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Preface

Animal individual life begins at the combination of sperm and oocyte. This combination re‐
sults in the embryogenesis, which is a complex process from ovum fertilization through to
fetal stage. Long time ago, many studies focused on this field to reveal the fertilization, em‐
bryo formation and development, which formed a branch discipline of biology science, i.e.,
embryology. To date, embryology has been enriched and developed greatly in the terms of
its contents and forms. It not only includes oogenesis, spermiogenesis, embryogenesis, im‐
plantation and fetal formation mechanism, but also involves in pharmacology, basic scientif‐
ic research, and regenerative medicine. Although this subject has been studied for more than
a century, it is still a pioneering field with many alternative aspects such as embryonic stem
cell, somatic cell cloning, and many novel discoveries appear continuously. Particularly,
some novel embryo biotechnologies have initiated a new era in the fields of medical science
and agriculture owing to their enormous biomedical and commercial potential. Thus, this
book contains some novel discoveries and theories on the embryology field in last decade.

Section 1, recent investigation has showed that sperm DNA integrity is vital for successful
fertilization, embryo development, pregnancy, and transmission of genetic material to the
offspring. DNA fragmentation is the most frequent DNA anomaly present in the male gam‐
ete, which is associated with poor semen quality, low fertilization rates, impaired embryo
quality and reduced clinical outcomes in assisted reproduction procedures. Also, numerous
studies have shown that oxidative stress plays a role in the pathophysiology of infertility
and assisted fertility. Reactive oxygen species (ROS) is important mediator of normal sperm
function, such as signal transduction mechanisms that affect fertility. Spermatozoa are par‐
ticularly susceptible to ROS-induced damage because their plasma membranes contain large
quantities of polyunsaturated fatty acids and their cytoplasm contains low concentrations of
the scavenging enzymes. Here, the first two chapters are listed to describe the relationship
of the ROS and sperm DNA fragmentation with male fertility. Chapter One summarizes the
causes of fragmentation in spermatic DNA and its relation with seminal parameters, male
aging and outcome in assisted reproduction technology (ART). Chapter Two provides new
information on the relationship of ROS with spermatic DNA fragmentation and dysfunc‐
tion. Furthermore, the third chapter describes the influence of ROS on ovarian functions and
provides some evidences of oxidative stress in ovarian physiopathology, which influences
folliculogenesis and steroidogenesis in the fluid follicular environment. Thus, increasing the
knowledge of the mechanisms whereby the effect of ROS and endogenous antioxidant sys‐
tem on the reproductive processes will be beneficial to the optimal application of exogenous
antioxidants to fertility treatment. For instance, adding the treatment of antioxidant enzyme,
such as catalase, glutathione peroxidase, and the superoxide dismutase isoforms for testis



sperm or ovarian oocytes, will be able to maintain low levels of oxidative stress for improv‐
ing sperm and ovarian oocyte development.

Section 2, due to new technology application, especially three-dimensional imaging (3D), to
human embryo analysis, some novel discoveries have been recorded in human embryologi‐
cal area. In this part, three chapters present new theory and concept in human embryology.
Chapter Four puts forward a novel concept of Fundus-Ovary-Salpinx-Para-aorta Implanta‐
tion Promoting Unit (FOSPa-IP unit) during human embryo implantation. In humans, the
corpus luteum, which is formed from the ovulated follicle, produces progesterone that indu‐
ces adequate endometrial differentiation for embryo implantation. During pregnancy, the
embryo trophoblast cells secrete human chorionic gonadotropin (HCG) that stimulates the
maternal corpus luteum to sustain progesterone production. In turn, it acts on the endome‐
trium to maintain embryo implantation in the uterus. Thus, human embryo implantation is
mainly regulated by the endocrine system. Chapter Five used newly high resolution imag‐
ing 3D technique to measure many embryo and fetal morphologies and development proc‐
ess, and re-profile human embryology atlas, which proposes the future direction for human
embryo analysis. Chapter Six describes another novel cellular and molecular interactions
during limb development by the studies on the Split Hand—Foot congenital malformation.
It illustrates the pathway centered on the master transcription factor p63, which impacts the
regulation of signaling molecule controlling growth and shape of the normal limb.

