]. This is reminiscent of the role of kinesins in germ plasm movement in
Xenopus, where Xklp1 (kinesin-like protein) has also been shown to be required for germ plasm
localization, and depletion of Xklp1 leads to arrest of germ plasm aggregation [83]. In
Xenopus, another kinesin has been shown to have a role in later PGC development: KIF13B
functions in migration and polarity of germ cells, as manipulations of xKIF13B result in
erroneous PGC migration and reduced numbers [84].

Unlike the first cell cycle, which contains a monoaster involved in pronuclear fusion, blasto‐
mere cell cycle divisions contain bipolar microtubule asters nucleated by the pair of centro‐
somes at spindle poles. When spindle microtubules originating from opposing asters overlap
at the spindle midzone, they signal furrow formation along the length of the blastomere. The
furrow initiates as a microtubule-free zone that forms at the region of overlap between asters
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from opposite sides of the furrow. During this process, germ plasm RNP multimers and
associated F-actin continue their outward movement, which in the midzone between spindle
poles coincides with the microtubule-free zone at the site of furrow formation. This movement
results in the accumulation of both F-actin and germ plasm RNPs along the forming furrow,
the latter forming a rod-shaped structure [72, 79, 85, 86] composed of individual multimeric
groups of RNPs. We refer to this accumulation of germ plasm RNPs at the furrow as the process
of recruitment (Figure 2C).

During cell division associated with the first several cell cycles, recruitment of germ plasm
RNPs to the forming furrow occurs from both sides due to the bipolar nature of the asters. In
the furrow, germ plasm RNPs are still connected to the tips microtubules, which form parallel
to one another and perpendicular to the furrow forming a structure known as the furrow
microtubule array (FMA). Both pre-aggregation and recruitment may facilitate germ plasm
RNP multimerization using the same basic mechanism: in both cases, radially expanding
microtubule growth (from a monoaster during the first cell cycle and bipolar asters in subse‐
quent cell cycles) facilitates germ plasm RNP multimerization. Because of their intrinsic
arrangements, the monoaster does not result in furrow formation and therefore can only
contribute to pre-aggregation, whereas asters from bipolar spindles contribute to both
continued pre-aggregation and implement recruitment. Thus, germ plasm furrow recruitment
employs the normal cell division machinery, in particular astral microtubules, to mediate the
aggregation and local gathering of RNP multimers to the forming furrow [86]. This simple
mechanism normally couples furrow induction and germ plasm RNP furrow recruitment.
Under certain mutant conditions, however, germ plasm RNP furrow recruitment is partially
dissociated from furrow formation, as occurs in mutant embryos that fail to initiate a furrow
and that nevertheless show vasa RNA accumulation at the presumptive furrow site [87, 88].

2.3. Insuring a tight fit: High-order RNP multimerization

2.3.1. Compaction of germ plasm in a modified midbody

As the contractile ring forms and leads to the division of cytokinesis, the FMA tilts distally and
moves to the edge of the blastodisc [89, 90]. During this process, the rod-shaped RNP arrange‐
ment compacts into tight masses at the edges of the blastodisc, in a process of distal compac‐
tion (Figure 2D) [85, 91]. Electron microscopy analysis of the distal cleavage furrow shows
electron-dense germinal granule-like structures, in which vasa RNA is present [92]. Ablation
of this area leads to PGC loss later in development [77], providing evidence for these accu‐
mulated masses as PGC determinants. Analysis of both nebel (maternal-effect mutant) and
microtubule-inhibited embryos argues that the dynamic nature of the FMA is needed for
proper distal compaction of vasa RNA [93]. In addition, non-muscle myosin II function is
required in this process, as inhibition of this motor protein leads to FMA stabilization and
defects in germ plasm RNP distal compaction [91].

Through distal compaction, animal germ plasm RNPs acquire a distal position at the furrow,
and their aggregate is transformed from a rod-like structure to a round and more compact
mass, possibly driven by an increase in neighbor-to-neighbor RNP contact and concomitant
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reduction in germ plasm mass volume. The extent by which this process is driven through
cytoskeletal rearrangements, RNP–RNP interactions, or both remains to be determined. The
subcellular cues that result in the redistribution of FMA microtubules and germ plasm RNPs
to the distal end of the furrow also remain largely unknown, although, as mentioned above,
a reduction in myosin activity results in FMA stabilization and a lack of proximodistal
reorganization [91]. Analysis of nebel mutants [85], which exhibit defects in the distal placement
of germ plasm RNP aggregates, may help identify the source of this signal.

The process of aggregation, recruitment, and distal compaction of germ plasm RNPs that
occurs in the furrow for the first cell cycle becomes repeated during furrow formation for the
second and third cell cycles (Figure 2E,F). The observed pattern of germ plasm RNP recruit‐
ment supports a model in which astral microtubules of the spindle apparatus mediate the local
gathering of cortical germ plasm RNPs. Since in each subsequent spindle apparatus covers
half the cortex as in the previous one, this predicts the accumulation of germ plasm RNPs of
about half each subsequent cell cycle. This prediction is indeed observed during the first three
cell cycles [86]. Thus, local germ plasm RNP furrow recruitment, coupled to the alternating
(by 90 degrees) cleavage orientation pattern, gradually allows the gathering of germ plasm
RNPs from the blastodisc cortex into the forming furrows. The adaptation of the cell division
machinery for germ plasm RNP recruitment constitutes a simple and effective system to amass
inherited single germ plasm RNP aggregates.

A consequence of this mechanism is that germ plasm continues to undergo recruitment to
forming furrows for as long as there are germ plasm RNP aggregates in the cortex. This
manifests in recruitment of germ plasm RNPs to the third furrow, temporarily generating
embryos with eight visible germ plasm masses. However, the four aggregates collected during
the third cell cycle do not undergo the subsequent step of ingression and instead appear to
become degraded. At the same time, the outward movement of germ plasm RNPs remaining
at the cortex that do not become recruited to the furrows, which is also mediated by the cycles
of growing astral microtubules, result in the accumulation of these RNPs to the periphery of
the blastodisc, where they similarly appear to become degraded. After the first several cycles,
only the four larger germ plasm masses remain, corresponding to those recruited during the
first and second cell cycles and which encompassed larger regions of the cortex and therefore
amassed the largest numbers of germ plasm RNPs. The underlying basis for the selective
stabilization of the first four aggregates is not known, but it is possible that these aggregates
contain an amount of germ plasm RNPs above a certain threshold that allows their stabilization
or further routing into the germ plasm segregation pathway [86].

Studies have shown that when RNA constructs containing a green fluorescent protein (GFP)-
coding region coupled to a nanos1 3′ untranslated region (GFP-nanos1 3′UTR) are injected into
the embryo, the GFP degrades quickly in somatic tissues while being stabilized in PGCs. Thus,
one can hypothesize that if nanos RNA is not packaged properly in one of the four large
aggregates, it will be degraded efficiently and the degradation information is in its 3′UTR [64].
These control mechanisms appear to be conserved in Drosophila, as non-localized nanos RNA
also undergoes degradation [94].
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2.3.2. Animal meet vegetal RNPs: Generating a full-complement of zebrafish germ plasm

During formation of the first furrows, only animal pole germ plasm RNPs are found in the
forming germ plasm masses; however, at the end of the distal compaction phase as the first
furrow is completed, vegetally localized RNPs, such as dazl1 and bruno-like, which have
translocated to the animal pole, become attached to the compacted mass of animal germ plasm
RNPs [75]. At the distal end of the furrow, animal germ plasm RNPs, containing RNAs for
vasa, nanos, and dnd, appear in a single, fully overlapping, RNA localization domain. Localized
dazl RNA, however, occupies a partially overlapping yet distinct domain, situated in the distal-
most region of the germ plasm aggregate. The localization of dazl RNA in the distal-most region
of the furrow and at the blastomere–yolk cell boundary suggests that dazl RNPs that join the
germ plasm travel animally along meridional arcs. This idea is consistent with the observation
of tracks of dazl RNA along meridional arcs of the yolk cell cortex. This germ plasm organi‐
zation, with animal and vegetal RNPs occupying distinct domains and with vegetal RNAs in
a more distal location of the blastodisc, is maintained at least until the 64-cell stage [75]. Further
research will be required to determine why germ plasm RNPs use two separate pathways of
recruitment, one for animal germ plasm RNPs and one for vegetal ones, as well as distinct
domains of localization within the final germ plasm mass. Some precedent exists with regards
to germ plasm subcompartmentalization in other systems. In Drosophila, noncoding RNAs
reside in the polar granules, whereas other RNAs localize to the matrix in which these are
embedded [95]. In Xenopus, some germ plasm RNAs, such as Xcat2, are present in germinal
granules corresponding to the germ plasm, others, such as Deadsouth and Xpat, associate
closely with these granules and still others, such as Xdazl, localize to the surrounding matrix
[96]. The conservation of germ plasm subcompartmentalization across species suggests a
functional role for such substructure, a role that remains to be determined.

2.4. Maintaining germ plasm potential during cell division

2.4.1. Ingression into cells and asymmetric segregation

At about the 16-cell stage, the four germ plasm masses, which formed during the first two cell
cycles and do not undergo degradation, translocate from their location at the blastomere–yolk
cell boundary in each of four corners of the blastodisc into four cells [75, 79, 85, 92], a process
that roughly coincides with cellularization of the blastomeres (Figure 3). Although this process
of germ plasm ingression has not been yet characterized in the zebrafish, one might hypothe‐
size that it is similar to Xenopus germ plasm ingression, which depends on intact microtubules
and microfilaments [97].

Once the germ plasm has ingressed into four PGCs, these cells continue to divide and during
the cell division process their germ plasm segregates asymmetrically (Figure 3). Although the
mechanism by which asymmetric segregation of germ plasm occurs is not completely under‐
stood, the germ plasm aggregates form a cup-shape structure that associates with one of the
two spindle poles [92, 98], suggesting that segregation might rely on the spindle apparatus as
proposed in Xenopus germ plasm segregation [92, 99], as well as the asymmetric segregation
of a maternally inherited mRNA in mollusc embryos [100]. This pattern of subcellularly
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localized, asymmetric segregation continues until about the 1000-cell stage, roughly coinciding
with the activation of the genome at the midblastula transition (MBT).

Figure 3. Germ plasm to primordial germ cell transition in zebrafish. A) Compact, yet separate animal and vegetal
germ plasm aggregates at 16-cell stage are found at the edge of the first two furrows. B) At approximately the 32-cell
stage, germ plasm aggregates ingress into four cells (aggregates are depicted with a lighter color to indicate that they
are likely in bottom tier blastomeres, closest to their original location at the blastodisc–yolk cell boundary). C) Before
PGC-specific expression, germ plasm asymmetrically segregates so that only one cell receives the aggregate (germ
plasm masses are diagrammed at the various stages of the cell cycle that is represented as proceeding counterclock‐
wise, indicating association of the germ plasm mass to one of the spindle poles to generate two asymmetric daughter
cells, one with and one without the germ plasm mass—in this diagram, the counterclockwise progression is for the
representation of the cell cycle only, and in reality each PGC is undergoing cell cycling independently). In (C) and (D),
blue color depicts DNA. D) At approximately the 1K-cell stage, germ plasm aggregates break down into smaller parti‐
cles, and daughter cells inherit these particles symmetrically. E) Cells from these previous founders begin to exhibit
PGC-specific expression. F) After migration in the 24-hour embryo, PGCs accumulate in the prospective gonad just
above the yolk.
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During late blastula stage, the pattern of germ plasm segregation changes: now germ plasm
distributes in a perinuclear arrangement and is inherited by both daughter cells [92]. At the
same time, zygotic expression of the germ line-specific gene vasa begins. Due to the symmetric
segregation of germ line RNAs during cell division, the number of PGCs increases, such that
by gastrulation the number of germ plasm RNA-positive cells increases to around 30 cells [92].

Interestingly, DNA replication-inhibited embryos display a transition between asymmetric
and symmetric segregation patterns that occurs at a developmental time similar to that in
control embryos. This suggests that this transition in modes of germ cell determinant segre‐
gation does not rely on nucleo/cytoplasmic ratio, which has been proposed to regulate
transcriptional activation at MBT [101, 102] or zygotic transcription initiation itself, but instead
relies on a DNA-independent maternal temporal mechanism, possibly an intrinsic develop‐
mental timer or, alternatively, the counting of cell divisions [92].

2.4.2. Activation of the germ cell program

Little is known about the activation of PGC program in zebrafish. In mouse, activation of the
PGC program involves the expression of three interdependent proteins: Prdm1/BLIMP1,
Tcfap2c/AP2gamma and PRDM14 (reviewed in [103]). BLIMP1 induction of Tcfap2c allows for
AP2gamma to initiate the expression of PGC-specific genes (dnd1 and nanos3). In zebrafish,
BLIMP1 activates Tfap2a (which encodes AP2alpha) during neural crest cell specification, but
a role of these factors in PGC development has not been reported. Ziwi (zebrafish Piwi) protein,
which also localizes to germ plasm in the cleavage furrows, is also expressed in PGCs in 24-
hour embryos [104]. Piwi proteins act within mRNA storage particles involved in the transla‐
tional control of mRNAs [105].

Even though Vasa protein does not colocalize to the germ plasm during the early cleavage
period [92, 106, 107], it is found in perinuclear patches around the germinal vesicle during
oogenesis and is uniformly distributed in all embryonic cells prior to MBT [92, 107]. At around
3-4 hours post-fertilization (hpf), when the zygotic genome is activated, Vasa protein levels
increase [92]. The bulk of this increase in Vasa protein is dependent on the presence of a nucleus
in the PGCs, suggesting that a large part of translated Vasa is derived from new zygotic
expression. However, a small amount of Vasa does accumulate in embryos whose cells lack a
nucleus, suggestive of translation of Vasa protein from maternal transcripts. This finding has
led to the hypothesis that maternally inherited vasa mRNA in PGCs results in newly translated
Vasa protein, which in turn triggers the activation of a PGC-specific gene expression program
that includes zygotic vasa. After MBT, Vasa protein resumes perinuclear localization in PGCs.
Interestingly, at this stage, Vasa protein does not colocalize with clusters of vasa RNA [92],
suggesting that the bulk of the protein is not involved in the regulation of its own transcript.

An important hallmark of the activation of the germ cell program in animal systems is their
subsequent migration (reviewed in [108, 109]). Two components found in the zebrafish germ
plasm are required for PGC migration and maintenance in this organism: nanos [64] and dnd
[67]. Morpholino knockdown of dnd illustrates a role of the protein product in the polarization
and migration of PGCs, as morphants do not downregulate E-cadherin in PGCs, and cells
remain in close contact with one another [67]. These results show that downregulation of E-
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cadherin levels in PGCs allows these cells to become motile in order to receive and interpret
guidance cues for PGC migration to the gonad [110]. The reader is referred to Raz [111] and
Paksa and Raz [109] for in-depth reviews of zebrafish PGC migration.

3. Comparative analysis of germ plasm aggregation in vertebrates:
Independent yet similar solutions

3.1. Other fish species

The mode of PGC induction within teleost fish is not fully conserved. Fish in the ostariophy‐
san lineage, such as carp, Fegrade’s danio, tetra, and zebrafish, localize vasa  RNA at the
furrow. On the other hand, euteleost species, such as medaka, rainbow fish, and trout, lack
vasa RNA localization, exhibiting instead diffusely distributed cytoplasmic vasa RNA [112,
113]. In the more basal teleost lineage containing butterfly fish, vasa RNA is localized [112].
These patterns of vasa RNA localization suggest that germ plasm-mediated PGC determina‐
tion is an ancestral feature of the teleost lineage, which subsequently became lost in eute‐
leosts. Consistent with a role of the 3′UTR in RNA localization, species exhibiting vasa RNA
localization have highly conserved 3′UTRs in this mRNA compared to species with diffuse
vasa mRNA distribution [112].

Embryos from sturgeon species, considered a primitive fish that acts as a basal outgroup for
the teleost lineage, show many similarities to anurans including holoblastic cleavage, forming
a distinct blastocoel and archenteron and undergoing primary neurulation. Two studies had
varying conclusions on whether sturgeon embryos employ epigenesis or preformation [8,
114]. One group found that vasa and dazl RNAs failed to localize in oocytes [8], whereas the
other group argued that sturgeon PGCs are specified in the vegetal hemisphere around the
vegetal pole using a maternally derived germ plasm, as is the case in anurans. Interestingly,
transplanting a single PGC from sturgeon to goldfish resulted in correct translocation of PGCs
to the gonadal ridge [114], indicating that the mechanism for PGC migration is conserved
across species in divergent lineages.

3.2. Amphibians (X. laevis)

Xenopus uses maternally inherited germ plasm for PGC determination and exhibits a number
of other similarities to zebrafish. During oogenesis, the mitochondrial cloud in Xenopus
embryos appears homologous to the zebrafish Bb, as these two structures are rich in mito‐
chondria and have a role in germ plasm segregation [115]. Xenopus germ plasm contains
homologs to many of the germ plasm components in zebrafish, including Xdazl and the nanos
homolog Xcat2. In both Xenopus and zebrafish, germ plasm components originally localize to
the vegetal pole of the egg during oogenesis in small islets (Figure 4). These two RNAs
accumulate in the mitochondrial cloud in early oogenesis using a mitochondrial cloud
localization element (MCLE) in their 3′UTR and subsequently disperse among the islets.
Interestingly, germ line RNAs (Xcat2), injected after the time the early transport (METRO)

Germ Cell Determinant Transmission, Segregation, and Function in the Zebrafish Embryo
http://dx.doi.org/10.5772/62207

129



mechanism is active, are able to localize to the vegetal pole using the late transport pathway.
However, these RNAs do not enter the germ plasm [116], suggesting the presence of steps
early in the RNP packaging process for these RNAs that are crucial for proper transcript
localization.

Figure 4. Comparison of vertebrate species employing germ plasm. All three species, zebrafish, frog and chicken, local‐
ize germ plasm during oogenesis. At the two-cell stage, two sites of localization of germ plasm (animal and vegetal)
are found in zebrafish, only one vegetal site in frog and one site localizing at the basement of the first cleavage furrow
in the chick. Both zebrafish and frog embryos have been shown to multimerize germ plasm RNPs into four large ag‐
gregates during the first several cycles, which during early embryogenesis are inherited by four separate sets of PGCs
in zebrafish and one main PGC cluster in frogs. Chick PGCs are found in a crescent-shaped distribution at the anterior
edge of the primitive streak. After PGC migration, each organism contains bilaterally situated groupings of PGCs at
the site of the prospective gonads.

While the early/METRO pathway does not involve microtubules [117, 118], Xenopus germ
plasm undergoes a second movement after fertilization, which relies on microtubules. Like
zebrafish, Xenopus germ plasm undergoes local aggregation to multimerize islets into large
patches of germ plasm in the first round of aggregation. The second aggregation process
involves periodic surface contraction waves (SCWs) directing the germ plasm to the vegetal
cortex to form large patches (Figure 4). SCWs can be inhibited by ultraviolet radiation at the
vegetal pole [97] and require the kinesin family motor Xklp1 [119]. These aggregation waves
result in the concentration of germ plasm at the cortex, forming four large aggregates that, as
in zebrafish, are associated with the microtubule network, localize to cleavage furrows [83]
and are later inherited by only four blastomeres [120].
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The segregation of germ plasm in Xenopus continues to have parallels with that in zebrafish
during the cleavage stages. During this period, germ plasm associates with the plasma
membrane; during mitosis, it localizes to one of the spindle poles leading to asymmetric
segregation until the gastrulation stages, when germ plasm acquires a perinuclear localization;
and during cell division, symmetric expression leading to an increase in the number of germ
plasm containing cells [121]. Although some experiments show that implanted PGCs can form
functional gametes in Xenopus [122], others show explanted pre-PGCs, as well as isolated
migrating PGCs, do not form germ cells when placed in an ectopic location, differentiating
instead as somatic cells [123]. These observations suggest that, unlike Drosophila [124], Xenopus
germ plasm specifies, but does not irreversibly determine, the germline.

Although there are many similarities in the pathways of germ plasm segregation in Xenopus
and zebrafish, a major difference between the two species is that in zebrafish embryos germ
plasm RNPs employ two distinct modes of transport within the early embryo: for animal and
vegetal germ plasm RNPs; whereas in Xenopus, all germ plasm RNPs are located at the vegetal
pole. The difference might be explained by the method each species employs for cellular
cleavage. Teleost embryos undergo segregation of ooplasm away from the yolk followed by
meroblastic cleavages only at one pole of the embryo. In Xenopus embryos, however, the yolk
does not segregate away from dividing blastomeres, which as opposed to teleosts undergo
holoblastic cleavage involving division across the entire embryo.

3.3. Other vertebrate species (chick)

Until relatively recently, studies suggested that the chick used epigenesis [125, 126], although
these studies relied on in vitro culture [127]. However, Vasa protein (CVH in chick) was found
to accumulate at the base of the membrane furrows in the early cleavage stage chick embryo,
a location strikingly similar to that for vasa RNA localization in zebrafish embryos (Figure 4).
CVH localizes to globular structures in chicken oocytes, which also contained mitochondrial
cloud materials, suggesting preformation [6]. Considering the proposed independent appear‐
ance of germ plasm in various vertebrate lineages [8], it is possible that the parallels observed
in teleosts, amphibians, and the chick reflect the cell division apparatus as a pre-existing
intrinsic cellular mechanism that is readily co-opted for the local gathering and segregation in
the embryo of maternally inherited germ plasm. Further analysis, involving common cellular
and developmental themes in various animal lineages, will be required to better understand
germ plasm evolution and its relationship with the basic embryonic cellular apparatus.

4. Conclusions

Epigenesis describes an inductive mechanism used notably by mammals in which tissues
signal for a set of cells to become the PGCs. Preformation describes a mechanism using germ
granules placed in the oocyte, which are collected into a set of cells to become the PGCs. Even
though mechanisms differ, many of the RNAs and proteins that specify the germ line are
conserved between animals using preformation and epigenesis.
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Developmental biology studies have focused on genetic models to decipher the molecules and
mechanisms for germ line establishment. Zebrafish use preformed germ granules known as
germ plasm RNPs, which aggregate together, recruit to the furrow and distally compact into
tight masses that ingress into only four cells. Throughout the remainder of maternal stage cell
divisions, these four cells asymmetrically segregate the germ plasm aggregate so as only one
of the dividing cells keeps the mass. When the zygotic genome is activated, these cells divide
and generate the PGC population. It is tempting to speculate that the maternal process of germ
plasm inheritance is designed to optimize the gathering of germ plasm material into large
masses capable of influencing cell fate and that their subsequent asymmetric segregation
during the cleavage stages preserves their full inductive potential until activation of the zygotic
genome.

Understanding the mechanisms of germ cell determination will contribute to our ability to
interpret cases of impaired fertility and will facilitate the promotion of healthy reproduction
and assisted reproductive methods. In addition, recent studies in various biological systems
have identified common links between germ cell gene expression programs, and those of stem
and cancer cells [128–131], suggesting that a better understanding of germ cell biology will
also contribute to the fields of regenerative and cancer biology. The zebrafish model system
provides a tractable experimental system to gain mechanistic insights into these important
topics relevant to human and animal health.
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Abstract

In many mammalian species, including humans, folliculogenesis begins in fetal life and
progresses throughout adulthood. The growing follicles progress from a reserve of pri‐
mordial follicles that constitute the pool of female gametes for the entire life. Primordial
follicles may begin to grow either immediately after forming or at clearly defined species-
specific gap. Alternatively, some follicles may become quiescent before they either degen‐
erate or resume growth several months or years afterwards. The rate of follicular
assembly and the primordial to primary follicle transition is a critical step in female fertil‐
ity. Therefore, disturbed coordination of the formation of primordial follicles and activa‐
tion of their growth may entail some reproductive disorders. A poor initial reserve or the
precocious primordial follicle depletion will result in infertility that, in women, is escort‐
ed by a shortened reproductive lifespan and early menopause. Therefore, it seems neces‐
sary to reach a profounder understanding of the molecular and cellular mechanisms
controlling follicular development during preantral transition. In vitro growth of isolated
immature ovarian follicles (IVGF) appears as an emerging technology, allowing to ex‐
pand the fertility options in particular ovarian disorders or after cancer treatment

Keywords: Preantral follicles, folliculogenesis, organ cultures, in vitro, growth of isolated
immature ovarian follicles (IVGF)

1. Introduction

In the ovary of a mammalian female, the process of folliculogenesis begins during fetal life and
proceeds until the end of reproductive capacity, which is manifested in cell proliferation and
differentiation [1,2]. Folliculogenesis, involving growth and development of ovarian follicles
from primordial to preovulatory stages, is a complex phenomenon requiring multidirectional
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regulation. The ovarian follicle plays an essential role in securing optimal conditions for oocyte
maturation and its release during ovulation, for which it will provide an appropriate micro‐
environment based on locally produced molecules, such as sex steroids and peptide hormones,
growth factors, and cytokines, while also providing the appropriate communication among
particular compartments of an ovarian follicle [3–5]. Sex steroids produced by follicular cells
are known to play one of the main roles in the regulation of ovarian function [6]. These steroids
present in the systemic circulation actively participate in the regulation of pituitary gonado‐
tropin secretion. On the other side, sex steroids present in the ovarian microenvironment act
as paracrine factors important for the maintenance of follicular development [3]. The majority
of information about the role of sex steroids in ovarian functioning has been obtained in studies
directed at the action of estrogens [7] and progestagens [8]. Nowadays, increasing attention is
being devoted to the action of androgens because the activation of androgen receptors (ARs)
located in follicular cells [9,10] modulates the expression and activity of many genes vital for
the maintenance of follicular development [11–13].

From the initial pool of ovarian follicles recruited to grow, only a few reach a preovulatory
stage. Less than 1% of follicles elude the process of atresia at various stages of development,
and the preantral to early antral transition is the most susceptible to this process. The pool of
primordial follicles established in fetal life constitutes a reserve that will not increase during
the postnatal period. The initial stages of folliculogenesis, including the accumulation of
primordial follicles, the recruitment of primordial follicles from the resting pool, and their
transition into primary follicles, are crucial for the female reproduction regardless of the
species [14]. Improper coordination of the formation of primordial follicles and activation of
their growth may entail disturbed folliculogenesis in mature individuals manifested by a
reduction of fertility. Recent research has revealed that primordial and primary follicles might
not die by classical apoptosis. It is therefore possible that, in the immature ovary, other
mechanisms are involved in follicular atresia [15].

The main factor determining the selection of follicles into the antral stage is their ability to
respond to gonadotropins, especially follicle-stimulating hormone (FSH). Preantral follicles
display an increase in the number of FSH receptors (FSHR) that, when activated, stimulate
granulosa cell proliferation, antrum formation, and biosynthesis of estradiol after the activa‐
tion of aromatase enzyme. There is quite ample evidence that follicle development is depend‐
ent on their granulosa layer, the functioning of which is influenced by endocrine, paracrine,
and autocrine mechanisms. Granulosa cells are involved in the control of oocyte maturation
and proper execution of ovulation and participate in early embryogenesis, maintenance of
corpus luteum function, and production of chemotactic factors and those involved in angio‐
genesis [16]. Sustained oocyte growth depends on the effective communication and crosstalk
between granulosa cells and the oocyte, because granulosa cells remain the major source of
nutrients for the gamete through homologous and heterologous gap junctional contacts [17].

The tool that allows studying the function of ovarian follicles irrespective of its complicated
structure is the model of whole organ culture, which reflects the conditions and complicated
interactions occurring in vivo. These kinds of cultures constitute very sensitive objects to test
the biological activity of various factors; they allow to observe the responses to increased or
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decreased steroid hormone secretion, the induction or inhibition of cell proliferation, or the
induction or inhibition of apoptosis. The technological revolution in reproductive biology that
started with artificial insemination and embryo transfer technologies during the last 30 years
has continued with oocyte in vitro maturation (IVM), in vitro fertilization (IVF), or in vitro
embryo culture (IVC), to name only a few. IVM has particular significance, providing the
technology platform for the abundant supply of mature, good quality oocytes for diverse
applications, such as reducing the generation interval in important species or studying in
vitro human reproduction. Despite the convenience of IVM, we still do not understand the
precise factors and conditions occurring in vivo, which yield the highest-quality mature oocytes
for successful fertilization and embryo development outcomes; hence, we cannot completely
imitate these conditions. Thus, in vitro growth of isolated immature ovarian follicles (IVGF)
appears as an emerging technology allowing to expand the fertility options, particularly in
young cancer patients [18–20], and may serve as a potential source of fertilizable gametes.
Thus, assisted reproductive technologies allied to a profound understanding of granulosa/
oocyte interactions can benefit from the capability to sustain primordial and primary follicle
growth in vitro while supporting the acquisition of oocyte competence.

On this basis, the objective of this chapter is to review relevant data concerning the molecular
factors crucial to the regulation of early stages of folliculogenesis and to provide basic
information to the design of future culture strategies promoting the in vitro development of
ovarian follicles.

2. Development of the primordial follicle

In the mammalian embryo, ovarian development begins between 3 and 6 weeks after concep‐
tion. During this period, ovarian rudiment is massively colonized by mesonephric cells, which
are regarded as the follicular cell precursors, and the primordial germ cells (PGC) migrate into
the genital ridge; hence, other events take place, such as the differentiation of the gonads
according to gender, proliferation, and apoptosis [14,21,22]. Oocyte development begins in the
mammalian female fetus together with the differentiation of PGC. Proliferating PGC migrate
towards the nascent genital ridges, where they differentiate into oogonia, before entering the
first meiotic division to become primary oocytes [26].

Mammalian oocytes develop and reach ovulatory maturity inside the follicles where they are
covered at first by pre-granulosa and then by granulosa cells [23] (Figure 1). Over the lengthy
process of follicle development, granulosa cells proliferate and the theca layer is formed [24],
allowing the follicle to take advantage of blood supply. Then, follicles pass through the
succeeding stages of development before reaching full maturation and the ability to ovulate
[25]. Primary oocytes, which are arrested at diplotene of the first meiotic prophase since late
prenatal life in most mammal species, are the organizing centers of primordial follicles. The
oocyte is considered to play the most important role in follicular organization during follicu‐
logenesis. It is assumed that the oocyte controls both the proliferation and the differentiation
of granulosa cells into cells capable of secreting steroids and various proteins. On the contrary,
several oocyte features, such as growth, differentiation, meiosis, cytoplasmic maturation, or
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control of transcriptional activity, are dependent on the presence and contact with granulosa
cells [27]. Interestingly, when the oocyte reaches a certain size threshold, it secretes factors that
inhibit the ability of granulosa cells to promote its own growth [4], which suggests that the
oocyte may determine not only its own growth but also the growth of the whole follicle.

Figure 1. Simplified representation of early stages of mammalian folliculogenesis. KL, kit ligand; BMPs, bone morpho‐
genic proteins; MIS/AMH, Müllerian inhibitory substance.

The assembly of primordial follicles, also described as the primordial follicle formation,
demands for individual oocytes to associate with developing pre-granulosa cells, in a complex
process that involves the breakdown of oocyte nests, oocyte separation, and subsequent
recruitment of somatic (i.e. pre-granulosa) cells, which are regulated by circulating hormones
and factors produced by the oocyte and somatic cells [28]. Newly created primordial follicles
give rise to primary follicles that, in a series of transitions coordinated by gonadotropins,
steroids, and other intraovarian factors, transform into preantral and then antral follicles and
finally preovulatory follicles [6]. Among the signaling pathways that are important for
primordial follicle assembly, apoptosis and autophagy are crucial in determining cellular fate.
After nest separation, a large number of germ cells are lost by apoptosis; the mechanisms
regulating cyst breakdown and germ cell death are still unclear. Indeed, much attention has
been focused on germ cell elimination by apoptosis and the role of Bcl-2 gene family in
regulating the balance between survival and death of oocytes before the formation of primor‐
dial follicles [29]. To date, autophagy has also been proposed to contribute in the mechanisms
of prenatal and neonatal oocyte demise [30]. Increasing evidences showed that, in the imme‐
diate hours of the postnatal life, many tissues and organs evidence up-regulation of autophagy
pathways, possibly acting as an adaptive response of the newborn organism to nutritional
stress associated with the deprivation of placental nutrients [31]. The balance between
quiescence and activation of the primordial follicle reserve seems to depend on a number of
molecules. The phosphatidylinositol 3-kinase (PI3K) pathway was proposed as a key pathway
playing a crucial integrative role by bridging the action of multiple factors in the balance
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between follicle growth suppression, activation, and the maintenance of healthy quiescence
[32]. In mammalian ovaries, postnatal depletion of oocytes occurs also by atresia of follicles.
Follicular atresia is directed by granulosa cell apoptosis and affects all stages of follicular
development. Interestingly, recent evidence from studies on rats shows that autophagy of
germinal cells is an alternative route to induce follicular atresia in the ovary [33]. This implies
the importance of autophagy in cellular elimination within the ovary.

3. Primordial to primary follicle transition

The concept of primordial follicle activation refers to the process by which primordial follicles
gradually exit the nongrowing follicle pool and enter the intermediate or primary follicle stage
[23]. The clarification of the mechanisms that regulate primordial follicle activation is an
important issue for the success of assisted reproduction [4]. Whereas the primordial follicle
activation seems to depend mainly on signals originating in the ovary, pituitary and metabo‐
lism-related hormones are required for folliculogenesis to proceed past the primary or
secondary stage [34]. In the ovary, the crosstalk between oocytes and somatic cells (i.e.
granulosa or theca cells) occurs at an early stage of follicular development [4]. The activation
of primordial follicles is associated with oocyte growth, and simultaneous differentiation of
the adjacent pre-granulosa cells occurs. During the transition into primary follicles (showing
a complete layer of cuboidal granulosa cells), pre-granulosa cells change into a cuboidal shape
[23], and in the process, they form an intermediate form of follicles presenting both cuboidal
and flattened pre-granulosa cells [35]. The proliferation of granulosa cells allows to originate
multiple layers of cells, and follicle develops to secondary, antral, and further advanced follicle
stages [23,36,37].

Recent research revealed that factors secreted by the oocytes regulate the initiation of primor‐
dial follicle growth [38] (Figure 2). The tyrosine kinase receptor Kit (c-Kit) and two different
isoforms of its ligand (kit ligand, KL), localized in oocytes and granulosa cells, stimulate oocyte
growth and maintain it in meiotic arrest depending on FSHR levels. The up-regulated
expression of KL, triggered by low concentrations of FSH, promotes a reduction in the ratio of
KL/c-Kit and stimulates oocyte growth, whereas high concentrations of FSH enhance follicle
development but impair oocyte growth [5]. Other important regulators of follicle growth are
activin [39] and oocyte-derived growth differentiation factor-9 (GDF-9) [14,40]. GDF-9
promotes follicular survival and growth during transition due to suppression of granulosa cell
apoptosis and follicular atresia, whereas activin promotes FSH release, antral cavity formation,
and granulosa cell proliferation. Bone morphogenetic protein-15 (BMP15) has been shown to
promote granulosa cell growth by stimulation of the proliferation of undifferentiated granu‐
losa cells in an FSH-independent manner. It was shown that two markers of proliferation, Ki-67
and proliferating cell nuclear antigen (PCNA), are regulated by these oocyte-derived factors
(for review, see Ref. [41]). It was also suggested that PCNA could act as a key regulator of the
development of ovarian follicles. The time expression of PCNA in oocytes is coincident with
the initiation of primordial follicle formation. By promoting the apoptosis of oocytes, PCNA
can also regulate primordial follicle assembly in neonatal mouse ovaries [42]. Moreover,
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proliferation of granulosa cells is increased by insulin-like growth factor-I (IGF-I), which was
also associated with the regulation of follicular growth from the primordial stage [43]. The
anti-Müllerian hormone (AMH) is synthesized early in the follicle formation, by the cuboidal
granulosa cells of primordial follicles. This factor, subsequently produced by preantral and
antral follicles, inhibits the initial recruitment of primordial ones as well as their further FSH-
dependent growth [44].

Figure 2. Mechanisms of androgen actions in follicular development. Physiological functions of androgens during pri‐
mordial follicle recruitment are mediated through androgen response element (ARE)-dependent genomic actions
and/or via PI3K/Akt nongenomic signaling pathway.GDF-9, growth differentiation factor-9; AR, androgen receptor.

The idea that androgens might regulate follicular development initially started with studies
indicating AR expression in the different compartments of follicles throughout most stages of
folliculogenesis [45–48]. However, AR expression pattern may differ between cell types, and
in most species, AR is abundant in the preantral/antral stages of follicular development but
declines as a follicle matures to the preovulatory stage [49–51]. Based on these observations,
it was suggested that androgens might differentially regulate various stages of follicular
development through an autocrine and/or paracrine way. It is generally accepted that
androgens primarily affect preantral follicles and that their activities are important for
preantral follicle growth and prevention of follicular atresia. Moreover, it seems possible that
androgens are involved in the activation of primordial follicles [52–54] (Figure 2). How
androgens influence primordial follicle recruitment and whether this is a primary or secondary
response to androgens are still open-ended questions needing further investigation.

The mechanisms of primordial follicle activation can be studied using in vitro culture methods.
However, until now, the success of primordial follicles culture as a method of oocyte growth
has been limited to mice. Eppig and O’Brien [55] were the first to obtain mouse offspring
derived from oocytes acquired from cultured primordial follicles. As to other species, several
studies carried out in farm animals and primates showed that the transition of primordial into
primary follicles in culture of cortical strips from caprine [56], bovine [57], baboon [58], and
human [59] ovaries is possible. A confirmation of the normality of follicle development in
vitro was obtained through the changes in follicle morphology and cell number as well as from
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preantral follicle growth and prevention of follicular atresia. Moreover, it seems possible that
androgens are involved in the activation of primordial follicles [52–54] (Figure 2). How
androgens influence primordial follicle recruitment and whether this is a primary or secondary
response to androgens are still open-ended questions needing further investigation.

The mechanisms of primordial follicle activation can be studied using in vitro culture methods.
However, until now, the success of primordial follicles culture as a method of oocyte growth
has been limited to mice. Eppig and O’Brien [55] were the first to obtain mouse offspring
derived from oocytes acquired from cultured primordial follicles. As to other species, several
studies carried out in farm animals and primates showed that the transition of primordial into
primary follicles in culture of cortical strips from caprine [56], bovine [57], baboon [58], and
human [59] ovaries is possible. A confirmation of the normality of follicle development in
vitro was obtained through the changes in follicle morphology and cell number as well as from
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the stage-specific follicular responsiveness to above-mentioned factors or the development of
steroidogenic capacity.

4. Primordial and primary follicle isolation

In vitro follicle growth is a promising fertility preservation strategy [19,60] despite that, in some
mammalian species, including humans and pigs, the success has been limited when the process
started with primordial follicles. This could be explained by the fact that adequate isolation
methods and culture strategies have not yet been fully established, thereby impairing the
ability to obtain mature gametes from the culture of isolated primordial follicles in those
species. The manipulation of primordial follicles is a challenge due to their small size and the
existing physical connections between the oocyte and the surrounding squamous granulosa
cells, which are also poorly studied. Conversely, the conditions that support their activation
and growth are not well defined. Several studies have indicated that primordial and primary
follicles rapidly degenerate in cultures carried under multiple conditions [61–63]. For example,
primordial follicles isolated from human ovarian tissue using collagenase digestion and
subsequently cultured in collagen gels resulted in the degeneration of the follicles within 24
hours [64].

The species and the reproductive age of the ovarian tissue affect preantral follicle yield in the
ovary because of the existence of a larger number of follicles and the easiness of the isolation
method in neonatal and prepubertal ovaries compared with mature ovaries [65,66]. The success
of either culture or transplantation of isolated follicles depends on the high quality of re‐
trieved follicles. That is why an effective method for retrieving viable, preantral follicles is an
essential condition. Different methods are currently available to isolate follicles for preantral
follicle culture. The mechanical isolation methods include the use of fine-gauge needles or
forceps to isolate follicles from mice [67], rats [68], pigs [69], cattle [70], and humans [64]; the
combination of ovarian dissociation methods, such as grating or mincing, with sieving [71]; and
the follicular dissection from the ovarian cortex using a skin-grafting knife and/or small scalpel
blades [34,70].  The mechanical  isolation methods have a  main advantage,  as  they allow
retrieving intact follicles, surrounded by the basement membrane and theca layers, although
they are slow and laborious techniques that typically yield only a small number of follicles [72].
These technical problems can be avoided by the use of enzymes to aid follicle recovery. The
incubation of ovarian tissue in collagenase and/or DNAse (e.g.  Refs.  [55,73]) softens and
disaggregates the tissue matrix and allow detaching follicles from the surrounding stroma with
the aid of needles. However, the degradation of the basement membrane and the absence of
theca cell layers are the most common undesirable consequences of the use of enzymes in follicle
isolation [74], as they foster the spontaneous loss of granulosa cells from the follicles in culture.
Nevertheless, the time of enzyme exposure can be controlled to minimize the damage [75].

The ovarian stroma is dense and fibrous; thereby, it is more efficiently isolated using a
combination of mechanical and enzymatic procedures that have been shown to preserve
follicle viability [64,76–78]. Dolmans et al. [77] developed a new isolation protocol using
Liberase Blendzyme 3. This blend of purified enzymes allowed the isolation of a high number
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of preantral follicles, which were viable as well as morphologically and ultrastructurally
normal. However, this type of Liberase is no longer produced. Therefore, the second genera‐
tion of Liberase DH (Dispase High) Research Grade has been successfully tested for the
preparation of human ovarian follicles [79]. However, the efficiency of the mixture may vary
with the species. Our group recommends the use of Liberase TH (Thermolysin High) Research
Grade to obtain a high number of fully isolated primordial follicles from porcine ovarian cortex
[80], as it presents a really fibrous tissue. Using prepubertal gilt ovaries, we applied different
types of Liberase (DH, TM, and TH) Research Grade and treatment protocols to isolate
primordial follicles (Figure 3). The quality of the isolated follicles was evaluated by their
general morphology and viability upon routine hematoxylin and eosin (H&E) and fluorescent
staining, whereas their ultrastructure was assessed by electron microscopy. Additionally, to
determine the purity of isolated follicles, a germ cell-specific protein, MSY2, was used to
recognize oocytes. Liberase TH Research Grade was the mixture presenting a very high
proportion of retrieved viable follicles whose majority exhibited good morphology with a
complete granulosa cell layer. In addition, primordial follicles stained with either Hoechst
33342 or H&E indicated that Liberase TH Research Grade only occasionally induced atresia.
This was supported by ultrastructural studies revealing that the oolemma-follicular cell
interface was well preserved, which would allow the complex to express the correct metabolic
profile (Figure 4). The results obtained in those experiments also showed that almost all of the
Liberase TH Research Grade-isolated primordial follicles were MSY2 positive. As shown in
the literature [81,82], primordial and primary follicles may rapidly degenerate after isolation
because of the loss of critical connections between the oocyte and the granulosa cells. It seems
that Liberase is a promising alternative to collagenase treatment, allowing the use of isolated
primordial follicles for further reproductive studies.