Section 3, there is a very close relationship between embryology and new developed embryo
biotechnologies. Thus, this section will concentrate on discussing the application of embry‐
ology and its techniques to animal breeding and production. Chapter Eight puts forward a
novel concept of “Animal Embryo Breeding” to describe this discipline formation, develop‐
ment and application in animal genetic improvement and domestic breeding. The relation‐
ship of embryo breeding with other disciplines has been profiled. Thus, animal scientists
and breeder can easily understand and apply embryo breeding theory and its biotechnolo‐
gies to accelerate animal genetic improvement, to modify genetic construction and animal
population and to design and create new animal individual or breed. Chapter Nine de‐
scribes the application of the assisted reproductive technologies (ART) in Safeguard of Fe‐
line endangered species. This new method in ART may greatly improve these endangered
animal reproductive efficiency. In Chapter Ten, a new antiluteolystic strategy for bovine em‐
bryo transfer programs has been put forward to increase the successful rate for bovine em‐
bryo transfer.

Thus, this book will greatly update some novel knowledge in embryology field and it also
provides some basic theories and technologies for animal scientists and breeder as well as
embryologist and anthropologists.

Great thanks go to all authors who gladly contributed their time and expertise to prepare
these outstanding chapters included in this book.

Bin Wu, Ph.D., HCLD (ABB)
Arizona Center for Reproductive Endocrinology and Infertility

Tucson, Arizona
USA
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Chapter 1

Sperm DNA Fragmentation
and Its Relation With Fertility

Javier García-Ferreyra

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60825

Abstract

Sperm DNA integrity is vital for successful fertilization, embryo development,
pregnancy, and transmission of genetic material to the offspring. DNA fragmentation
is the most frequent DNA anomaly present in the male gamete that has been associated
to poor semen quality, low fertilization rates, impaired embryo quality, and preim‐
plantation development and reduced clinical outcomes in assisted reproduction
procedures. This work summarizes the causes of fragmentation in the spermatic DNA,
and its relation with seminal parameters, male aging, and results in assisted repro‐
duction procedures.

Keywords: Spermatozoa, DNA fragmentation, seminal parameters, ROS, IVF, ICSI

1. Introduction

Semen quality is frequently used as an indirect measure of male infertility. Ejaculate volume,
sperm concentration, motility, and morphology determined according to the World Health
Organisation (WHO) are the most important parameters evaluated in infertility centers as part
of routine semen analysis. The genetic composition in a newborn is the results of oocyte and
sperm DNA information, and it should be intact for further embryo and fetal development
that will result in a healthy offspring. Any type of damage present in the DNA of male or
female gametes can lead to an interruption of the reproductive process. Sperm DNA frag‐
mentation might be the most frequent cause of paternal DNA anomaly transmission to
progeny and is found in a high percentage of spermatozoa from subfertile and infertile men.

© 2015 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.



Several hypotheses have been proposed as to the molecular mechanism of sperm DNA
fragmentation, the most important ones being: apoptosis, abnormal chromatin packaging, and
reactive oxygen species [1]. Several studies show that spermatozoa with DNA fragmentation
are able to fertilize an oocyte [2-4], but are related to abnormal quality embryo, block in the
blastocyst development, and lower pregnancy rates either natural or using IUI, IVF, or ICSI
procedures [5-10]. Various studies demonstrate that the oocytes and the embryo retain the
ability to repair DNA damage that may be present in the paternal genome; however, it is not
yet clear if all types of damage can be repaired. For instance, double-stranded DNA breaks
appear to be less repairable than single-stranded breaks and, therefore, have a greater impact
on embryo quality and/or embryo development. Additionally, the capacity of oocyte to repair
DNA damage will depend on factors like maturity, maternal age, and external factors. This
review summarizes the causes that produce sperm DNA fragmentation, its relation to seminal
parameters, paternal age, and effect on assisted reproduction procedures.

2. Human sperm chromatin structure

Germ cells mediate the transfer of genetic information from generation to generation and are
thus pivotal for the maintenance of life. Spermatogenesis is a continuous and precisely
controlled process that involves extremely marked cellular, genetic and chromatin changes
resulting in a generation of highly specialized sperm cells (Figure 1). Spermatogonial stem cells
replicate and differentiate into primary spermatocytes that undergo genetic recombination to
give rise to round haploid spermatids [11]. Round spermatids then undergo a differentiation
process called spermiogenesis where marked cellular, epigenetic, and chromatin remodeling
takes place [12, 13]. The nucleosomes are disassembled and the histones are removed and
replaced by the high positively charged protamines forming tight toroidal complexes,
organizing 85—95% of the human sperm DNA [14]. Human spermatozoa have two types of
protamine (P1 and P2). P2 has fewer thiol groups for disulfide bonding and this makes human
sperm chromatin less stable [15]. Finally, during the transit in the epididymis the cysteines
become progressively oxidized forming inter- and intraprotamine disulfide bonds that, along
with zinc bridges, stabilize and compact completely the chromatin [16, 17]. All these interac‐
tions make mammalian DNA the most condensed eukaryotic DNA [18], adjusting to the
extremely limited volume of the sperm nucleus [19].