Figure 3. Pig ovarian medulla collection and preantral follicle isolation protocol. 1–3: Ovarian medulla collection (4- to
5-month-old prepubertal gilts); 4–6: isolation of primordial and primary follicles using different types of collagenase
(types I, II, and IV) and Liberase (DH, TM, and TH); 7: evaluation of preantral follicles morphology (H&E staining).
For details, see Ref. [80].
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Figure 4. Morphology and ultrastructure of primordial and primary pig follicles isolated from ovarian medulla using
Liberase TH-Research Grade. (A) Morphology of Liberase TH-treated pre-antral follicles (light microscopy), (B) mor‐
phology of Liberase TH-isolated pre-antral follicles stained with hematoxylin and eosin; (b) interrupted granulosa cells
layer in pre-antral pig follicles isolated with collagenase (type II); (C) Transmission electron microscopy (TEM) showed
a single uninterrupted layer of cuboid follicular cells (black asterisk) surrounding the oocyte (white asterisk), which
was bordered by a continuous basal lamina (arrow). Scanning electron microscopy (SEM) of primordial (D) and pri‐
mary (E) follicles isolated using Liberase TH. A continuous layer of cuboid follicular cells surrounds the oocyte in the
primary follicle (E) while in the primordial follicle a flattened layer of cells covers the oocyte; immunoconfocal images
recorded from three selected areas of centrifuged ovarian digest: follicles were stained for actin (F), MS2Y (G) and with
DAPI (H), merged images (I).

5. Primordial and primary follicle culture

The clinical application of IVFG is still at the investigational stage, in a laboratory setting,
although it stands a robust approach to study the basic biology of the ovary or the follicle under
a controlled yet adjustable environment. Multiple culture systems have been developed to
support the development of isolated preantral follicles [69,72,83], each one with its own
advantages and providing useful insights into the follicle physiology. By this time, hydrogel-
based follicle culture systems have been well characterized. The oocyte and the surrounding
granulosa cells interact with each other and the environment, maintaining the same spatial
location, connections, and dimensionality as in the intact ovary. The in vitro growth and
development of mouse preantral follicles was successfully supported by alginate-based
hydrogels, a substrate that was also applied to several large mammalian species, including
dogs [84], rhesus monkeys [19], and humans [85], resulting in stage IV oocytes (human) [86],
meiosis II (MII)-arrested eggs, and fertilized two-cell embryos (rhesus macaque) [87]. This
developmental stage has not been reached in other systems.

It is commonly agreed that early follicular growth is largely independent of a gonadotropin
stimulus; instead, it seems that it is controlled by paracrine and autocrine signals originating
from several sources in the ovary, including stromal cells, macrophages, and other follicles
[38]. Recent studies showed that these local factors may also play an important role in in
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vitro culture, supporting the growth of isolated preantral follicles: isolated primary ovarian
follicles survived and grew when cocultured with purified ovarian stroma including theca-
interstitial cells and macrophages [88] or with mouse embryonic fibroblasts (MEFs) as a feeder
cell layer [89]. Coculture with MEFs resulted in an increased follicle survival, growth, and
differentiation until antral follicles contained meiotically competent oocytes capable of
reaching metaphase II in response to adequate hormone stimulation [89]. As suggested in those
studies, individual primary follicles require factors beyond the standard culture media
additives, including insulin, transferrin, selenium, fetuin, bovine serum albumin, and FSH [90],
which can be supplied in vitro by coculture with stromal cells or MEFs; nevertheless, in vivo
observations also suggest that follicles themselves may have a stimulatory effect on IVFG,
because, in the mammalian ovarian cortex, the distinctive architecture and follicle distribution
may influence follicle development: primordial and primary follicles are located close to the
rigid, collagen-dense cortical stroma, whereas larger, growing follicles are typically closer to
the interior medulla, which presents a less rigid stroma [91]. It has been shown, in a study
examining the spatial relationship of follicles within ovaries, that follicles surrounded by
growing follicles are more likely to be growing, suggesting the existence of an in vivo stimu‐
latory effect of other follicles [92] that could be exerted by signals originating from both the
oocyte and the growing follicles, which enhance the differentiation of preantral follicles.

6. Summary

In summary, the ability to sustain preantral follicle growth in vitro while supporting the
acquisition of oocyte competence is of great scientific interest. This relies on supplying oocytes
for assisted reproductive technologies and broadening our understanding of somatic cell/
oocyte interactions in species characterizing by prolonged follicular growth, such as humans
and pigs. IVGF is becoming a useful tool to assess follicular development, offering also the
potential to preserve reproductive options in cases of polycystic ovarian syndrome (PCOS),
premature ovarian failure, or definitive sterility (post-oncotherapy). In addition, it is known
that certain ovarian dysfunctions, such as PCOS and gonadotropin poor responsiveness, are
consequences of deregulated follicle growth at this transitional stage. Therefore, the elucida‐
tion of molecular and cellular mechanisms involved in the control of follicular development
during transition from preantral to early antral stage may provide an important insight into
the pathophysiology and rational treatment of these disorders.
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Abstract

Sperm forward motility is an essential parameter in mammalian fertilization. Stud‐
ies from our laboratory have identified and characterized a few unique sperm mo‐
tility regulatory proteins/glycoproteins from the male reproductive fluids and
mammalian blood serum. The purified sperm motility-initiating protein (MIP) from
caprine epididymal plasma as well as the forward motility-stimulating factor
(FMSF) and motility-stimulating protein (MSP) from buffalo and goat serum, re‐
spectively, have high efficacy to initiate or increase motility in nonmotile or less mo‐
tile sperm. Antibody of sperm motility inhibitory factor (MIF-II) has the high
potential to enhance sperm vertical velocity and forward motility by increasing in‐
tracellular cyclic adenosine monophosphate (cAMP) level. The appearance and dis‐
appearance of D-galactose–specific lectin and its receptor along the epididymis has
been reported to be involved in motility regulation in spermatozoa. A novel syn‐
thetic cryopreservation method and role of lipid to protect membrane damage dur‐
ing cryopreservation have been demonstrated. Motility-promoting proteins may be
extremely useful for improving cattle breeding and breeding of endangered species,
thereby helping in enhanced production of animal products as well as in the conser‐
vation of animals. Isolated proteins and developed cryopreservation technology
may also be beneficial in human infertility clinics to increase the chance of fertiliza‐
tion.

Keywords: Spermatozoa, Epididymis, Motility regulatory proteins, Cryopreserva‐
tion, Reproduction
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1. Introduction

Livestock is a very important subsector of Indian agricultural production system. The overall
contribution of the livestock is almost 4.11%. India ranks first in milk production in the world
(132.4 million tons), which is mostly contributed by cattle and buffalo. The bull concentrates
in itself a high economic value and thus need to be maintained on proper nutrition and
management to obtain optimum performance in terms of semen production [1]. The demand
for the best males has increased considerably due to a shortage in the number of proven bulls
having better semen characteristics for sustaining a successful breeding program [2].

Reproductive techniques facilitate the breeding of farm animals, which ultimately improve milk
production and growth in dairy industry. Artificial insemination (AI) is a first-generation
reproductive biotechnology that profoundly contributed to genetic improvement, particular‐
ly in dairy cattle. Such impact would not have been possible without successfully freezing bull
semen. Quality control of frozen sperm is of utmost importance for the sperm to be used in AI
[3]. Sperm cryopreservation allows prolonged preservation of semen and a wider use of a male
gamete [4]. This technique is used for breeding of domestic animals, maintaining the genetic
diversity, and establishing gene banks [5]. The success of fertilization with the use of frozen–
thawed spermatozoa varies considerably between species and among individuals of the same
species [6]. Semen cryopreservation relies on the use of cryoprotectants (such as glycerol and
egg yolk), substances to maintain the osmolarity, sources of energy (such as glucose or fructose),
and enzymes and antibiotics, which are essential for maintaining the viability of the spermato‐
zoa during cooling, freezing, and thawing [7]. Still, the major disadvantage in the cryopreserva‐
tion process is its harmfulness to spermatozoa; even using the best preservation techniques,
only half of the sperm population survives after freezing and thawing procedures [8].

Mammalian sperm motility is a key factor to determine semen quality and fertilizing capability
[9]. Motility of spermatozoa depends on various proteins in blood and male reproductive
fluids [10, 11]. For the last few decades, studies in our laboratory focused on the identification
and characterization of sperm motility regulatory protein (SMRP) molecules in caprine (Capra
indicus) sperm [12]. Efforts have been made to raise antibodies against these purified proteins
for further investigation of their immunological and functional role expecting to augment
motility/fertility of male gametes. Our findings also showed the role of lipid to protect the
spermatozoon membrane against damage during cryopreservation. A novel cryopreservation
system has also been developed, which may help to improve the existing technology for
preservation of spermatozoa across higher mammalian species such as bull and buffalo, as
well as in endangered species.

A positive correlation between sperm concentration at semen collection and motility has been
reported. In general, fertility rate of frozen thawed semen used for AI is poorer than that
obtained with fresh semen, which is partially compensated by using insemination doses with
greater numbers of live spermatozoa [13]. Several SMRPs have been isolated, which showed
the ability to enhance the motility in cryopreserved semen samples. Based on the hypothesis
that these motility enhancer proteins may not be species specific in mammals, it is suggested
that these proteins could perform their biological functions in spermatozoa of various species.
Therefore, they appear as an alternative to improve sperm fertility after cryopreservation, by
incubating sperm with motility enhancing purified proteins.
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Sperm motility is a major criterion in semen quality; it is also an important determinant for the
success rate of fertilization. Sperm motility is related to the availability of Adenosine triphos‐
phate (ATP): the frequency and amplitude of the tail movement of sperm is closely related to
the dephosphorylation of ATP [14].

The epididymal lumen is a complex microenvironment in which synthetically inactive
spermatozoa move from the proximal to the distal end and interact with proteins that are
synthesized and secreted in a highly regionalized manner in the epididymis get gradually
mature and acquire the capacity of progressive motility and fertility [15, 16]. In addition to the
integration of epididymal secretory proteins, posttranslational modifications of existing sperm
proteins are important for sperm maturation and acquisition of fertilizing potential [17].

2. Sperm Motility Regulatory Proteins (SMRPs)

The epididymis is essential for sperm development and maturation. Sperm taken from the
caput show little motility and are infertile, whereas sperm from the cauda are motile and can
achieve fertilization. How sperm motility is initiated in the epididymal duct is uncertain, but
a sperm motility protein has been demonstrated in both the corpus and the cauda of the
epididymis.

Besides having an influence through controlling the extracellular milieu of spermatozoa,
proteins secreted by epididymal cells may be incorporated at the sperm surface to exert their
regulation. Epididymal secretions suggested to functions as cholesterol carrying proteins that
have been identified in the ram [18] and other farm animals [19].

Specific  secretory  proteins  produced in  the  epididymis  seem to  remain  associated  with
spermatozoa during the transit through the organ and may play a key role in the mammalian
sperm maturation process by conferring to the male gamete the ability to recognize the oocyte
[17–20].

2.1. Molecules with sperm motility regulatory properties

Several molecules showing motility regulatory effects on spermatozoa have been identified.
Some of them were located in epididymis, but there are several reports also on the occurrence
of various types of sperm motility regulatory protein factors in male reproductive fluids and
blood serum as well as in follicular fluid [21, 22]. The sperm surface undergoes a sequence of
alterations during the epididymal maturation and uterine capacitation process, allowing the
male gametes to acquire the potential to fertilize the female egg [23, 24]. Available information
on SMRPs has been reviewed below.
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lized by blood serum albumin; rabbit serum albumin was more effective than bovine or human
serum albumin [19], suggesting the existence of a species-specific effect.
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motility of boar spermatozoa [25]. We have partially purified a sperm motility enhancer from
human FF, which significantly enhances the forward motility and vertical velocity of human
and caprine spermatozoa.

Moreover, its importance in the acrosomal reaction and the interaction with specific receptors
in oocyte surface at fertilization is also acknowledged [26]. Phosphorylation of proteins
catalyzed by protein kinases is recognized as a major regulator of cell functions [27]. It has
been demonstrated that it is a cAMP-independent protein kinase (ecto-CIK) and its substrate
(MPS) on the external surface of goat epididymal spermatozoa that causes phosphorylation of
endogenous membrane-bound phosphoproteins that are externally oriented [28–30]. The
presence of lectins (e.g. galactose-specific and N-acetyl-D-galactosamine–specific lectins) on
the surface of mature spermatozoa has been reported in few species [31, 32]. We have dem‐
onstrated for the first time the epididymal maturational profile of a sperm external surface
lectin-like molecule.

2.1.1. Motility initiating protein and motility inhibitory factor

Hoskins and associates [18, 32], in a novel in vitro model, triggered forward motility in the
immature (immotile) sperm derived from bovine caput epididymis by incubation in presence
of epididymal or seminal plasma and theophylline. Subsequently, from caprine epididymal
plasma, pursuing to identify the extracellular proteins and their role in biochemical regulation
of sperm motility, Jaiswal et al. [33] and Das et al. [34] have purified and characterized a motility
initiating protein (MIP) and a motility inhibitory factor (MIF), respectively.

Purification and characterization of the MIP from caprine epididymal plasma was achieved in
our laboratory. MIP is a heat-stable, acidic, dimeric protein with a weight of close to 125 kDa,
and presenting two subunits: 70 and 54 kDa, with an isoelectric point of 4.75 and maximal
activity at pH 8 [33]. It contains mannose, galactose, and N-acetylglucosamine approximately
in the ratios of 6:1:6. MIP loses activity by actions of alpha-mannosidase and beta-N-acetyl‐
glucosaminidase, thereby showing the sugar side chains responsible for the motility initiating
potential. Epididymal plasma is the richest source of MIP. Intrasperm cAMP level was
increased by MIP [33].

Immature caput spermatozoa do not show forward motility. Addition of MIP induced forward
motility to a significant population of spermatozoa (Figure 1). The number of forward motile
cells increased markedly with the increase in MIP concentration. The factor showed maximal
activity at concentration as low as 30 μg/ml when it induces forward motility in nearly 22% of
the immature spermatozoa.

We have also isolated and purified a different 57-kDa protein from caprine cauda epididymal
plasma, which acts as a quiescence factor to immobilize cauda spermatozoa – the sperm
motility quiescence factor (QF). This protein also decreases reactive oxygen species (ROS)
concentration and thus helps to reduce oxidative stress in cauda spermatozoa, which is prone
to damage by ROS due to the presence of high level of polyunsaturated fatty acids (PUFA) in
sperm plasma membrane (unpublished data).
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A rabbit polyclonal antibody raised against purified sperm motility inhibiting factor (MIF-II),
at dilution 1:5000, allowed to increase sperm motility by 75% compared to the control within
30 min of incubation (Figure 2a). SPERMA, a sperm motility analyzer, showed a 40% increase
in vertical velocity of MIF-II antibody-treated spermatozoa as compared to the control serum
(Figure 2b). MIF-II antibody also enhanced the motility of immature caput spermatozoa under
in vitro initiation media.

Figure 2. Effect of MIF-II antibody (1:5000) on goat cauda sperm forward motility. a) Microscopic analysis: Blank (un‐
treated) (◆), Control with pre immune sera (□), MIF-II Ab (▲). b) Analysis by SPERMA. Reproduced with permission
from Das et. al. (2010).

Figure 1. Dose course of MIP for initiation of forward motility in caput-sperm under the standard assay conditions.
Reproduced with permission from Jaiswal et. al. (2010).
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2.1.2. Forward motility-stimulating factor and motility-stimulating protein

A forward motility-stimulating factor (FMSF) purified to apparent homogeneity from buffalo
blood serum, showed high protein specificity and affinity for stimulating forward motility of
goat cauda epididymal spermatozoa [35]. A molecule exhibiting similar role was found in goat
blood serum and some of its physical, biochemical, physiological, and immunological
properties were characterized. This protein was named as sperm forward motility-stimulating
protein (MSP) because it stimulated forward motility even in weakly motile spermatozoa [36].

Both FMSF and MSP are 66-kDa monomeric, heat-stable proteins. FMSF is acidic in nature
with isoelectric point 3.7. Aspartate, glutamate, and leucine are the amino acids with higher
representation in FMSF. FMSF is inhibited when treated with α-mannosidase, which acts on
the sugar part of the protein.

In regard to its motility-promoting potential, FMSF is not species specific. Sperm surface has
specific receptors of FMSF [37]. FMSF was also immunodetected in uterine fluids of cattle
species. A maturation-dependent expression of FMSF receptor and consequential stimulation
of forward motility were observed [38]. FMSF binds to the surface of the mature sperm cells
to promote forward motility. FMSF initiates a novel signaling cascade to stimulate transmem‐
brane adenylyl cyclase (tmAC) activity that augments intracellular cAMP, which through
downstream cross talk of phosphokinases leads to enhanced forward motility in mature
spermatozoa [36]. In in vitro fertilization, maximum activity of FMSF was observed at 0.5 μM
level when nearly 60–70% of spermatozoa showed forward motility [37].

On the other hand, motility-promoting efficacy of MSP is markedly higher than theophylline
or bicarbonate or their combination at 0.9 μM and also showed longer motility maintenance.
MSP exhibits maximal activation in 1 min or less, whereas theophylline or bicarbonate takes
about 3–5 min for maximal activation (Figure 3a). Addition of theophylline and bicarbonate
does not activate further MSP-induced motility. Figure 3b shows the maintenance of motility
for longer period. Theophylline and bicarbonate have been found to help in the maintenance
of motility in a much stabilized manner when added along with MSP. These reagents helped
in the storage of sperm cells in motile condition for at least 3 h at room temperature [36].

Studies with CASA or SPERMA evidenced a similar trend of increase in horizontal and vertical
velocities, respectively. MSP action was found to be independent of cAMP, in which it differs
from FMSF. MSP occurrence was higher in testis, although blood was its richest source.

MSP was localized throughout the cell surface of spermatozoa. In vitro fertilization studies
were performed with antibody of MSP using mouse oocyte and spermatozoa. The control
experiment did not show any inhibition of fertilization, but the MSP antibody treatment
inhibited fertilization by 100% at 1:25 dilution [36].

2.1.3. Follicular Fluid Motility Enhancing Protein (FFMP)

FF has a pivotal effect on motility and chemotaxis of spermatozoa for a successful fertilization.
FF has been shown to stimulate sperm motility [39, 40], capacitation [41] and acrosome reaction
[42], as well as the sperm–oocyte fusion [43]. There are a large number of proteins present in
this fluid that are associated with the regulation of sperm function; many of them are yet to be
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nominated or characterized. We have partially purified a sperm motility enhancer molecule
from human FF. This protein stimulates sperm motility by more than 50% in a poor motile
sample and also increases vertical velocity of human and caprine spermatozoa (unpublished
data).

2.1.4. Lectin and lectin receptor

Maturing goat spermatozoa recovered at the distal corpus epididymis showed head-to-head
autoagglutination when incubated in vitro in a modified Ringer’s solution [44]. This is due to
a lectin-like molecule located on the sperm surface that specifically interacts with its receptor
of neighboring homologous cells. The D-galactose lectin and its receptor were partially
purified from the plasma membrane of goat cauda and caput spermatozoa, respectively. The
terminal stage of sperm maturation, that is, the induction of flagellar motility, is associated
with a sharp disappearance or inactivation of the lectin receptor along with the appearance of
the lectin [44], suggesting that the lectin-like molecule acquired by the mature sperm might
induce sperm motility, whereas activation of its receptor suppresses the motility-mediating
potential of the lectin.

2.2. Applied potential for the different SMRP

Sperm motility regulation is performed by the different SMRP by their respective mode of
actions. The motility-promoting effect of all these proteins, including MIF antibody, could
support its use to enhance motility in sperm samples with poor motility traits, which could be
useful in infertility management. These are physiological activators of sperm motility and thus
may be used in biomedical application in human infertility clinics, animal breeding centres,
and animal conservation centres.

Figure 3. Effect of goat MSP, 0.9 M (-●-) (Red), theophylline 5 mM (-■-) (Orange), bicarbonate 20 mM (-▲-) (Green),
theophylline + bicarbonate (-◆-) (Blue), and MSP + theophylline + bicarbonate (-X-) (Black) on sperm motility with re‐
spect to control (-●-) (Black). At different times up to 5 minutes MSP-induced motility was found to be more signifi‐
cant with respect to other initiators (panel a). At 30 seconds to the 1 minute time point the statistical significance level
is P<.001. At storage up to 3 hours, even at the end of 2 hours, there are significant differences in motility in MSP ver‐
sus theophylline (P<.05), MSP versus bicarbonate (P<.01), and MSP versus theophylline + bicarbonate (P<.05; panel b).
Reproduced with permission from Saha et. al. (2013).
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3. New synthetic model for sperm cryopreservation

Sperm cells are stored for long term by the cryopreservation method. Cattle breeding by AI
technique requires ready supply of good quality sperm cells, which are only possible by
cryopreservation. Sperm cells are susceptible to less viability and sublethal dysfunction by
freezing and thawing events during cryopreservation. Cell deaths during cryopreservation
are caused mainly due to membrane damage [45].

Cryopreservation of semen has long been foreseen as a tool to improve breeding of farm
animals of economical importance, and it is recognized as a major asset for conservation of
endangered species and for solving particular problems of human male infertility. During
cryopreservation, a substantial portion of sperm cells undergo damage from thermal, me‐
chanical, chemical, and osmotic stresses [46, 47].

We recently developed a simple sperm cryopreservation method for goat cauda epididymal
sperm using a modified Ringer’s solution [48, 49]. This cryopreservation model has been
developed using a careful manipulation of cooling and freezing rates, with the help of a
computer-controlled biofreezer. It is generally accepted that sperm cells were highly sensitive
to cooling rates particularly during cooling from room temperature to 5°C and during freezing
(5 to −20°C). In this model, the optimized protocol consisted of a drop of 0.25°C/min from
ambient temperature to 5°C, a cooling rate of 5°C/min from 5 to −20°C, thereafter a decreased
rate of 20°C/min to −100°C, and finally the plunging into liquid nitrogen (Table 1). The
cryoprotective ability of several biomolecules, such as amino acids, carbohydrates, and
polymers, was assessed. The best cryoprotection was offered by glycerol at the 0.87 M level.
Glycerol, dimethyl sulfoxide (DMSO), and amino acids in combination allowed 52% of motility
recovery in cryopreserved sperm samples (Figure 4). DMSO and amino acids when used in
combination with glycerol increased the cryoprotectant ability of glycerol [50].

 

Table_ 1: Effect of different cooling rate using 0.87 M glycerol as cryoprotectant 

PROTOCOL MOTILITY RECOVERY (%)

 FORWARD TOTAL
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15 ± 1.2 
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                   0.2C/m       5C/m                 20C/m 
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35 ± 2.5 

                   0.2C/m       5C/m                 20C/m 
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34 ± 2 

                   0.25C/m     5C/m                 20C/m 
RT                 5C               - 20C                 -100C 

 
32 ± 3 

 
35 ± 2 

(Reproduced with permission from kundu et. al., 2000a) 

Table_ 2: Lipid composition of sperm plasma membrane 
 Before 

Cryopreservation 
After 

Cryopreservation 
Sig. (2- 
tailed) 

Total Lipida (TL) (mg lipid /100 mg 
protein)

147.92 ± 1.83 115.31 ± 0.7 0.001 

% w/w of total lipid    

Neutral Lipid (NL) 50.35 ± 0.57 53.82 ± 0.10 0.008 
Glycolipid (GL) 13.28 ± 0.08 15.05 ± 0.16 0.005 
Phospholipid (PL) 36.37 ± 0.42 31.13 ± 0.16 0.001 
% w/w of total neutral lipid    
Hydrocarbons (HC) 27.94 ± 0.07 41.93 ± 0.45 <0.001 
Sterols (ST) 44.55 ± 0.06 41.52 ± 0.16 <0.001 
Steryl Esters (SE) 13.61 ± 0.05 6.06 ± 0.21 0.001 
Wax Esters (WE) 2.89 ± 0.09 1.92 ± 0.06 <0.001 
1-O-alkyl 2,3-diacyl glycerol (ADAG) 6.98 ± 0.08 4.54 ± 0.11 0.005 
Triacyl glycerol (TG) 4.03 ± 0.06 4.03 ± 0.04 0.383 
% w/w of total phospholipid    
Phosphatidyl choline (PC) 38.91 ± 0.10 36.85 ± 0.20 0.018 
Phosphatidyl ethanolamine (PE) 26.95 ± 0.09 24.71 ± 0.03 0.021 
Phosphatidyl inositol (PI) 15.81 ± 0.13 16.88 ± 0.05 0.014 
Sphingomyelin (Sph) 18.33 ± 0.09 21.56 ± 0.05 0.004 

(Reproduced with permission from Chakrabarty et. al., 2007) 
 

(Reproduced with permission from kundu et. al., 2000a)
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Figure 4. Effect of amino acids on forward motility recovery of spermatozoa after freezing and thawing of goat sper‐
matozoa. (A, B, C and D). Results for L proline, L alanine, glycine and L glutamine, respectively. (○) Effect of amino
acids in absence of other cryoprotectants. (●) FM recovery (%) in the presence of glycerol. (∆) FM recovery (%) in the
presence of glycerol + Me2SO. The values shown are mean ± S.D. of five experiments. Reproduced with permission
from Kundu et. al. (2001).

To improve the motility of sperm cells at recovery (after thawing), the combined actions of
dextran, glycerol, and DMSO were tested. Addition of different concentrations of 10 kDa
dextran (2.0–6.27 mM) to a fixed concentration of glycerol (0.87 M) caused a concentration-
dependent increase of the recovery of motility (approximately 22–25%) of sperm cells. The
highest recovery of motility (forward motility percent 50 ± 3% and total motility percent 53 ±
3%, respectively) was found at 6.27 mM dextran. Addition of another dextran (40 kDa; at doses
between 0.5 and 2.0 mM) to the same concentration of glycerol (0.87 M) also caused a dose-
dependent increase of motility recovery [51]. We suggested that glycerol and other penetrating
compounds form H-bond with the polar phosphate head group of both sides (exoplasmic and
protoplasmic) of the cell membrane forming a protective cushion that protects membrane from
ice crystal-mediated damage [52]. The observed additive nature of cryoprotectant efficacies of
glycerol and dextran, a polymer of carbohydrate, suggests that these two molecules may exert
their cryoprotective effects through different mechanisms. We suggested that dextran cryo‐
protects the cells by inhibiting ice crystal lattice formation [51].

Because of the high cryoprotectant efficacy, these cryoprotectants may have potential for the
cryopreservation of semen of various species, which may finally have a great potential in
animal reproduction.
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4. Role of lipid to protect membrane damage during cryopreservation

Membrane damage is one of the main reasons for reduced motility and fertility of sperm cells
during cryopreservation. Lipid is an important constituent of cell membrane. Dysfunction or
malfunction of lipid component may cause lethal damage to different types of cells including
spermatozoa. The lipid composition of sperm membrane differs from species to species. Lipid
content in the plasma membrane of goat cauda epididymal spermatozoa changes significantly
during maturation [53]. Cryopreservation is not a natural phenomenon and sperm cells are
not “programmed” for it. So, when sperm cells are subjected to cryopreservation (including
both freezing and thawing), they suffer from stress. As a result, a huge population of sperm
undergoes irreversible damage during the process. Membrane impairment has been identified
as one of the manifestations of such damage.

To study the changes in sperm plasma membrane lipid composition associated to the cryo‐
preservation process, a model system was developed using a synthetic medium, which was
devoid of any lipid component [48]. It showed that the total lipid and its components of goat
cauda epididymal sperm plasma membrane changed significantly after cryopreservation [54].
The composition in phospholipid (PL) and neutral lipid (NL) was severely altered. The
unsaturated fatty acids decreased, whereas the saturated ones augmented; the cholesterol:
phospholipid ratio was also increased causing profound enhancement of hydrophobicity of
the sperm plasma membrane. Reports from our laboratory also showed that sperm cell
membrane selectively sheds off the hydrophilic lipid molecules to remain viable against
cryodamage (Table 2) [58]. Therefore, increasing the membrane hydrophobicity of the
spermatozoon may enhance its resistance to cryodamage during freezing.

The role of fatty acids in cryopreservation of sperm cells of different species has been discussed
elsewhere [55]. Egg yolk is used for a long time as a cryoprotectant [56] although in recent
studies it was demonstrated the existence of detrimental effects of egg yolk extender over
sperm cells [57, 58]. To circumvent these problems, phospholipids isolated from egg yolk [58]
or from other commercial sources [59] were tried instead of the whole egg yolk. Soybean
lecithin (phosphatidyl choline) has emerged as a popular choice for replacing egg yolk as
cryoprotectant for goat [61, 52].

In a recent study, we have found that a lecithin from marine fish was also effective for
cryopreservation of the goat spermatozoa (unpublished data). The loss of plasma membrane
lipids was prevented to a great extent by adding this lecithin, prior to cryopreservation, to the
sperm suspension in the synthetic media described above. While loss of total, neutral and
phospholipids after cryopreservation was 29.5, 32.3, and 33.3%, respectively, addition of
marine-origin lecithin reduced it to 7.9 and 19.6% for total lipid and phospholipid, whereas
change in neutral lipid was insignificant. According to our observations, the cholesterol did
not cryoprotect goat spermatozoa neither did the cholesterol: phospholipid ratio altered
appreciably. However, it is possible that integration of exogenous PC into the cell membrane
had enhanced its actual amount, suggesting that the integration of exogenous PC might trigger
a remodeling of membrane structure to maintain homeostatic condition.
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5. Conclusion

Animal products have an important role in the global economy and any improvement in
animal breeding will lead to production of more and better-quality animal products such as
milk, butter, meat, wool, leather, etc. Motility promoting proteins such as MSP, FMSF, MIP,
and FFMP have a direct role in motility enhancement of weak sperm cells. MIF antibody also
enhances motility by neutralizing the activity of MIF, which is a potent motility inhibitor.
Membrane proteins such as ecto-CIK and its substrate MPS regulate the sperm motility as well
as increase the acrosomal reaction, thereby helping in fertilization. All these proteins have the
potential for improving the breeding of animals in animal husbandry or poultry for better yield
or for conservation purpose of almost extinct species in the world.

Motility regulatory proteins may be useful in human infertility clinics to solve some of the
problems of human infertility. The purified motility regulatory proteins from our laboratory
are expected to have potentially important applications because it will improve the quality of
mammalian semen by activating sperm motility essential for fertility of the male gametes.

Cryopreservation has been widely used in the modern cattle industry for animal production
and AI has been the most widely applied tool in facilitating the extensive utilization of frozen
semen. The sperm cells of different species have different inherent resistance toward cryopre‐

Before Cryopreservation After Cryopreservation
Sig.

(2- tailed)

Total Lipida (TL) (mg lipid /100
mg protein)

147.92 ± 1.83 115.31 ± 0.7 0.001

% w/w of total lipid
Neutral Lipid (NL) 50.35 ± 0.57 53.82 ± 0.10 0.008
Glycolipid (GL) 13.28 ± 0.08 15.05 ± 0.16 0.005
Phospholipid (PL) 36.37 ± 0.42 31.13 ± 0.16 0.001
% w/w of total neutral lipid
Hydrocarbons (HC) 27.94 ± 0.07 41.93 ± 0.45 <0.001
Sterols (ST) 44.55 ± 0.06 41.52 ± 0.16 <0.001
Steryl Esters (SE) 13.61 ± 0.05 6.06 ± 0.21 0.001
Wax Esters (WE) 2.89 ± 0.09 1.92 ± 0.06 <0.001
1-O-alkyl 2,3-diacyl glycerol
(ADAG)

6.98 ± 0.08 4.54 ± 0.11 0.005

Triacyl glycerol (TG) 4.03 ± 0.06 4.03 ± 0.04 0.383
% w/w of total phospholipid
Phosphatidyl choline (PC) 38.91 ± 0.10 36.85 ± 0.20 0.018
Phosphatidyl ethanolamine (PE) 26.95 ± 0.09 24.71 ± 0.03 0.021
Phosphatidyl inositol (PI) 15.81 ± 0.13 16.88 ± 0.05 0.014
Sphingomyelin (Sph) 18.33 ± 0.09 21.56 ± 0.05 0.004

(Reproduced with permission from Chakrabarty et. al., 2007)

Table 2. Lipid composition of sperm plasma membrane
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servation like high sensitivity to cooling rates particularly before and during freezing. The
synthetic model developed by our laboratory has a great promise for better understanding the
mechanism of cryoprotection. The development of an optimum cryoprotectant formulation of
the combined action of glycerol, DMSO, Ficoll, and amino acids provided the high motility
recovery.
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Abstract

Extremely low-frequency electromagnetic fields (ELF-EMF) are defined as those having
frequencies up to 300 Hz, representing a non-ionising radiation having photon energy
too weak to interact with biomolecular systems. Exposure to low-frequency electric field
and magnetic field (MF) generally results in negligible energy absorption in the body.
However, it is well established that ELF-MF induces biologic effects in various cellular
functions. ELF-MF acting as a co-inducer can potentiate weak mutagenic signalling. The
concern about possible adverse effects on human health of long-term exposure to ELF-
MFs, especially at frequencies of 50 or 60 Hz generated from power lines and electric de‐
vices, has been increasing. Conversely, long-term effects of chronic exposure have been
excluded from the scope of the guidelines of the International Commission on Non-Ioniz‐
ing Radiation Protection (ICNIRP) because of insufficient consistent scientific evidence to
fix the thresholds for such possible biological effects. The results regarding the adverse
effects of ELF-MF on human or animal reproductive functions are contradictory or incon‐
clusive. Overall conclusion of epidemiologic studies on ambient residential MF exposure
consistently failed to establish a link between human adverse reproductive outcomes and
chronic maternal or paternal exposure to low-frequency MFs. In animal studies, there is
no compelling evidence for a causal relationship between disturbed prenatal develop‐
ment and ELF-MF exposure. Testicular spermatogenesis progresses through a complexly
regulated cellular process involving mitosis and meiosis; this process seems to be vulner‐
able to external stressors, such as heat, MF exposure or chemical and physical agents. Ex‐
posure to ELF-MF did significant risk impaired implantation or the foetal development in
animal studies. However, there is some consistency in the increase of minor skeletal alter‐
ations in animal experiments. The evidence derived from recent studies in male mice
demonstrates that ELF-MF exposure is involved with an increase in the frequency of
apoptosis in spermatogenic cells. Those results suggest that exposure to MF is related to
possible cytogenetic effects on testicular germ cells and therefore may negatively affect
reproduction. This chapter intends to present an overview on the effects of ELF-EMF ex‐
posure on the reproductive function and a plausible mechanism in rodent species.

Keywords: ELF-MF, 60 Hz, Reproduction, Germ cell apoptosis, Disruptors
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1. Introduction

Life including human on earth has evolved in and adapted to the environment of various
natural electromagnetic fields (EMFs) with relatively weak energy. In the last century, man-
made EMFs with various spectrums were introduced into the natural environment. Long-term
effects of man-made EMF on human health are not established. Human-made EMF is classified
into three categories: low-frequency (LF) fields (1 Hz–100 kHz), high-frequency fields in the
band of radiofrequency (100 kHz–3 GHz) and microwaves (above 3 GHz). Extremely low-
frequency electromagnetic fields (ELF-EMF) are defined as those having frequencies up to 300
Hz. Ambient ELF-magnetic field (MF) is generally generated by the electric power transmis‐
sion as alternating current at 50 or 60 Hz. The exposure to ELF-MF is increasing as a conse‐
quence of the wide use of electricity and electrical appliances at home or in the workplace.
Therefore, it is a growing concern whether human-made EMF induces biological effects that
might be harmful to human health.

For the induction of biological effect of ELF-MF, the MF is more deleterious than the electric
field (EF) because MF induces an electric current in the body, while EF does not [1]. The direct
biological effects of an electromagnetic field are divided into thermal effects by electromagnetic
field energy absorption, stimulation function by induced electrical currents and non-thermal
action by long-term exposure [2, 3]. The mechanisms of biological effects differ according to
the varying frequency of EMF. Thermal effects mainly occur over 100 kHz radiofrequency.
Despite statistical association between ambient residential MF exposure and childhood cancer
in epidemiologic investigations [4–6] and scientific results of EMF relating to genotoxic effects
[7–9], there is no plausible mechanism of cancer and no evidence for cancer in adults.

MF alone has generally not been related to genetic damage [10, 11]. However, MF exposure
might enhance the effects of known DNA-damaging agents [12]. The International Agency for
Research on Cancer (IARC) has classified it with 2B possibly carcinogenic to humans—based
on the epidemiologic results on childhood leukaemia [10].

Available evidences are insufficient to confirm the effect of 50/60-Hz EMF generated by power
lines and electric devices on human health. The magnitude and distribution of MF currents
depend on the frequency, the size of the object and proximity between the objects and a
conducting device [1]. In general, the conclusions of epidemiologic studies have not consis‐
tently demonstrated the association between human adverse reproductive outcome and
maternal or paternal exposure to low-frequency magnetic fields. A meta-analysis failed to
demonstrate an increased risk of spontaneous abortion or malformation in studies comparing
pregnant woman using a video display terminal with those not using it [13]. The International
Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines are based on short-
term, immediate health effects such as peripheral nerve, muscle, burn and elevated tissue
temperature [1]. Long-term effects of chronic exposure have been excluded from the scope of
the ICNIRP guidelines because of insufficiently consistent scientific evidence to fix the
thresholds for such putative biological effects.

In animal studies, exposure to ELF-MF does not significantly affect implantation and the
development of a foetus [14–20] but may induce foetal death, congenital abnormalities, minor
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skeletal anomalies and a decrease in the number of foetus impregnated by exposed males [21–
23]. There is increasing evidences from animal studies of adverse effects of exposure to ELF-
MF on the male reproductive system, such as a decrease in sperm number and testis volume
[24], an increase in the frequency of apoptosis of spermatogenic cells [25–27], a significant
decrease in the diameter of seminiferous tubules [28] and an alteration of the pituitary–gonadal
axis [29–31]. Conversely, other studies report that ELF-MF exposure has no adverse effects on
the reproductive function in animal [32–34], although in those studies the daily exposure was
relatively short.

Superficially located testes could be more affected by MF than the internal organs. The testis
is the most sensitive tissue for thermal thresholds compared with other tissues, such as the
spinal cord, intestines or skin [35]. Testicular spermatogenesis is a complex process comprising
the transformation from spermatogonia, primary spermatocyte, secondary spermatocyte,
round spermatid and elongated spermatid to sperm through a series of events involving
mitosis, meiosis and cellular differentiation [36]. That makes the testis one of the most
vulnerable organs in the whole body to external stressors, such as heat, MF or chemical agents.
The thermal thresholds for tissue damage vary with the animal species and tissue; for example,
tissue damage in mice is lower compared to humans and pigs [35]. The mechanisms involved
in the reported adverse effects on reproductive function remain unclear. To date, the contra‐
dictory results of outcome regarding the biological effect of ELF-MF exposure seem to be
related to the variability of exposure system, exposure conditions including intensity of MF
and exposure duration and experimental animal including species and age. Thus, reproduci‐
bility of the study on EMF is almost unsuccessful in independent laboratories. Therefore, it is
not easy to find the causal relationship between ELF-EMF exposure and experimental results.
This chapter describes the overall effect of ELF-MF exposure on the reproductive function and
biologic effect in mice or rats on the basis of reported scientific literatures.

2. ELF-MF exposure and epidemiologic study in human

Certain epidemiologic studies demonstrate that exposure to ELF-MF may lead to an increased
risk of certain types of adult and childhood cancer, including leukaemia, cancer of the central
nervous system and lymphoma [4–6]. However, others failed to find such an association [37–
39]. The results of epidemiologic studies on the effects of ELF-EMF on reproductive function
have been contradictory since 1986, when it was reported that electric blankets and heated
water usage may increase the abortion rate and underweight delivery [4]. The possible effects
of heat cannot be linked to those of EMF. The epidemiology study investigating the repro‐
ductive effect of residential exposure to ELF-MF has not found a relationship between MF and
reproductive outcomes, such as foetal loss, pregnancy loss and miscarriage [40–43]. Two
prospective studies show that no association exists between low birth weight or the rate of
spontaneous abortion and the use of electric bed heaters [42, 43].

The limitation in most of the studies was that measurement of ELF field density was not
included. Field strength of residential ELF-MF has been reported to vary between 0.05 and
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0.11 μT in the USA and between 0.025 and 0.07 μT in Europe [44]. The results are inconclusive
due to potential confounders and the low number of cases [40]. It was proposed that good
practice for human studies should include a double-blind design, appropriate criteria for
inclusion and exclusion of volunteer [45]. According to the ICNIRP guideline for limiting
exposure to time-varying EMF (1 Hz to 100 kHz), the overall conclusion of epidemiologic
studies shows no consistent association between human adverse reproductive outcomes and
maternal or paternal exposure to low-frequency fields [1].

3. Effects of ELF-MF exposure on reproductive function

3.1. Effects on prenatal development: Teratologic studies

Various reports showed that male and female mice exposure to ELF-MF has no significant risk
on fertility and on the reproductive function in mice. In mammals, prenatal exposure to ELF
does not increase miscarriage and gross external, visceral or skeletal malformations using
fields up to 20 mT strength [14, 16–18, 21]. No significant differences on testis volume and
sperm parameters were observed in male offspring of pregnant rats exposed to a field density
of 0.83 or 500 μT until 21 days of lactation [18]. On the contrary, others report that a significant
decrease in the number of implantations and living foetus per litter was observed in male and
female rats exposed to 50-Hz MF of 25 μT for 90 days before mating [23].

The increase in the development of minor skeletal anomalies has been consistently reported
in mouse or rat experiments [15, 16, 21, 22] (Table 1). The lowest field density to induce skeletal
alteration was 13 μT [22]. Since the skeletal alteration is a common finding for prenatal
exposure and may result from statistical fluctuation, it may be considered biologically
insignificant [46]. Interestingly, in a toxicity study of harmonics MF, exposure to 180-Hz MF
in combination with 60-Hz MFs had no significant effects on litter size, litter weight or live
birth rates but induced an increase in the incidence of rib variants. Nevertheless, the incidence
was not significantly different from that in controls exposed to 60 Hz alone [16]. In rats,
prenatally exposed to 60 Hz of field strength 1 mT, it was described the existence of certain
alterations in testicular histology, such as decreased in height of seminiferous epithelium, an
increased in size of Leydig cell and of connective tissue in the testis [47], suggesting that
exposure to ELM-MF may be a risk factor for reproductive function. Still, prenatal exposure
to ELF-MF in Wistar rat was not a biological significant risk factor for foetal development.
Table 1 lists the reports regarding effects of ELM-MF on foetal development.

3.2. Multigenerational studies

Few multigenerational studies have been reported [19, 48]. In a Sprague-Dawley rats study
encompassing three generations, continuous exposure to 60-Hz MF for 18.5 h per day at field
strengths of 0, 2, 200 or 1000 μT or to an intermittent MF (1 h on/1 h off) at 1000 μT was
performed. No significant exposure-related adverse effects were found in all three generations
with respect to the reproductive function, namely in litter/breeding pair, percentage of fertile
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pair, latency to parturition or litter size [48]. In contrast, another study using continuous
exposure to 60-Hz MF at a field strength of 0.5 and 1.5 mT in three generations showed a
consistent reduction of weight of the ovary and testis in F2 mice, although no significant effects
were found on implantation. However, no significant difference of testis weight was observed
in F3 male mice [19]. Interestingly, it was observed in F1 and F2, but not in F3 mice, an increased
frequency of a certain type of tumours including lymphoma, adenocarcinoma or benign
tumour compared with those in the control group. The results suggest that EMF exposure

MF

(Hz)

Animal Age Intensity Exposure Duration Skeleton

anomalies

Effects on

reproduction &

anomaly

Result Ref.

50 CD1 mice Pregnant 20 mT 0–17 days 24 h Non Abortion rate

congenital

malformation

NS 14

(Kowalczuk

et al, 1994)

50 Wistar rat Pregnant 30 mT 1–29 days 24 h Skeletal

ossification ↑

No congenital

malformation

S 15

(Mevissen

et al, 1994)

60 or

+180

SD rat Mated

female

0.2 mT 6–19 days 18.5 h/day Rib variants Litter size, litter

weight or foetal

development (↔)

NS 16 (Ryan et

al, 2000)

50 Swiss

mice M, F

60 days,

before mate

25 μT 90 days 24 h Non Implantation site,

viable foetus, number

of resorption, testis

weight (↔) and

ovary weight ↑

NS 17

(Elbetieha

et al, 2002)

60 SD rat Pregnant

female

0.83, 3,

500 μT

Gestation 6

days to

lactation 21

days

21 h/day Non Litter size, anogenital

distance, testis

weight, sperm

parameter (↔)

NS 18 (Chung

et al, 2003)

50 Wistar rat Mated

female

35 μT 0–20 days 24 h Skeletal

anomaly ↑

Pregnancy rates,

incidences of

resorptions, late

foetal deaths (↔)

S 21

(Huuskone

n et al,

1993)

50 CBA/Ca

mice

Mated

female

13 μT 0–18 days 24 h Skeletal

anomaly ↑

Malformation/

resorption (↔)

S 22

(Huuskone

n et al,

1998)

50 B6C3F1

mice

Pregnant,

F1

50 μT 7 days, F1

15.5 ms

12 h/day Seminiferous tubule

size ↓, in female,

leukaemia ↑

S 28 (Qi et al,

2015)

NS, not significant; S, significant.

Table 1. Effects of ELF-MF on prenatal development.
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induces possible cytogenetic effects on living cells including gonadal cells and the biological
adaptation for chronic exposure to ELF-MF may take place.

4. Effect on sperm count and testis weight

The testis volume reflects the activity of spermatogenesis in seminiferous tubules. The lumen
diameter of the seminiferous tubule may be regulated by elongated spermatids in rats [49].
The reduction in the testicular volume generally indicates impairment of spermatogenesis.

It is well known that an ELF-MF with weak energy has a significant cytogenetic effect on
spermatogenic cells in the testis. It has reported a significant decrease in the counts for mature
spermatid or epididymal sperm and the alteration in sperm parameters in mice or rats
chronically exposed to ELF-MF [24–27, 31, 50, 51] (Table 2). Recently, it was shown that chronic
exposure to ELF-MF is related to a significant risk for chronic myeloid leukaemia in female
and a decrease in the size of seminiferous tubules in male mice [28]. Testis weight was
significantly lower than the control in accordance to a decreased sperm count [24, 29]. On the
contrary, alteration of the sperm count may not reflect the testis weight [25–27].

Interestingly, testis weight increased in the exposed group at 14 μT MF for 16 weeks compared
to that in sham control group, while it remained unaffected in mice exposed to the 200 μT,
0.1 and 0.5 mT MF for 8 weeks [25, 26]. No significant association between a decrease in
mature spermatogenic cells and alteration of testis weight was observed for 8 weeks of ELF-
MF exposure [25]. In another report, sperm counts decreased after MF exposure for 4 weeks
without  significant  histopathological  changes  in  the  testis  of  mice,  though the  testicular
weight was significantly lower than that of the control [24].

In rats, ELF-MF can impair spermatogenesis recovery after heat-induced reversible testicular
damage [52]. Ultrastructural changes in spermatogonia and spermatocyte occurred earlier
than degeneration of Sertoli cells, suggesting that spermatogenic cells may be more sensitive
to EMF exposure than Sertoli cells.

Stressful conditions to the testis, such as MF exposure, which induces early germ cell degen‐
eration and a reduction of spermatogenesis, may however not be reflected in a reduced sperm
counts in the ejaculation until months later.

For long-term exposure up to 46 weeks to ELF-MF of 0.1 or 0.5 mT, testis weight decreased in
mice of the first and the second generations. The reduction rate of testis weight on the second
generation decreased significantly by about 60%, compared with 10% in the first generation,
whereas testis weight was unaffected in the third generation [19]. Testicular histological
findings failed to show significant changes in the first-generation mice, while an increase of
phagocytic cells and active spermatogenesis were observed in the gonads of the second-
generation mice but not in those of the third-generation mice. These results suggest that long-
term continuous exposure may induce adaptive mechanisms, which protect the DNA from
harmful influences.
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Table 2. Effects of ELF-MF on histomorphology and function of testis in rodents.
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4.1. Intermittent exposure

Intermittent exposure of ELF-MF may lead to chromosomal damage in dividing cells [53]. A
negative result was reported in a study regarding the genotoxicity of ELF-MF performed at
continuous exposure [54, 55].

Several possible mechanisms may explain why intermittent ELF-MF can induce genotoxicity,
including micronuclei formation [56], chromosomal aberrations in human amniotic cells [57],
induction of DNA strand breakage in cultured human fibroblast [7] or dose-dependent DNA
damage [58]. In contrast to continuous ELF-MF exposure, the application of intermittent MF
results in a significant increase of DNA damage. Nonetheless, a major limitation is that the
most results suggesting a genotoxic effect of intermittent MF were obtained from in vitro
studies.

 
 

 
 

Figure 1. Biological effects of ELF-EMF exposure in rodent male reproductive function.

Moreover, the results of intermittent exposure to ELF-MF are inconsistent. Cultured human
diploid fibroblasts exposed intermittently to ELF-MF of 50 Hz at 1 mT presented a significant
increase of DNA damage, in contrast to the recorded in a continuous ELF-MF exposure [7].
The highest level of induced DNA damage occurred at 5-min fields-on/10-min fields-off,
among various intermittent exposure conditions. The results suggest that more than 10-min
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extended off-time may give time for recovery. However, in rat studies, the intermittent
exposure to 50-Hz ELF-MF of 500 μT (the European reference level for occupational exposure)
had no adverse effects on spermatogenesis applied 4 h per day for 4 or 8 weeks [34]. In addition,
there were no significant differences between ELF-MF–exposed rats and sham controls
regarding parameter for oxidative stress. Other studies showed that exposure to intermittent
ELF-MF reports no significant effects on sperm morphology, meiotic chromosome aberration
after 2 mT MF for 72 h or 10 days, nor on sperm parameters and germ cell apoptosis after 100
or 500 μT, 2 h per day for 10 months [32, 33]. It suggests that relatively low intensity and short-
term exposure to EMF would not be significant risk factors on spermatogenesis. Figure 1 lists
the reported biologic effects on testis function in animals exposed to ELF-MF.

5. Germ cell apoptosis and ELF-MF exposure

Apoptosis, also called programmed cell death, is a key phenomenon in the control of sperm
production. It is suggested that surplus cells and genetically abnormal cells are spontaneously
eliminated by apoptosis as a defense mechanism during spermatogenesis [36]. The regulation
of germ cell apoptosis during spermatogenesis is mediated by Sertoli cell–derived signals over
each germ cell to which it is closely associated. Spontaneous apoptosis and pathological
increase of germ cell death are induced by various external stimuli including exposure to
heating, deprivation of gonadotropin and testosterone and chemotherapeutic agents [59–62].
The mechanisms of germ cell apoptosis triggered by exposure to ELF-MF are not well
understood; however, it is considered to be different from those induced by aging [60], heat
or hormonal deprivation [61, 62].

In mice, spontaneous apoptosis is most commonly observed in spermatocytes, including
dividing spermatocytes, whereas the apoptotic rate in spermatogonia is significantly lower
[63]. Histological characteristics of the seminiferous epithelium correlated with aging in rats
indicate a decrease in the proliferation of spermatogonia and an increase in spermatogonia
apoptosis [60]. Apoptosis associated to heat or testosterone treatment occurs mainly in round
spermatids and pachytene spermatocytes [64, 65]. In mouse testis irradiated with single doses
of γ rays, ionising radiation of up to 5 Gy, marked changes of testicular histology were induced
by even 0.5 Gy. An apoptosis was characterized by a rapid onset of degeneration of sperma‐
togonia and preleptotene spermatocyte [66]. However, the typical morphological characteris‐
tics of apoptosis, such as margination of chromatin or nuclear fragmentation, are rarely seen.
Apoptosis related to androgen withdrawal predominantly affects spermatocytes and round
spermatids [67].

Prominent histopathological alteration in testes exposed to ELF-MF showed an increased
frequency of germ cell apoptosis and a decrease of mature spermatogenic cells, especially
sperm [25–27]. In ELF-EMF–exposed mice, main TUNEL-positive cells are spermatogonia [25,
26] (Fig. 2).
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Figure 2. Effects of exposure to 60-Hz EMF on testicular germ cells apoptosis. A. Routine haematoxylin and eosin (up‐
per row) and TUNEL (bottom row) staining of cross-sectioned seminiferous tubules. Most TUNEL-positive cells (ar‐
row) were spermatogonia. (Magnification: ×400). B. Frequency of apoptosis was increased in mice of exposed groups.
The data are mean ± S.E. *P < 0.001 vs. sham control. Adapted from Kim YW, Kim HS, Lee JS, Kim YJ, Lee SK, Seo JN,
et al. Effects of 60 Hz 14 μT magnetic field on the apoptosis of testicular germ cell in mice. Bioelectromagnetics.
2009;30:66–72.

The continuous exposure to a 60-Hz MF may affect biological processes including apoptotic
cell death and spermatogenesis in the male reproductive system of mice in duration- and dose-
dependent manner [27]. The continuous exposure to ELF-MF of 0.1 or 0.5 mT for 8 weeks
induced testicular germ cell apoptosis in BALB/c mice [25]. A significant increase in the
incidence on testicular germ cell death was referred, although non-significant body or testis
weight was recorded. The continuous exposure to a 60-Hz MF at 100 μT for 8 weeks or at 14
μT for 16 weeks induced testicular germ cell apoptosis in mice [27] (Fig. 3). The minimum dose
to induce apoptosis in testicular germ cell in mice was less than 20 μT at continuous exposure
to a 60-Hz MF for 8 weeks and the minimum duration was 6 weeks at continuous exposure of
field strength 100 μT.

5.1. Flow cytometric analysis

Flow cytometric analysis showed that in mice exposed to 60-Hz MF of 0.1 mT or 0.5 mT for 8
weeks, an increase in late apoptosis of testicular germ cells was originated [25]. Moreover, the
testicular biopsy score showed a significant decrease in mature spermatogenic cells or
spermatozoa in exposed mice without concurrent significant effect on the testis weight. It has
been accepted that there was a high correlation between the testicular biopsy score and sperm
count [68]. Flow cytometric studies in mice exposed to ELF-MF of 6.4 mT for 2 weeks revealed
a significant decrease in mature spermatogenic cells (round spermatids, 1C) compared to the
controls [24], whereas the differentiating spermatogonia cells (S phase) were significantly
increased. After 4-week exposure, the testis weight of exposed mice was significantly lower
compared with control, although no significant changes in the percentage of spermatogonia
(2C) or primary spermatocyte (4C) were observed. These results suggest a possible cytotoxic
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effect on differentiating spermatogonia. Moreover, a decrease in testis weight could be related
to early loss of mature spermatogenic cells. A 28 days of exposition to 50-Hz EMF of 1.7 mT,
in mice, had no effects when exposition was limited to 2 h, but when exposition was lengthened
to 4 h, a significant decrease in elongated spermatids was observed [50]. Mice exposed to 50-
Hz MF of 1.0 mT for 52 days presented a significantly higher total germ cell transformation
and lower spermatogonia population compared to the corresponding control groups [69]. In
summary, flow cytometric analysis shows that long-term exposure to EMF-MF has a possible
effect on apoptosis of mature spermatogenic cells and a differentiation of spermatogonia.

6. Genotoxic effect of ELF-MF exposure

MF of very high intensity clearly induces adverse biological effects. However, time-varying
ELF-MF is too weak to break DNA strands. Still, literature review on the genotoxic potential

 
 

Figure 3. Effects of a 60-Hz MF on testicular germ cells apoptosis in mice exposed for 8 weeks. A. Routine haematoxy‐
lin and eosin (left) and TUNEL (right) staining of cross-sectioned seminiferous tubules. (Magnification: ×400). B. Fre‐
quency of apoptosis dose-dependent increased in exposed groups. The data are means ± S.E. **P < 0.001 vs. sham
control. Adapted from Kim HS, Park BJ, Jang HJ, Ipper NS, Kim SH, Kim YJ, et al. Continuous exposure to 60 Hz mag‐
netic fields induces duration- and dose-dependent apoptosis of testicular germ cells. Bioelectromagnetics. 2014;35:100–
107.
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of electric and magnetic fields demonstrated that ELF-MF might cause genotoxic effects [55].
The International Agency for Research on Cancer (IARC) concluded that ELF-MF might be
carcinogenic to humans based on evidences associating residential exposure to MF with twice
the risk for childhood leukaemia in children exposed to more than 0.4 μT [10, 70].

In regards to the mechanism by which ELF-MF induce DNA damage, it was suggested that
MF could act as a co-inducer of DNA damage rather than as a genotoxic agent per se. Genotoxic
effects of EMF may occur indirectly by the generation of oxygen radicals or impairment of a
radical scavenging mechanism [71]. In vivo studies showed a dose-dependent increase in DNA
strand breaks following acute (2 h) 60-Hz MF exposure at exposure levels ranging from 0.1 to
0.5 mT in rat brain cells [72]. In human diploid fibroblasts in vitro, intermittent exposure (5 min
on/10 min off) to ELF-MF results in a significant increase of DNA strand breakage in contrast
to continuous exposure [7]. The results suggest that intermittent MF exposure may defer the
adaptive mechanism indicating that ELF-MF–induced damage could be removed by the DNA
repair mechanism. At extended off-times, no significant differences compared to the control
were observed.

A recent review of on the topic including in vivo and in vitro studies related to the induction
of DNA strand breakage by ELF-MF exposure highlighted conflicting evidences [73]. Proposed
biological and biochemical responses of EMF effects are variable, including those on cell
proliferation [6, 7], cell shape, modification of cell membrane structure [8], alteration of gene
expression [9], induction of apoptosis [10] or production of reactive oxygen species (ROS) [70,
74, 75]. Reported changes in cell proliferation patterns [76, 77], alteration of Leydig cells and
pineal gland function [78, 79] may also be related to genotoxic effects.

6.1. Free radicals and EMF exposure

Results on genotoxic effects of ELF-MF are contradictory. Several mechanisms have been
proposed to explain DNA damage by indirect actions related to ELF-MF exposure. The
possible biological mechanism of interaction involves the alteration of the cell membrane as
the target for field interaction [80], disruption of the membrane protein, which may be affected
by MF [81], or free radical–mediated damages on macromolecules [73, 82]. The changes of
redox state induced by disturbed oxidative stress are related to cell cycle disturbance [83].

In biological systems, free radicals are produced by normal metabolism and electron transfer
reaction in the cell  membranes, mainly in the mitochondria membrane [80].  The balance
between ROS production and antioxidants capacity can be disturbed by external stressors,
such as exposure to MF or chemical agents. Modulation of antioxidants by ELF-MF can impair
the intracellular defense mechanism inducing the development of DNA damage, which may
be related to cancer development. The investigation for a correlation between exposure to
ELF-MF and an increased incidence of tumours is however contradictory. The modulation
of cellular redox balance is affected by the enhancement of an oxidative intermediate, or the
inhibition or reduction of antioxidants. Those may be influenced by environmental factors
such as ELF-MF [84]. EMF-MF might compromise the intracellular defense activity promot‐
ing the development of DNA damage. Exposure of the cell to 50-Hz MF and simultaneous
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treatment with an oxidant may affect the DNA damage [85]. As DNA damage is not repaired,
a nuclear enzyme triggers apoptosis. Moderate oxidative stress induced apoptosis, whereas
a higher dose of ROS initiated cell necrosis [86]. It seems that EMF enhances the physiolog‐
ic functions such as activation of certain cell types. ELF-MF affects gene transcription, cell
growth and apoptosis, as well as the membrane-mediated signal transduction process [9].
Therefore, although ELF-MF may be weak, it may affect various biological functions of living
organs.

7. Cell proliferation and EMF exposure

There are several in vitro studies related to cell differentiation under EMF exposure condi‐
tions [76, 77, 87]. Cell proliferation and DNA synthesis are related to the initial induction of
mutation that eludes the physiologic defense system and DNA repair. In contrast to such
biological effects of ELF-MF exposure, there are beneficial effects on tissue healing in bone
fracture regarding ELF-MF exposure [88]. It has been shown that ELF-MF influence prolifer‐
ation and DNA damage in both normal and tumour cells in vitro through the action of free
radical species [77].

It was reported a dose-dependent increase in the proliferation rate in certain cell types, namely
the HL-60 leukaemia cells and rat fibroblast, exposed to ELF-EMF, followed by the simulta‐
neous increase  in  DNA strand breakage and in  8-hydroxy-2’-deoxyguanosine  (8-OHdG)
formation, one of the prominent forms at lesion of radical-induced DNA damage. The effects
of ELF-MF on cell  proliferation and DNA damage were prevented by antioxidant treat‐
ment [77].

Another in vitro study refers to mutations in the hypoxanthine–guanine phosphoribosyl
transferase gene as induced in human osteosarcoma cell line and in Chinese hamster ovary
cells (CHO) after exposure to ELF-MF [76]. An increase of human chorionic gonadotropin
(HCG)-stimulated testosterone production was observed after exposure of 50-Hz MF in a
mouse primary Leydig cell culture [89]. Other study revealed that EMF exposure originated
the stimulation of Ca2+ influx in rat pituitary cells, as part of the regulatory process in the Leydig
cell steroidogenesis [90]. Modulation of calcium signalling by EMF was pointed as a possible
candidate for activation of biochemical reactions [91]. On the other hand, it could also be
possible that an alteration in cAMP contents and in intracellular communication might be
associated with its effects on steroidogenesis [92].

Exposition of cryptorchid rats to intermittent EMF stimulation for 10 days induced Leydig cell
proliferation, along with an increase in plasma testosterone and in testis weight [93]. ELF-MF
exposure increased the HCG-stimulated capacity for testosterone production in mice Leydig
cells ex vivo [89]. Since they may not be hormonally mediated, it was hypothesised that the
possible biological effects on Leydig cells would involve direct cytotoxic effects [79]. In another
study, a significant increase in the size and weight of testes was related to an increase in the
amount of interstitial tissue. Elevated testosterone levels after a 10-week exposure to 50 Hz of
100 μT MF was also observed [94].
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The percentage of cells in S phase significantly increased in mice exposed to 6.4 mT, with a
subsequent decrease in sperm count and testis weight [95]. Mice exposed to 50 Hz for 52 days
also evidenced increased total germ cell transformation, the spermatogonia cell population
being significantly lower than in the corresponding control [69]. These results suggest that
long-term exposure to ELF-MF has possible effects on the proliferation and differentiation of
spermatogonia.

8. Hypothalamic–pituitary–gonadal axis and EMF exposure

Spermatogenesis is controlled by the hypothalamic–pituitary–gonadal (HPG) axis. In the
model of hormonal deprivation, hypophysectomy-associated cell loss in the testis results from
germ cell apoptosis [61]. Several studies report a suppression of melatonin production in the
pineal gland of rats as a consequence of EMF exposure [29, 80, 96, 97]. Acute MF exposure can
result in altered pineal gland and HPG function. One-time or intermittent exposure to 60-Hz
MF at 0.1 mT is associated with a reduction in melatonin concentration. Daily intermittent
exposures for 16 days increases prolactin levels and suppresses normal nocturnal rise in pineal
melatonin production. However, at 42 days, there is no significant effect in melatonin or
prolactin levels [29]. It suggests that pituitary–gonadal axis may adapt to chronic exposure to
EMF. A reduced circulating concentration of melatonin may result in an increased prolactin
release but the pituitary stimulated estrogen and testosterone levels by the gonads [98]. It is
proposed that melatonin might be considered essential to both spermatogenesis and follicu‐
logenesis [99].

Testosterone is crucial for the spermatogonia differentiation into round or elongated sperma‐
tids. Deprivation of gonadotropin or testosterone induces germ cell apoptosis [61]. In rats or
mice, despite a decrease in sperm count or increase in frequency of germ cell apoptosis,
exposure to ELF-MF did not affect serum testosterone level [26, 30, 34, 100].

In rats, follicle-stimulating hormone (FSH) increased within 1 week and luteinizing hormone
(LH) increased in 4 weeks after exposure to 50 Hz of 5 mT without significant changes in the
peripheral testosterone levels [30]. Since FSH levels affects spermatogenesis, an elevated FSH
level suggests the disturbance of the spermatogenic process. In rats, the seminiferous tubules
with the maximal response to FSH are also those presenting higher spontaneous apoptosis in
spermatogonia [101]. It was also consistently observed that mature spermatogenic cells, such
as spermatid and sperm, decrease in a relatively early phase of EMF exposure [25, 26]. It has
been hypothesised that the early histologic findings in testis after ELF-MF exposure—a
decrease in mature spermatogenic cells, such as round and elongated spermatid—may
stimulate FSH secretion in the hypophysis by a positive feedback. This would be followed by
a decrease in testosterone synthesis due to possibly damage in Leydig cells. Testosterone levels
are supposed to be partially recovered by up-regulation of pituitary gonadotropin. On the
other hand, 13 days of short-period exposure to MF in mice lead to a rise in testosterone levels
[69]. In vivo experiments showed that 2 h per day exposure for 10 days of EMF stimulation
results in Leydig cell proliferation, an increase in testosterone level and testis weight but a
decrease in germ cell population [93]. In rats, ELF-MF exposure for 5 weeks, 3 h per day in 50
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Hz of 0.8 T MF originated an increase in testosterone levels [102]. It seems that the testosterone
transiently increases in the early phase of MF exposure due to Leydig cell proliferation
followed by a decline of testosterone production related to damage in Leydig cells induced by
MF exposure.

In mice, exposure to 50 Hz of 100 μT for 48 h originates a markedly increase in the steroidogenic
capacity of Leydig cells without alterations in the serum testosterone level or in the testicular
histology [79]. The results suggest that the effect of MF exposure on mouse Leydig cells and
an alteration in testosterone level might not be mediated by gonadotropin. In Sprague-Dawley
rats exposed to 50 Hz at field strength 25 μT, testosterone levels were significantly decreased
only after 6 and 12 weeks of exposition, which was followed by a significant increase in the
serum levels of LH after 18 weeks of exposure, the FSH levels remaining unaffected [31]. It
was proposed that an MF-induced decline in testosterone level would stimulate the HPG axis
with positive feedback.

Testosterone level in mice exposed to EMF for 16 weeks was not modified despite the marked
increased germ cell apoptosis [26]. Differentiating spermatogenic cell apoptosis may occur in
the early phase of ELF-MF exposure without alteration in the peripheral testosterone level [25,
27, 52], supporting the idea that the biological effect of MF exposure on germ cell apoptosis
may not be hormonally mediated.

 

Figure 4. Diagram of the proposed mechanism for apoptosis in testis exposed to ELF-EMF.
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Summarizing, cellular proliferation of Leydig cells may be induced at a relatively early phase
after ELF-MF exposure. By consequence, testosterone production transiently increased, that is
afterwards followed by a decrease in testosterone production due to disturbance of Leydig cell
function, which in turn may stimulate LH production [19, 35]. However, the damaged Leydig
cells induced by MF exposure may be repaired, in spite of germ cell death. The susceptibility
to biological action of ELF-MF may differ according to the cell type [59] and Leydig cells may
be more resistant to EMF exposure than germ cells (Fig. 4).

9. Summary and conclusion

A high-intensity MF with thermal effects is clearly teratogenic in laboratory and animal
studies. A 50/60-Hz ELM-MF generated by power lines or an electric appliance is too weak,
however, to induce DNA strand breakage. Nevertheless, studies regarding genotoxicity
demonstrate that ELF-MF with a non-thermal exposure level is related to DNA damage in
biologic systems. It is suggested that ELF-MF may act as a co-inducer to potentiate a suboptimal
mutagenic signal.

Gonadal tissue involving germ cell differentiation and development is sensitive to external
stressors, such as radiation, heat and exposure to chemical or physical agents. Putative harmful
effects of MF on reproductive function have emerged as a major concern.

No consistent evidences exist on the adverse effects of ELF-MF on reproduction. To date,
scientific literature reveals no significant risk on implantation or foetal development, but to
minor skeletal alterations, an increased frequency of germ cell apoptosis in ELF-MF–exposed
mice or rats has been consistently described. It was also suggested that a field of up to 20 mT
does not increase a gross external or skeletal anomaly.

Accumulated evidence showed that ELF-MF exposure is cytogenetic to gonadal cells in rodents
in a dose- and duration-dependent manner. Spermatogenic cells may be more sensitive to MF
exposure than Leydig or Sertoli cells in testes. The pathway of testicular germ cell apoptosis
following ELF-MF exposure is not well established. Based on relevant studies, germ cell
apoptosis may be directly triggered by ELF-MF and not be hormonally mediated. However,
chronic ELF-MF exposure disturbed the HPG axis. Testicular histology revealed alterations on
Leydig cells producing testosterone and Sertoli cells supporting spermatogenesis in long-term
MF-exposed mice.

Continuous exposure to ELF-MF in mice induces apoptosis of spermatogenic cells especially
in mature spermatid, in a dose- and duration-dependent manner. For inducing apoptosis of
testicular germ cells in mice, the minimum dose is represented by a field strength of 20 μT at
continuous exposure to 60-Hz MF for 8 weeks or by a minimum duration of 16 weeks at
continuous exposure to 100 μT, whereas intermittent exposure to ELF-MF, as low as 70 μT,
induces genotoxic effects in vitro [7]. Furthermore, intermittent exposure to MF might be more
harmful to living cells than continuous exposure.

The magnitude of the biologic effects depends on the density of the magnetic fields, the
duration of exposure and the time of recovery. It may be a dynamic compensatory mechanism
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of spermatogenesis during germ cell apoptosis responding to exposure to ELF-EMF according
to the intensity of EMF, the exposure pattern and duration. Long-term effects of chronic
exposure have been excluded from the ICNIRP guidelines because of insufficient consistent
scientific evidence to set a threshold for such possible adverse effects. According to the latest
ICNIRP guideline for low-frequency MF (1 Hz to 100 kHz), the safety levels at short-term
exposure are 1 mT for occupational exposure and 200 μT for the general population [11]. Those
safety levels are two-fold higher in the field density than those in the previous guideline. Until
now, safety levels for long-term exposure are not determined.

Adverse effects of ELM-MF are mainly from animal experiments. The experimental MF
exposure condition may generally differ from those found in the environment in real life. The
stochastic probability of the occurrence of the biologic effects to a certain ELM-MF exposure
level should be determined for risk assessment. For a better understanding of the mechanism
regulating biological effects of ELM-MF, molecular signalling pathway needs to be elucidated.
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Abstract

Cytogenetic evaluation is an important step in the diagnosis of infertile or sterile animals.
Moreover, the analysis of sex chromosomes is crucial for a proper classification of disor‐
ders of sex development (DSD). For many years, chromosome studies mainly addressed
the livestock species, while recently, increasing interest in such analysis in companion an‐
imals is observed. New molecular and cytogenetic tools and techniques have given op‐
portunities for a precise identification of chromosome mutations. Among them,
fluorescence in situ hybridization, besides chromosome banding, has become a gold
standard. In this chapter, recent advances in the cytogenetic diagnosis of cattle, pigs,
horses, dogs and cats are presented.

Keywords: Aneuploidy, translocation, intersexuality, sex reversal, freemartinism, triso‐
my, monosomy, centric fusion, inversion, chimerism, mosaicism

1. Introduction

Genetic background of disorders of sex development (DSD) and impaired fertility (IF)
accompanied with normal sex development are important issues in animal breeding. The
identification of the causative gene and chromosome mutations is especially important in these
species, in which artificial insemination is a common reproduction technology. In such species,
a routine cytogenetic evaluation of sires is conducted in numerous countries [1–5]. Chromo‐
some studies are also recommended in the case of phenotypically normal males and females
with IF, since it can be caused by balanced chromosomal translocations or inversions. Finally,
the cytogenetic analysis is considered to be the first diagnostic step for DSD animals with

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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ambiguous genitalia or abnormal sexual behaviour. The importance of chromosome analysis
in the case of DSD was highlighted in livestock species [6, 7] and companion animals [8, 9].

In this chapter, recent studies on chromosome abnormalities detected in domestic mammals,
including livestock (cattle, pig and horse) and companion animals (dog and cat), are discussed.
We focused on novel reports, which were not reviewed earlier [2, 7, 9].

1.1. Historical overview of domestic animal cytogenetics

Chromosome analyses of domestic mammals were started over 50 years ago. Their impor‐
tance in animal breeding was pointed out by Ingemar Gustavsson, who identified a centric
fusion (Robertsonian translocation) between chromosomes 1 and 29 in the Swedish Red and
White  cattle  [10].  Five  years  later,  an  adverse  influence  on  fertility  of  the  carriers  was
documented  [11].  Since  this  discovery,  the  development  of  veterinary  cytogenetics  of
livestock species has been very rapid. It was found that 1/29 centric fusion is widespread in
cattle  breeds,  with an exception of  Holstein-Friesian cattle  [12].  In  horses,  X monosomy
appeared to be the most frequent chromosome abnormality [6],  while in pigs reciprocal
translocations were predominant [13].

The discovery of chromosome banding techniques was a crucial step for mammalian cytoge‐
netics. The first banding technique was developed with the use of a fluorochrome, quinacrine
mustard, on plant (broad bean, Vicia faba) chromosomes [14]. This type of banding was named
Q-banding. Later, several other banding techniques were developed: G-banding, C-banding,
R-banding, silver staining (Ag-I), etc. The use of these techniques in domestic animal cytoge‐
netics was reviewed by Iannuzzi and Di Berardino [15].

Chromosome banding techniques facilitated the establishment of international standard
karyotypes for domestic mammals. The standards are required for a precise diagnosis of
chromosome aberrations. The first G-banded standards were published by Ford et al. [16] with
the following species included in this report: the cattle, pig, horse, sheep, goat, cat and rabbit.
In the following years, updated or novel standards were proposed for several species,
including the pig [17], cattle, sheep, goat [18], horse [19], dog [20, 21] and cat [22].

Cytogenetic studies were revolutionized in the late 1980s by the use of a molecular technique
named FISH (fluorescent in situ hybridization), based on the hybridization between labelled
locus specific or whole chromosome painting probes with chromosomes on a microscopic slide
[15]. This technique has become a gold standard in cytogenetic diagnosis, and it is commonly
used for a precise and reliable detection of chromosomal structural abnormalities and aneu‐
ploidies. A wide range of molecular probes are commercially available for the human and the
mouse, but not for domestic animal species. Therefore, a homemade preparation of the probes
for these species is required. To obtain whole chromosome painting probes, very useful in
cytogenetic diagnosis, microdissection of a given chromosome [23] or its flow sorting facilitate
the amplification or molecular cloning of chromosome specific sequences [24, 25]. Also, locus-
specific probes are useful in cytogenetic diagnosis, and such probes are derived from genome
libraries, usually cloned in bacterial artificial chromosome (BAC) vectors (https://
bacpac.chori.org/). An example of both types of probes, applied for the detection of X and Y
chromosomes, is presented in Fig. 1.
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Figure 1. The use of FISH technique for the detection of sex chromosomes: (a) identification of the canine X chromo‐
some (red), using a whole chromosome painting probe, (b) detection of the feline Y chromosome by the SRY-locus spe‐
cific probe (red signal).

The latest achievements in developing molecular tools applied to cytogenetic diagnosis include
SNP (single nucleotide polymorphism) microarrays and arrays for comparative genome
hybridization (aCGH). They may be used for a precise identification of break points leading
to structural chromosome rearrangements. Recently, a new molecular karyotyping approach,
based on the FISH technique, performed on a single microscopic slide, with a set of subtelo‐
mere-specific probes for both the p arm and the q arm of each chromosome has been developed
[26]. It is foreseen that this tool will soon be commercialized for cattle and pig chromosomes.

1.2. Chromosome abnormalities

The diploid chromosome number (2n) is one of the characteristic features of a species (Table
1). In some species (e.g. the red fox, raccoon dog), a variable number of chromosomes, due to
the presence of B chromosomes, is observed. Chromosomes are classified into four morpho‐
logical categories, based on the arm ratio, which is a quotient of the long arm length divided
by the short arm length.

Species 2n
Morphology of sex chromosomes*

X Y

Cattle 60 SM M

Sheep 54 A M

Goat 60 A M

Pig 38 M M

Horse 64 SM A

Dog 78 SM M

Cat 38 M M

* M – metacentric, SM – submetacentric, A – acrocentric

Table 1. Chromosome number and sex chromosome morphology in selected domestic mammals
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The effect of chromosome abnormalities, classified into three main categories (Fig. 2), is not
uniform. Euploidies, autosomal aneuploidies and large unbalanced structural rearrangements
usually cause early embryonic death. An exception is found in sex chromosome aneuploidies,
which usually are not lethal but are responsible for disorders of sex development. Balanced
chromosome rearrangements cause impaired fertility due to the mortality of embryos with an
unbalanced chromosome complement.

Figure 2. Classification of chromosome abnormalities.

An analysis of the sex chromosome complement is required to diagnose disorders of sex
development. The use of conventional Giemsa-stained chromosomes facilitates the identifi‐
cation of X and Y chromosomes in the cattle and dog (Fig. 3), while in others, it is not an easy
task. In the cat and horse, the morphology of both sex chromosomes is similar to some
autosomes, and their identification requires the application of the banding or FISH techniques.
In the pig, only the Y chromosome is easily recognized.

Figure 3. Giemsa-stained metaphase spreads: (a) bull, 2n = 60,XY, (b) male dog, 2n= 78,XY. Bi-armed sex chromosomes
are indicated: X (large) and Y (small).
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1.3. Classification of disorders of sex development

The sex determination of mammals is a very complex process, in which sex chromosomes and
dozens of genes are involved [27]. A majority of these genes are localized on autosomes, and
only a few of them reside on the sex chromosomes, including SRY (sex determining region Y),
triggering male differentiation of the gonads and located on the Y chromosome, and AR
(androgen receptor), involved in the development of Wolffian ducts and external male
genitalia, having its locus on the X chromosome. Interestingly, crucial genes for ovary
differentiation, i.e. RSPO1 (R-spondin 1), CTTNB1 (catenin beta 1), WNT-4 (wingless-type
mouse mammary tumor virus integration site family, member 4) and FOXL2 (forkhead box
L2), are localized on autosomes.

Due to the crucial role of sex chromosomes (especially the Y chromosome in male determina‐
tion), mammalian DSDs are classified into three main categories, based on sex chromosome
complement: (1) sex chromosome DSD, (2) XX DSD and (3) XY DSD. This classification was
originally developed for human DSDs [28], later adopted for companion animals (the dog and
cat)[8, 9], and it may also be applied to mammalian livestock.

The sex chromosome DSD comprises sex chromosome aneuploidies, structural rearrange‐
ments involving sex chromosomes and lymphocyte chimerism (XX/XY) observed in freemar‐
tins. In XX DSD animals, a major abnormality, diagnosed in several species (goat, pig, horse
and dog), is manifested by the presence of testicles or ovotestes, as well as the uterus with
oviducts and duct deferens in spite of the lack of the SRY gene. The XY DSD includes mono‐
genic abnormalities, e.g. androgen insensitivity syndrome (AIS) and persistent Mullerian duct
syndrome (PMDS), as well as syndromes in which the background is elusive or complex (e.g.
cryptorchidism and hypospadias).

1.4. Meiosis in carriers of chromosome abnormalities

Meiosis is a crucial step of gametogenesis, and its alteration may cause impaired fertility.
Unbalanced chromosome segregation at meiotic anaphase I or anaphase II may occur in
animals with a normal chromosome set. As a consequence, among normal, haploid gametes a
low proportion of unbalanced gametes can be present. The fertilization of such gametes leads
to the development of embryos with an abnormal chromosome number. A majority of embryos
with an autosomal aneuploidy die during early prenatal development, and decreased fertility
of the carrier is noticed. In contrast, sex chromosome aneuploidies, especially trisomies, are
not lethal.

The risk of unbalanced segregation is increased in gametogenesis of carriers of structural
chromosome aberrations. It is well known that in gametogenesis of such carriers, chromosome
pairing at meiotic prophase I is altered and, as a consequence, an unbalanced chromosome
segregation at anaphase I may occur. Since the carriers produce normal and unbalanced
gametes, the chromosome abnormality is inherited by 50% of the offspring.

Chromosome pairing at the pachytene substage of prophase I is usually studied by visualiza‐
tion of synaptonemal complexes under light or electron microscopies [29]. A postnatal study
of chromosome pairing is possible only in males, because female meiosis starts during foetal
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life. Recently, the use of immunofluorescent visualization of proteins building synaptonemal
complexes (e.g. SCP1 – synaptonemal protein 1) or engaged in crossing over (e.g. MLH1) has
become more common [30].

Meiotic chromosome segregation at anaphase I can be studied postnatally in females and
males. To study the segregation in females, in vitro maturation of oocytes is usually applied to
obtain chromosome spreads at metaphase II. The spreads can be conventionally stained with
Giemsa dye or analysed with the use of in situ hybridization approach, e.g. comparative
genomic hybridization (CGH) [31]. The segregation analysis in spermatogenesis is usually
carried out on sperms hybridized with fluorescently labelled locus-specific probes [32].

1.5. Mosaicism and chimerism

Chromosome studies of an individual sometimes reveal the presence of two or more cell lines
with different chromosome complements. Such a situation may be classified as chromosome
mosaicism or chimerism. Mosaicism is a condition when cell lines are derived from one embryo
and are produced by unbalanced sister chromosome segregation during the mitotic anaphase.
The incidence of mosaicism is frequent in animals with sex chromosome aneuploidies, e.g. a
majority of infertile mares with X monosomy are mosaics with two cell lines – normal (64,XX)
and monosomic (63,X). The presence of cell lines derived from different embryos is called
chimerism. A classic example is the lymphocyte chimerism (with XX and XY chromosome sets)
in heterosexual twins or multiplets, which developed placental anastomoses.

Mosaicism and chimerism are commonly diagnosed in animals with disorders of sex devel‐
opment. Thus, the identification of two or more cell lines is an important diagnostic issue. Since
the incidence of the second cell line can be low, its detection requires analyses of a large number
of metaphase spreads. For example, to exclude the presence of another cell line at the level of,
e.g. 3% (with 95% confidence), 100 metaphase spreads should be analysed [33]. Moreover, the
molecular analysis of genetic markers, e.g. microsatellites, is required to distinguish between
lymphocyte and whole body chimerism [34].

2. Sex chromosome DSD

The first step of DSD diagnosis, following clinical investigation, should be cytogenetic analysis
focused on the identification of sex chromosomes. This analysis facilitates the identification of
DSDs caused by chromosome abnormalities: XX/XY chimerism present in freemartins or sex
chromosome aneuploidies (X monosomy and trisomies: XXY, XYY and XXX). It is well known
that sex chromosome DSDs usually cause infertility or sterility [7], but it should be pointed
out that some of them are associated with an increased risk of gonad malignancy [35].

2.1. XX/XY lymphocyte chimerism

Freemartinism, observed in females originating from heterosexual pregnancies, is the most
common and extensively studied DSD in cattle and other ruminants [36, 37]. The frequency of
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freemartinism depends on the incidence of twin (multiple) pregnancies associated with the
development of placental anastomoses between embryos. The anastomoses in bovine twin
pregnancies are developed very often (over 90%). In contrast, the incidence of twinning is
rather low (2–5%); however, in recent years, an increasing trend is observed in dairy cattle
breeds [38]. The cytogenetic detection of the XY cell line, originating from a male co-twin, can
be difficult in a female co-twin, if it occurs with a low frequency. It is not exceptional for the
frequency of the XY cell line to be below 5%. Therefore, the use of molecular detection of genes
localized on the Y chromosome (SRY, ZFY or AMELY), along with cytogenetic analysis, is
recommended [39]. Chimerism was also observed in heifers originating from a single birth,
the so-called singletons [38]. The authors analysed cytogenetically and molecularly 12 heifer
singletons with underdeveloped internal genitalia and found 7 with lymphocyte XX/XY
chimerism among them. It indicated that during the foetal life, a male co-twin embryo died
after the development of placental anastomoses. This report showed that the incidence of
bovine freemartins is underestimated. In the bovine male co-twin, chimerism is detected, but
these males are normally developed with no sign of DSD. Among other ruminants, freemar‐
tinism was quite extensively studied in sheep, and the incidence of this DSD, diagnosed by a
chromosome study, was around 5% XX/XY [40, 41]. Studies in goats also indicate that the
frequency of freemartins is similar to that in sheep [42].

The lymphocyte XX/XY chimerism was also reported in non-ruminant females. This condition
was identified in horses [43, 44], pigs [45] and dogs [34]. A normal phenotype was reported in
chimeric mares, but they were not clinically examined, thus the conclusion concerning their
sex development and fertility is still a matter of controversy. In contrast, in chimeric female
dogs, the sex development is usually altered [9], and in some cases, ambiguous external
genitalia were observed [34, 46].

Sex development and fertility of XX/XY chimeric males are usually unaffected [7]. Such males
are diagnosed during the routine cytogenetic examination of sires, mainly bulls and boars,
used in artificial insemination (AI). Recently, an extensive study on fertility of seven chimeric
AI boars was carried out by Barsac et al. [45]. The authors concluded that this condition has a
non-significant effect on their reproductive performance. An unusual case of lymphocyte
chimerism was reported by Demyda-Peyras et al. [47], who identified 64,XY (approx. 96%)
and 63,X (approx. 4%) cell lines in a phenotypically normal colt.

2.2. Sex chromosome aneuploidies

The most deleterious effects on sex development, leading to sterility, are caused by X monos‐
omy and XXY trisomy (Table 2). The incidence of sex chromosome aneuploidies is not uniform
across species. The X monosomy is most common in mares, rather rare in dogs and cats, and
very rare in cattle and pigs. In turn, the XXY trisomy is diagnosed rather rarely, with an
exception of tortoiseshell male cats. Two other sex chromosome aneuploidies (XXX and XYY)
were reported incidentally. These rough estimations should be taken with caution, because
mainly males are cytogenetically analysed, and their numbers are not comparable across
species – very large in cattle, large in pigs and rather small in dogs and cats. In contrast, in
horses, the number of studied mares is much larger than that of stallions.
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Mutation The most common clinical features Effects on
fertility

Decreasing incidence in
different species

X monosomy Usually normal external genitalia; abnormal
oestrus or no clinical signs of oestrus; small or
hypoplastic ovaries

Sterility Horse > cat and dog > cattle and
pig

XXX trisomy Normal external genitalia; usually lack of
clinical signs, sometimes irregular oestrus

Infertility Dog, horse

XXY trisomy Small and hypoplastic testes; abnormal
spermatogenesis (oligospermia or
azoospermia)

Sterility Cat and cattle > dog and horse >
pig

XYY trisomy Usually normal phenotype; small testes Infertility Cattle

Table 2. Aneuploidies and their impact on fertility

The incidence of X monosomy was evaluated in a screening study of young and phenotypically
normal horses [48]. The authors analysed karyotypes of 500 horses, including 262 mares and
228 stallions. Among them, eight mares (3.1%) with X monosomy were identified, while all
males had a normal karyotype. This study strongly confirmed that X monosomy is the most
important cause of equine DSD. In cattle, this aneuploidy is very rare, and a second case of
this abnormality was recently described in a 3-year-old Longhorn heifer with normal external
genitalia, an underdeveloped uterus and gonads unidentifiable by rectal ultrasonography [49].
Several cases of X monosomy were diagnosed in dogs and cats [9], and the most recent report
concerns an unusual case of feline X monosomy – Fig. 4 [50]. This animal presented a virilized
phenotype, manifested by a rudimentary penis and scrotum-like structure. Interestingly, the
histological examination of the gonad revealed the presence of corpora lutea and primordial
follicles.

Figure 4. Metaphase spread with X monosomy (37,X) in a cat with a virilised phenotype. Application of whole X chro‐
mosome painting probe facilitated identification of a single X chromosome. For details, see Szczerbal et al. [50].
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The largest number of XXY trisomy cases was reported in tortoiseshell male cats, and recently
such a case was described [51]. In cattle, more than 20 cases of this abnormality were diagnosed
in infertile bulls [2, 3]. However, it was rarely diagnosed in pigs, horses and dogs. A recent
report concerned a mosaic 39,XXY/38,XY azoospermic young boar, recruited for artificial
insemination [52]. The authors analysed the chromosome constitution in lymphocytes and
fibroblasts culture derived from the gonads. In both tissues, a prevalence of the trisomic cell
line (approx. 95%) was observed. It is known that XXY trisomy in men is associated with an
elevated risk of malignancy. Such a case was also reported in a XXY trisomic dog, suffering
from testicular cancer [53].

Two other common sex chromosome aneuploidies (XXX and XYY) were rarely reported in
domestic mammals. Several such cases were described in horses, cattle and dogs. The carriers
usually are infertile, e.g. an XXX mare [54] and an XXX female dog [55].

3. Decreased fertility in carriers of balanced chromosome aberrations

Balanced structural rearrangements (centric fusions, tandem fusions, reciprocal translocations
and inversions) are inheritable mutations, which affect the fertility of carriers, without a visible
alteration of sex development. The most pronounced decrease of fertility is associated with
reciprocal translocations, including sterility of males carrying the X-autosome or Y-autosome
rearrangements. In contrast, the fertility of carriers of other balanced aberrations (centric
fusions, tandem fusions and inversions) is only slightly decreased.

3.1. Centric fusions (Robertsonian translocations)

Centric fusions are the most extensively studied chromosome aberrations in domestic
mammals due to the discovery of a wide distribution of the 1/29 centric fusion in cattle. It was
recently shown with the use of advanced molecular techniques that the 1/29 mutation is not a
simple centric fusion, but it is a complex rearrangement including deletion, inversion and
centric fusion [56].

The 1/29 Robertsonian translocation was identified in numerous cattle breeds, but it seems to
be absent in Holstein-Friesian cattle, the most important dairy breed. In some beef breeds, its
incidence exceeds 10% [2], while in some local breeds, e.g. in Portugal, the frequency of the
carriers is above 50% [57]. Also, other types of centric fusions, involving other autosomes, were
described in cattle [58]. In sheep, goats, pigs and dogs, centric fusions were rather rarely
identified, while in horses and cats, there are no such reports.

The fertility of centric fusion carriers is slightly altered due to the formation of a trivalent [59]
and its abnormal segregation at meiotic anaphase I [60], leading to the formation of aneuploid
embryos, which die at early embryonic stages of development. In the case of bull carriers, the
non-return ratio (NRR) is decreased by approx. 5%, but the aberration is inherited by 50% of
the offspring. Interestingly, in pig carriers of the 13/17 Robertsonian translocation, the rate of
unbalanced gametes due to the abnormal segregation of the trivalent was low in sperms
(approx. 3%) and much higher in secondary oocytes (approx. 19%) [61].
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3.2. Reciprocal translocations

Reciprocal translocations are the most common chromosome rearrangements in pigs. It was
estimated that an overall frequency of these rearrangements among 7,700 young boars
cytogenetically evaluated in France was 0.47% [1]. Altogether, over 130 different translocations
were identified in this species by 2012 [62], and novel cases were published in recent years
(Table 3, Fig. 5).

Breed Description of the translocation Effect on fertility Reference

Synthetic line (Large
White × Pietrain)

t(1;6)(q17;p11) Smaller litter size [70]

Large White t(1;2;7)(q11q17;p16;q13)
complex rearrangements, including
translocations, insertions and
inversions

Low litter size [71]

Polish Large White t(6;16)(p13;q23) Reduced litter size (20%
decrease)

[67]

Not described t(Y;1)(q1:q16) Azoospermia [72]

Not described* t(4;7)(p+;q-) Not described [73]

Not described* t(2;8)(q−;q+) Not described [73]

Not described** t(1;5) Not described [74]

Not described** t(3;4) Reduced litter size (24%) [74]

Not described** t(8;13) Reduced litter size (24%) [74]

Not described** t(7;15) Reduced litter size (38%) [74]

*derived from intracytoplasmatic sperm injection (ICSI) and embryo transfer (ET)

** identified among 300 young boars from Duroc, Landrace, Pietrain and Yorkshire breeds

Table 3. Reciprocal translocations in pigs reported in 2011–2015 (not included in the review by Raudsepp and
Chowdhary [62]).

The incidence of reciprocal translocations in cattle, the most extensively cytogenetically
studied species, is much lower. In the literature, there are reports on 21 different cases of
reciprocal translocations, including two cases of the X-autosome and another two cases of Y-
autosome translocations [63]. A low incidence of the translocation carriers seems to be a result
of the limited resolution of the commonly used Giemsa staining This approach is sufficient to
detect aneuploidies and centric fusions but does not facilitate the detection of a majority of
reciprocal translocations. Interesting statistical and simulation estimations were performed by
de Lorenzi et al. [64], who suggested that approx. only 16% of reciprocal translocations can be
detected using Giemsa staining. Taking into consideration a real number of the identified
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translocations and this estimation, they suggested that the frequency of this chromosome is
<0.14%. It would be three-fold less than in pigs.

In other domestic mammals, reciprocal translocations were rarely identified. In mares
suffering from repeated early embryonic loss, three translocations, including two reciprocal,
were identified between autosomes: t(1;21), t(16;22) and t(4;13) [65]. An interesting case was

Figure 5. G-banded karyotype of a boar carrier of reciprocal translocation – t(6;16)(p13;q23). For details, see Kociucka
et al. [67].

Figure 6. Metaphase spread with a translocation between X and Y chromosomes – t(X;Y)(p22;p12), in a cat with disor‐
der of sex development. FISH technique facilitated the localization of SRY gene (arrow) on X chromosome. For details,
see Szczerbal et al. [66].
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reported by Szczerbal et al. [66], who for the first time in domestic mammals diagnosed a
translocation between the X and Y chromosomes, t(X;Y)(p22;p12), in a female cat (38,XX) with
a disorder of sex development, manifested by the presence of a rudimentary penis (Fig. 6).

Similarly to centric fusions, decreased fertility is caused by the abnormal segregation of a
tetravalent during anaphase I. However, the proportion of chromosomally unbalanced
gametes is much higher in carriers of reciprocal translocations and varies between 20 and 50%
[67]. As a consequence, a large proportion of the embryos die at an early embryonic stage, and
thus the decrease of fertility is much more pronounced. In the case of reciprocal translocations
involving sex chromosomes, the carriers are usually infertile, with an exception of the female
carriers, which are infertile (Table 4).

Type of mutation Most common features Reduction of
fertility

Incidence, according to the number
of reported cases

Robertsonian translocation Normal phenotype; normal
libido; normal semen picture;
lower non-return rate (cattle)

5% Cattle – frequently in local breeds
and some beef breeds
Pig, dog – rare

Reciprocal translocation
autosome/autosome

Normal phenotype; decreased
litter size (pig), decreased
non-return rate (cattle)

20–50% Pig – frequently
Cattle, horse – rare

Reciprocal translocation
X/autosome

Females: normal phenotype;
decreased litter size (pig)

20–50% Pig, cattle, dog, horse – rare

Males: abnormal
spermatogenesis
(oligospermia or azoospermia)

Sterility
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autosome

Males: abnormal
spermatogenesis
(oligospermia or azoospermia)
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Translocation
X/Y

Disorder of sex development,
including abnormal external
genitalia

Sterility Only one case in a cat has been
diagnosed to date

Table 4. An overview of chromosome translocations in domestic mammals: phenotype, fertility and incidence

3.3. Other balanced chromosome rearrangements

Chromosome inversions were diagnosed in cattle and pigs, but their impact on fertility of the
carriers is poorly recognized. Among different cases of inversions, one is of special interest. It
was a pericentric inversion of the pig chromosome 4 – inv(4)(p1.4;q2.3), which was diagnosed
in several AI boars in France. Analyses of sperms and oocytes of the male and female carriers
showed the incidence of unbalanced gametes to be approx. 4% [68].

Tandem fusions were very rarely diagnosed in domestic mammals. In recent years, such a
rearrangement was diagnosed in a young boar with a normal phenotype and semen character‐
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reported by Szczerbal et al. [66], who for the first time in domestic mammals diagnosed a
translocation between the X and Y chromosomes, t(X;Y)(p22;p12), in a female cat (38,XX) with
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[67]. As a consequence, a large proportion of the embryos die at an early embryonic stage, and
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Cattle, horse – rare

Reciprocal translocation
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Females: normal phenotype;
decreased litter size (pig)

20–50% Pig, cattle, dog, horse – rare

Males: abnormal
spermatogenesis
(oligospermia or azoospermia)

Sterility

Reciprocal translocation Y/
autosome

Males: abnormal
spermatogenesis
(oligospermia or azoospermia)

Sterility Pig, cattle – rare

Translocation
X/Y

Disorder of sex development,
including abnormal external
genitalia

Sterility Only one case in a cat has been
diagnosed to date

Table 4. An overview of chromosome translocations in domestic mammals: phenotype, fertility and incidence

3.3. Other balanced chromosome rearrangements

Chromosome inversions were diagnosed in cattle and pigs, but their impact on fertility of the
carriers is poorly recognized. Among different cases of inversions, one is of special interest. It
was a pericentric inversion of the pig chromosome 4 – inv(4)(p1.4;q2.3), which was diagnosed
in several AI boars in France. Analyses of sperms and oocytes of the male and female carriers
showed the incidence of unbalanced gametes to be approx. 4% [68].

Tandem fusions were very rarely diagnosed in domestic mammals. In recent years, such a
rearrangement was diagnosed in a young boar with a normal phenotype and semen character‐
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istics [69]. In the tandem fusion, two acrocentrics were involved: t(14;17)(q29;q10). The carrier
was not accepted for use in artificial insemination.

4. Conclusions

The long history of cytogenetic evaluation of domestic mammals, mainly applied to males used
in artificial insemination, showed that heritable, balanced chromosome abnormalities do not
cause visible phenotypic effects but are responsible for impaired fertility. Therefore, young
males  considered as  candidates  for  use  in  artificial  insemination stations  are  commonly
cytogenetically evaluated. It is important to point out that the first step for the classification of
sex development disorders is cytogenetic analysis. Eventually, the use of chromosome studies
plays a crucial role in searching for causes of infertility of phenotypically normal animals, as
well as individuals with an abnormal sex development.
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Abstract

The literature refers to pyometra as the most important pathology in the feline uterus,
which is often associated with cystic endometrial disease (cystic endometrial hyperplasia/
pyometra complex or CEH-Pyo). The etiology of pyometra is complex and probably mul‐
tifactorial, but hormonal influences are suggested to play an important role in the patho‐
genesis. Progestagen-based contraceptives may be risk factors for the CEH-Pyo
syndrome, for endometrial adenocarcinoma and also to mammary tumors in this species.

The histopathological descriptions of pyometra include an enlarged uterus containing
purulent fluid, variable endometrial infiltration of neutrophils and bacterial colonization.
The degree of hyperplasia of endometrial glands is variable, and frequently the endome‐
trium becomes atrophic. The severity of endometritis is variable. Thereby, the type of in‐
flammatory cells infiltrating the uterine wall or lumen varies accordingly and may
include neutrophils, macrophages, plasma cells and lymphocytes.

The clinical diagnosis of pyometra is often based on the clinical signs and the physical
examination, supported by ultrasound findings. The surgical excision of the uterus is the
recommended treatment when the animal is not intent for breeding, as most pyometra
clinical signs resolve after ovariohysterectomy.

Nevertheless, our clinical practice demonstrated that, in cats, pyometra often masks other
uterine conditions that may present a worst prognosis and may interfere with the expect‐
ed outcome. Thus, although seldom requested, the pathological analysis of the uterus
with pyometra should be performed following surgery, even if significant macroscopic
alterations are not visible, as one frequent finding in pyometra specimens is the co-exis‐
tence of feline endometrial adenocarcinoma (FEA).

FEA is usually described as a rare pathology in cats, but recent descriptions suggest that
it may be more frequent than thought. Some morphological and clinical features of FEA,
as well as molecular markers, have been recently described. Moreover, age is not an ade‐
quate factor for triage, since some FEA cases were described in young animals, prompt‐
ing pathologists, clinicians and researchers into this new reality.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Therefore, this chapter proposes to highlight aspects that reinforce the need for careful
observation of all the cases of CEH-Pyo, to exclude the co-existence of FEA that can
worsen the prognosis.

Keywords: Cat, cystic hyperplasia, endometrial adenocarcinoma, pyometra, queen

1. Introduction

The cystic endometrial hyperplasia-pyometra (CEH-Pyo) complex is the most frequent and
important uterine disorder in queens [1–5]. Ovarian hormones are considered the main factors
in CEH-Pyo complex development, and progesterone is considered the principal component
in its pathogenesis. Nevertheless, estrogen’s effects in uterus have also been implicated as
causing hyperplasia of the endometrium and cystic dilation of endometrial glands, with
concomitant increased secretion of fluid that favors the progression of CEH to pyometra [6,
7]. Pyometra is characterized by uterine inflammation and infiltration of the endometrium and
uterine lumen by neutrophils and bacteria, leading to the development of the clinical signs [8].
Ultimately, the condition may originate sepsis [2, 9, 10].

In queens, pyometra has been described co-existing with other uterine conditions, such as a
disorder of sexual development [11], uterine torsion [12], in ovariectomized (but not hyster‐
ectomized) cats [13] and in the uterine stump of neutered queens with ovarian remnant
syndrome [14, 15]. Moreover, several cases of uterine neoplasia associated with pyometra have
been reported in queens [16–18]. The factors involved in the development of feline endometrial
adenocarcinomas (FEA) are still unclear. However, it seems probable that the endogenous or
exogenous ovarian steroid hormones that are associated with CEH and pyometra development
might also influence endometrial carcinogenesis and tumor progression [1, 2, 12, 17, 18].
Moreover, one could also hypothesize that the feline uterus reacts to any irritative stimulus
by enhancing the inflammatory response, like it happens in dogs, which would lead to
pyometra [8].

2. Pathophysiology of the cystic endometrial hyperplasia-pyometra
complex

Female cats are a polyestrous seasonal species (Figure 1). The photoperiod is a major factor
influencing the onset and duration of seasonal ovarian activity [19]. During the breeding
season, queens may show ovulatory or anovulatory estrous cycles. In cats, spontaneous
ovulation seldom occurs. Cats are considered a species with induced ovulation in which a
physical repetitive stimulus, as the one associated with coitus or mechanical stimulation of the
vagina, is required to trigger a consistent pulse of pre-ovulatory luteinizing hormone (LH).
This will stimulate the ovulation of large ovarian follicles, which occurs in approximately 30
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to 50 hours after the LH surge [6]. However, less frequently, ovulation can also occur without
mating and is designated as spontaneous ovulation. Frequent grooming, self-grooming and
presence of a tomcat are putative pheromonal, tactile and visual stimuli that may trigger LH
secretion and induce ovulation [20–22].

In anovulatory cycles, recurrent follicular (estrogen-dominated) phases develop and in
absence of a luteal phase, they are separated only by a short period corresponding to follicular
atresia and emergence of a new follicular wave. Consequently, in non-ovulatory cycles, the
uterus is not exposed to progesterone [6, 19, 22].

In ovulatory cycles, follicular and luteal (progesterone-dominated) phases alternate. The
follicular stage is similar to that of non-ovulatory cycles. After ovulation, progesterone
secretion by corpora lutea initiates within 24 to 48 hours. The luteal phase lasts approximately
30 days in non-pregnant cycles (diestrous or luteal phase), but it may also last up to 50 days if
a pseudopregnancy develops, and in pregnant cycles the progesterone dominancy lasts about
60 days [6, 19, 22].

Figure 1. Drawing of the queen’s reproductive cycle—the estrous cycles begin at puberty or after a seasonal anestrous.
The figure compares the alternacy of the stages of the cycle in the anovulatory (top) or ovulatory (bottom) estrous cy‐
cles. The season onset always originates a new cycle whereas, at the end of season, the female can enter anestrous is‐
sued from an anovulatory cycle or at the end of a luteal phase (diestrous, pseudopregnancy or pregnancy) if the cycle
was ovulatory.

The effects of progesterone in the uterus are major players in the pathogenesis of the CEH-Pyo
complex. Progesterone plays diverse physiological roles designed to facilitate embryo survival
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and the success of a term pregnancy. These include the following: (1) the increase in coiling
and in the secretory activity of endometrial glands (which expand the surface and the amount
of fluid produced), (2) the decreased myometrial contractility, (3) the closure of the uterine
cervix and (4) a depression in the uterine immune response [6, 21]. Our studies showed that
T lymphocytes are the most common immune cells found in the cyclic feline endometrium,
and we noted a variation of these cells and macrophage localization in the uterus between
follicular and luteal stages, with an apparent migration of these cell populations from the
surface layers to deeper layers of the endometrium during the luteal stages, which favor the
embryo implantation [23].

Repeated exposure to consecutive progesterone cycles or the exogenous administration of
progestagens for contraception may aggravate these effects, and stimulate the proliferation
and cystic dilation of the endometrial glands leading to CEH development, luminal fluid
accumulation, and uterine distention [24]. These changes in the uterine microenvironment, in
particular the accumulation of a mucinous fluid in the uterus and the immune suppression,
predispose to colonization of the uterine content by ascending bacteria from vaginal micro‐
biota, originating pyometra [2, 6, 8, 21].

Pyometra is often diagnosed with functional ovarian corpora lutea. The progesterone is
considered the main hormone implicated, although estrogens are also considered important
in the CEH-Pyo complex pathogenesis. The disease has also been reported in cats with ovaries
containing only follicles and basal serum progesterone concentrations or in cats with inactive
ovaries [5, 25]. Estrogens cause dilation of the cervix during estrous, predisposing the uterus
to ascending bacterial colonization by the normal vaginal biota [2, 19, 26]. In fact, the existence
of a subclinical chronic low-grade bacterial uterine infection that may develop during the
proestrous or estrous has also been implicated as a causative factor responsible for the
endometrial proliferation occurring earlier in the pathogenesis of the CEH-Pyo complex [8].
Moreover, estradiol increases the estrogen and progesterone receptors in the uterus and
enhances uterine response to continued stimulation with estradiol and concurrent or subse‐
quent stimulation by progesterone [21].

It is questionable who comes first in the pyometra pathology: the colonization by bacteria that
promotes inflammation or the instability or anomalous morphology/physiology of the
endometrium (as CEH or FEA), which endorse the proliferation of opportunist bacteria that
arrive from the cervix and vagina [6]. The most common bacteria isolated from feline pyometra
is Escherichia coli, but other agents of the normal vaginal flora and of suspected fecal contam‐
ination have been also detected, including Streptococcus spp., Staphylococcus spp., Pasteurella
spp., Klebsiella spp., Proteus spp., Pseudomonas spp., Moraxella spp., and Tritrichomonas foetus [6,
19, 25, 27, 28]. Sterile pyometra may also be observed [2].

3. Epidemiology

Cystic endometrial hyperplasia/pyometra complex is considered to be frequent in female cats.
However, information on prevalence of feline pyometra is scarce. The few published studies
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suggest that it is less frequent than in dogs [3], which is in accordance with our experience
(unpublished data). This difference has been attributed to two main factors. The first is related
to the fact that queens are induced ovulators, and therefore, the feline uterus is less frequently
exposed to progesterone influence [20, 24]. The second is related with the habit to neuter queens
at younger ages to prevent unwanted pregnancies and heat behavior [15].

The prevalence of feline CEH-Pyo complex increases with age and is considered a common
condition in cats older than 5 years of age and in cats receiving exogenous progestogens [1, 3,
5, 29–32]. Age effects in CEH-Pyo complex are associated to a cumulative effect of repeated
hormonal stimulation in subsequent estrous cycles. Spontaneous ovulations and progestogen
treatments predispose the uterus to abnormal endometrial proliferation, which leads to CEH
development [25]. However, pyometra can also develop in younger animals, presumably due
to other etiological process not yet described in the literature.

Feline breeds like the Sphynx, Siberian cat, Ocicat, Korat, Siamese, Ragdoll, Maine Coon, and
Bengal seem to present a higher rate of pyometra, according to a study performed in Sweden
[3]. Age at first mating, age at first parturition, and the number of parturitions do not appear
to influence pyometra development [6].

Although feline pyometra is associated with a high morbidity, the mortality rate is relatively
low, ranging from 5.7 to 8.0% of cases [3, 4].

4. Diagnosis

CEH is usually a silent pathology, with infertility being the main symptom in the early stages
of the disease [6, 21, 33]. At this stage, queens are usually asymptomatic, and the physical
examination, results from hematology, serum biochemistry, and urinalysis are unremarkable
in most cases [5]. In cases of marked hyperplasia, or when mucometra develops, abdominal
distention can be observed and an enlarged uterus can be detected on abdominal palpation [6].
In some cases, the uterus can be visualized on abdominal radiographs, but this diagnostic
procedure presents low sensitivity in CEH. Abdominal ultrasound and histopathology are the
most reliable methods for CEH diagnosis [19].

Pyometra is commonly associated with overt clinical symptoms and the abnormalities
detected on complementary diagnostic exams vary with the severity of the disease, which
typically develop one week to two months after estrous [2, 34]. The most common clinical
symptoms include a mucous-purulent to hemorrhagic vulvar discharge (Figure 2), anorexia,
lethargy, abdominal distention, dehydration, a palpable uterus, fever, and leukocytosis [4,
19]. The vulvar discharge is present in cases of open-cervix pyometra, but it can be unapparent
due to the fastidious grooming habits of queens [6]. Queens with closed-cervix pyometra often
have a significant abdominal distention and signs of severe illness [19].

Diagnosis is based on the history and clinical signs, and it is usually confirmed by abdominal
radiography and/or ultrasound [13]. On abdominal radiology, an enlarged uterus with dorsal
and cranial displacement of the small intestine can be detected, but these are also found in
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early pregnancy [6]. In the abdominal ultrasound, it is possible to observe an enlarged uterus
containing hypoechoic to anechoic intraluminal fluid (Figures 3A and B). This is the diagnostic
procedure of choice in most cases [25].

Figure 3. Pyometra in a female cat. (A) Abdominal ultrasound of a queen with pyometra showing a marked uterine
distention with a narrow uterine wall, and the presence of hypoechoic intraluminal fluid; the loss of definition of the
uterine contour and the unfolding of uterine walls are also observed. (B) Macroscopic aspect of the uterus after surgi‐
cal excision.

5. Treatment

Pyometra is considered an emergency; thus, treatment should be rapid and aggressive due to
the risk of septicemia, endotoxemia, azotemia, uterine rupture, peritonitis and shock [9, 10, 24,

Figure 2. Purulent vulvar discharge in a queen with open-cervix pyometra.
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34]. Surgical treatment (ovariohysterectomy—Figures 3B and 4) associated with supportive
therapy is considered the treatment of choice [25, 26]. Support treatment includes intravenous
fluid therapy and antibiotics administration [19]. Fluid therapy is directed to correct fluid
deficits and electrolytic and acid-base imbalances, to correct azotemia and to maintain
adequate tissue perfusion [6]. Whenever possible, antibiotics should be chosen based on
bacterial culture and sensitivity. However, these procedures may take longer than the time
available to recover the female from a life-threatening situation. Therefore, if not possible or
during pending culture results, wide broad bactericide antibiotics effective against the most
common bacteria are recommended, including ampicillin, amoxicillin + clavunalate, trime‐
thoprim sulfonamide, cephalosporins and enrofloxacin [6]. Ovariohysterectomy rapidly and
permanently eliminates the site of infection, and most cats recover successfully [19].

Figure 4. Different morphological aspects and sizes of queen’s uterus collected at ovariohysterectomy. Each specimen
represents a different clinical condition: (A) late-pregnant uterus; (B) uterus in a follicular stage; (C) uterus in anes‐
trous; (D) uterus with pyometra.

Medical treatment could be considered in queens with reproductive added value, which are
clinically stable and present an open-cervix pyometra [24, 35]. Medical treatment is directed
to avoid synthesis or effects of progesterone, and to evacuate the uterine content.

Treatment with prostaglandins (natural or synthetic prostaglandin F2α, such as cloprostenol)
or with aglepristone (an anti-progestagen) has proved to be effective in feline pyometra [36–
39]. However, care should be taken before starting a treatment with prostaglandins as they
should not be used in closed-cervix pyometra due to the risk of uterine rupture [24, 35, 38].
Prostaglandins promote luteolysis, consequently decreasing plasma concentrations of
progesterone, and stimulate myometrial contraction leading to uterine evacuation [24, 40].
Mild and transient side effects, such as vocalization, panting, restlessness, grooming, tenes‐
mus, salivation, diarrhea, mydriasis, emesis, urination and lordosis, can develop after
prostaglandin administration [38, 39].
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Aglepristone binds to the progesterone receptors and consequently inhibits progesterone
effects. Once progesterone influences are withdrawn, the cervix will open and allow the
elimination of the uterine content [37]. No side effects were observed in cats treated with
aglepristone [37]. This compound may be used to treat a closed pyometra if the animal is
stabilized and the risks of septicemia are residual. Prostaglandins and aglepristone can be used
in association [25]. One good approach is to start the treatment with aglepristone and to
associate the prostaglandins 24 to 48 h after the first aglepristone administration [37].

Queens submitted to medical treatment will be at risk for recurrence of pyometra at every
ovulation after treatment if they do not become pregnant. To prevent it, they should be bred
on the next cycle and then spayed when no longer needed for breeding [34].

6. Morphological aspects of cystic endometrial hyperplasia

It is well acknowledged that CEH pathogenesis involves the hyperplasia of the endometrium
with cyst formation, which causes the accumulation of endometrial secretions [8], first into the
glands lumen and then into the uterine lumen, with variable amount of serous, mucous, or
purulent (neutrophils) content [6, 26].

Cysts develop from the endometrial glands (Figure 5A), and their number, size, distribution,
histological morphology, and clinical relevance are variable [8]. As previously stated, CEH is
usually a silent pathology, mainly if the cysts are small-sized. Cystic endometrial hyperplasia
can progress into pyometra, and may or may not be associated with bacterial infection [41].

The morphology of CEH is variable, ranging from small gland dilatations to cystic structures
occupying the entire endometrium and protruding into the uterine lumen. It is possible that
the increased pressure of the cystic fluid modifies the morphology of glandular epithelium
from cubic to squamous. In our experience (unpublished data), the size and number of cysts
are not related with the grade of endometritis (mainly composed of a plasma cell and macro‐
phages infiltrate) or with pyometra.

Dow [26] classified the severity of the CEH in four grades, being grade 1 the less severe,
characterized by an endometrium with approximately normal dimensions and the presence
of small cysts; and grade 4, the most severe, characterized by a significantly thickened
endometrium or an atrophic endometrium with large ulcers associated to pyometra [26].
Different degrees of inflammation exist, ranging from a discreet mononuclear endometrium
infiltration around the cysts in grade 2 to a severe infiltration of neutrophils, macrophages,
and plasma cells in grade 4 [8].

The stimulus for connective tissue deposition around small aggregates of endometrial cystic
glands can cause expansion and protrusion of a small portion of the endometrium, originating
endometrial polyps, which are considered as morphologic variations of CEH. Queens can
present single or multiple endometrial polyps, with variable dimensions [8], which can be
spread along the uterine horns due to estrogen or progesterone influence [7].
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of small cysts; and grade 4, the most severe, characterized by a significantly thickened
endometrium or an atrophic endometrium with large ulcers associated to pyometra [26].
Different degrees of inflammation exist, ranging from a discreet mononuclear endometrium
infiltration around the cysts in grade 2 to a severe infiltration of neutrophils, macrophages,
and plasma cells in grade 4 [8].

The stimulus for connective tissue deposition around small aggregates of endometrial cystic
glands can cause expansion and protrusion of a small portion of the endometrium, originating
endometrial polyps, which are considered as morphologic variations of CEH. Queens can
present single or multiple endometrial polyps, with variable dimensions [8], which can be
spread along the uterine horns due to estrogen or progesterone influence [7].
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Figure 5. (A) Histological aspect of grade 2 CEH showing a hyperplastic endometrium with differently sized cysts. (B)
Histological aspect of pyometra in a queen. Note the endometrium with cystic structures filled with neutrophils (*)
opening into the lumen (arrow). An intense mononuclear infiltrate in endometrium characterizes endometritis (arrow‐
head) in a hyperplastic endometrium when concomitant CEH exists. Hematoxylin and Eosin. Bar = 500 μm.

7. Morphological aspects of pyometra

Morphological aspects of pyometra in queens are similar to those observed in the bitch and
other species. The enlargement of the uterus is variable, ranging from a subtle increase to a
severe enlargement in the endometrium dimension when associated to harsh glands and
epithelium hyperplasia. The major feature of pyometra is the presence of neutrophils in the
lumen of the uterus [7]. The glands are filled with mucous and neutrophils (Figure 5B) in a
hyperplastic endometrium, evolving to the rupture of cysts into the lumen. Contrasting to that
observed in the healthy endometrium, a raise of macrophages and B lymphocytes in the lumen
and in the endometrium is observed following an initial rise in neutrophils, but only minor
changes on the values for T lymphocytes are reported [23]. An asymptomatic pyometra often
evolves to an atrophic and ulcerated endometrium, the final phase of this disease. The
myometrium becomes thinner and uterine rupture can be eminent in more severe cases.

Endometritis is a concomitant feature with pyometra (Figure 5B). In the beginning of the
process, neutrophils are the predominant cell type in the endometrium stroma, but macro‐
phages and mainly plasma cells become more intense in chronic cases, presenting ulcerated
and atrophic endometrium [7].

8. Feline endometrial adenocarcinoma: frequency, morphological and
clinical aspects

Adenocarcinoma of the uterus is a malignant neoplasm, which arises from the endometrial
epithelia [42]. Although reported in the rabbit, cow, rat, mouse, guinea pig, horse, dog, and

Proliferative Endometrial Lesions Hidden behind the Feline Pyometra
http://dx.doi.org/10.5772/62788

235



cat [43], it is considered to be rare in domestic animals [44, 45]. In the literature, feline endo‐
metrial adenocarcinoma (FEA) is referred as an infrequent tumor [44]. However, recent reports
of FEA suggest that the disease might be more common than assumed, and its incidence may
be underestimated [18, 47, 46]. Feline endometrial adenocarcinoma is usually reported in
geriatric queens, older than nine years of age [42, 48–50], but recently Cho et al. [51] and Payan
at al. [18] reported FEA in young queens, less than two and one years old, respectively [18, 51].

The common practice of elective ovariohysterectomy in cats is being referred as protective
from uterine neoplasia [11, 52]. Notwithstanding, the rarity of these tumors might be related
to inadequate post-surgical or post-mortem evaluation of the genital tract [7, 53]. In fact, most
clinicians do not require a histopathological evaluation of genital apparatus based on the
assumption that “it is normal” or “only a pyometra”.

Data related to the factors involved in the development of feline endometrial adenocarcinomas
(FEA) are still insufficient. However, it seems probable that the endogenous or exogenous
ovarian steroid hormones, associated to pyometra development, might also influence endo‐
metrial carcinogenesis and tumor progression [1, 18]. As recently reported, according to the
database of our laboratory in a 13-year period, feline endometrial adenocarcinoma was
diagnosed in 20.30% of cases (n = 37/197) while 33.5% (66/197) presented uterine inflammatory
disease [12]. However, in 41.16% (81/197), the queen failed to manifest signs of uterine
dysfunction or history of infertility. FEA either evolves as a silent disease [3, 47] or is associated
to nonspecific and vague clinical signs that can be associated to other uterine disorders,
including CEH, pyometra, or abortion. Therefore, there is a strong possibility that these tumors
may be underdiagnosed [16, 18, 47].

Uterine tumors are more commonly found in sexually intact queens [54], but there are three
reported cases of FEA in the uterine stump of ovariohysterectomized cats [44, 43, 54]. As such,
these cases represent unusual complications following an incomplete ovariohysterectomy of
the uterine body in a previously undiagnosed diseased uterus [44, 54].

Saraiva et al. [47] described three different histotypes of FEA based on cell features, growth
pattern, and invasiveness, which included papillary serous carcinoma, clear cell carcinoma
and “in situ” (non-invasive) carcinoma [16]. Microscopically, this classification resembles the
human endometrial carcinoma classification [55]. Macroscopically, these patterns are indis‐
tinguishable, presenting as a multiple whitish papillary masses or a diffuse thickening of the
endometrium along both uterine horns and corpus, which are better appreciable in a longitu‐
dinal section of this organ. Occasionally, the uterine wall may be thinner (atrophic) and when
a concomitant pyometra is present, a purulent exudate may be observed in the lumen. Tumor
invasion of the myometrium may be detected, and serosa rupture can occur promoting
peritonitis and peritoneal carcinomatosis. Distant metastases in lungs or liver were seldom
reported [54].

Regarding the cyclic uterus, in the presence of tumors we found higher numbers of macro‐
phages and T lymphocytes. An increased number of B cells was only observed in pyometra
cases and in FEA cases associated with pyometra. These findings suggest that B lymphocytes
may be more relevant in uterine inflammation and that T cells may be more important in

Insights from Animal Reproduction236



cat [43], it is considered to be rare in domestic animals [44, 45]. In the literature, feline endo‐
metrial adenocarcinoma (FEA) is referred as an infrequent tumor [44]. However, recent reports
of FEA suggest that the disease might be more common than assumed, and its incidence may
be underestimated [18, 47, 46]. Feline endometrial adenocarcinoma is usually reported in
geriatric queens, older than nine years of age [42, 48–50], but recently Cho et al. [51] and Payan
at al. [18] reported FEA in young queens, less than two and one years old, respectively [18, 51].

The common practice of elective ovariohysterectomy in cats is being referred as protective
from uterine neoplasia [11, 52]. Notwithstanding, the rarity of these tumors might be related
to inadequate post-surgical or post-mortem evaluation of the genital tract [7, 53]. In fact, most
clinicians do not require a histopathological evaluation of genital apparatus based on the
assumption that “it is normal” or “only a pyometra”.

Data related to the factors involved in the development of feline endometrial adenocarcinomas
(FEA) are still insufficient. However, it seems probable that the endogenous or exogenous
ovarian steroid hormones, associated to pyometra development, might also influence endo‐
metrial carcinogenesis and tumor progression [1, 18]. As recently reported, according to the
database of our laboratory in a 13-year period, feline endometrial adenocarcinoma was
diagnosed in 20.30% of cases (n = 37/197) while 33.5% (66/197) presented uterine inflammatory
disease [12]. However, in 41.16% (81/197), the queen failed to manifest signs of uterine
dysfunction or history of infertility. FEA either evolves as a silent disease [3, 47] or is associated
to nonspecific and vague clinical signs that can be associated to other uterine disorders,
including CEH, pyometra, or abortion. Therefore, there is a strong possibility that these tumors
may be underdiagnosed [16, 18, 47].

Uterine tumors are more commonly found in sexually intact queens [54], but there are three
reported cases of FEA in the uterine stump of ovariohysterectomized cats [44, 43, 54]. As such,
these cases represent unusual complications following an incomplete ovariohysterectomy of
the uterine body in a previously undiagnosed diseased uterus [44, 54].

Saraiva et al. [47] described three different histotypes of FEA based on cell features, growth
pattern, and invasiveness, which included papillary serous carcinoma, clear cell carcinoma
and “in situ” (non-invasive) carcinoma [16]. Microscopically, this classification resembles the
human endometrial carcinoma classification [55]. Macroscopically, these patterns are indis‐
tinguishable, presenting as a multiple whitish papillary masses or a diffuse thickening of the
endometrium along both uterine horns and corpus, which are better appreciable in a longitu‐
dinal section of this organ. Occasionally, the uterine wall may be thinner (atrophic) and when
a concomitant pyometra is present, a purulent exudate may be observed in the lumen. Tumor
invasion of the myometrium may be detected, and serosa rupture can occur promoting
peritonitis and peritoneal carcinomatosis. Distant metastases in lungs or liver were seldom
reported [54].

Regarding the cyclic uterus, in the presence of tumors we found higher numbers of macro‐
phages and T lymphocytes. An increased number of B cells was only observed in pyometra
cases and in FEA cases associated with pyometra. These findings suggest that B lymphocytes
may be more relevant in uterine inflammation and that T cells may be more important in

Insights from Animal Reproduction236

endometrial tumor oncobiology. These findings deserve more investigation to ascertain the
real function of the various cell types on the etiopathogeny of uterine inflammation and
neoplasia [23].

9. Hidden behind feline pyometra

In our experience, pyometra may not be the only uterine pathology observed in a queen that
presents a mucous, hemorrhagic, or purulent vulvar discharge accompanied with other clinical
signs compatible with pyometra.

Chronic inflammation associated with pyometra has been suggested to have a tumorigenic
effect, and the inflammatory process may itself mask an underlying neoplasm in an under-
evaluated uterus [56]. Association of pyometra with FEA was also suggested by some authors
reporting cases of endometrial carcinoma in queens with pyometra [1, 16–18, 44]. Data related
to the etiological factors involved in the development of feline endometrial adenocarcinomas
are still scarce; however, it seems possible that the endogenous or exogenous ovarian steroids
hormones associated with pyometra development might also influence endometrial carcino‐
genesis and tumor progression [1, 18].

Our laboratory records show that approximately 44% (29/66) of diagnosed pyometra co-
existed with FEA, and that 24.2%(16/66) had concurrent CEH.

The clinical anamnesis is an important tool that must be explored to exclude the possibility of
gestation or abortion. Whenever ovariohysterectomy is the adopted solution, the uterus must
be totally excised, including the body and the cervix in the excised specimen. The histopa‐
thology is the unique complementary analysis that can distinguish and discard pyometra from
other uterine lesions. Thus, it is of utmost importance to submit these organs to histopatho‐
logical examination. At surgery, if any part of the uterine horns or the uterus is left in place
(partial hysterectomy), it can bring problems in a near future, as some description of FEA [25]
and pyometra were reported in uterine stumps of spayed queens [5, 14, 47, 54]. So, the complete
and careful surgery associated with histopathological observation, alongside to a correct
clinical monitoring, are the most important points to discard possible lesions that could be
hidden behind a pyometra.
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