Chromatin organization plays an important role during the fertilization process and early
embryo development. The sperm chromatin is a crystalline, insoluble, compact, and well-
organized structure in DNA loop domains with an average length of 27 kilobytes. These loops,
which can be visualized by using fluorescent in situ hybridization (FISH), are attached at their
bases to the nuclear matrix. During sperm decondensation the DNA remains anchored to the
base of the tail, suggesting the presence of a nuclear annulus-like structure in human sperm
[20]. This DNA organization permits the transfer of the very tightly packaged genetic infor‐
mation to the egg and ensures that the DNA will be delivered in a physical and chemical form
that allows the developing embryo to access the genetic information [1].

New Discoveries in Embryology4
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3. Causes of DNA fragmentation

Sperm DNA fragmentation can be caused by apoptosis, defects in chromatin remodeling
during the process of spermiogenesis, and oxygen radical-induced DNA damage.

3.1. Apoptosis

During spermiogenesis, apoptosis allows the monitoring of the germ cell population that will
be sustained by Sertoli cells [21], to regulate the overproduction of sperm cell and the elimi‐
nation of abnormal cells [22]. Sperm apoptosis is mediated by type Fas proteins [23], and their
concentration is above 50% in males with abnormal seminal parameters [24]. Generally, cells
marked with Fas proteins are phagocytized and eliminated by Sertoli cells to which these are
associated [25, 26]. However, a percentage of defective germ cells undergo sperm remodeling
during spermiogenesis, appearing later on the ejaculate, showing normal morphology but are
genetically altered [27]. Apoptosis entails cell membrane disruption, cytoskeletal rearrange‐
ment, nuclear condensation and intranucleosomal DNA fragmentation in numerous frag‐
ments ≥185 bp [28].

3.2. Damage during chromatin packing in the spermiogenesis

Sperm chromatin structure has a complex arrangement of DNA and sperm nuclear protein
with different levels of compaction to shrink the nuclear volume and head size [29]. Then,
DNA fragmentation may be the result of unresolved strand breaks created during the normal
process spermiogenesis in order to relieve the torsional stresses involved in packaging a very

Figure 1. Espermatogenesis. a: Spermatogonia (2n); b: primary spermatocyte (2n); c: secondary spermatocyte (n); d:
spermatid (n); e: spermatozoa

Sperm DNA Fragmentation and Its Relation With Fertility
http://dx.doi.org/10.5772/60825
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large amount of DNA into the very small sperm head. These physiological strand breaks are
corrected through H2Ax phosphorylation and activation of nuclear poly (ADP-ribose)
polymerase and topoisomerase [30].

3.3. Oxygen radical-induced DNA damage by reactive oxygen species

ROS or free radicals are oxidizing agents that are generated as byproducts of the metabolism
of oxygen. Due to the presence of at least one unpaired electron, they form highly reactive
molecules (e.g. hydroxyl ion [OH], superoxide ion [O2

-], nitric oxide [NO], peroxyl [RO2], lipid
peroxyl [LOO], and Thyl [RS]) and non-radical molecules (singlet oxygen [O2], hydrogen
peroxide [H2O2], hypochloric acid [HOCl], lipid peroxide [LOOH], and ozone [O3]) [31].

It has been reported that the chromatin in the sperm nucleus is vulnerable to oxidative damage,
leading to base modifications and DNA fragmentation [32]. De luliis et al. [33] showed that
electromagnetic radiation induces ROS production, resulting in DNA damage and decreased
motility and vitality in human spermatozoa. Moreover, several toxins released from structural
materials or industrial products (e.g., benzene, methylene chloride, hexane, toluene, trichloro‐
ethane, styrene, heptane, and phthalates) and toxins in the form of metals (e.g. cadmium,
chromium, lead, manganese, and mercury) increase ROS production in the testes, impairing
the spermatogenesis and inducing sperm DNA fragmentation [34-36]. Additionally, con‐
sumption of tobacco and alcohol leads to higher rates of ROS production and high levels of
DNA strand breaks [37], decreasing in sperm motility [38] and apoptosis.

Furthermore, the activation of sperm caspases and endonucleases by ROS induce sperm DNA
fragmentation. Studies by Cui et al. [39] and Banks et al. [40] showed that in vivo exposure of
mouse testis at 40º—42ºC results in a significant increase in DNA fragmentation, occurring in
the epididymis by activation of caspases and endonucleases. The potential damage that sperm
may experience during passage through the epididymis could be limited by removing them
before that passage. Patients with high levels of DNA fragmentation in semen and repeated
IVF failure can increase their clinical outcomes using testicular sperm obtained by testicular
sperm extraction (TESE or TESA) [41].

Human sperm chromatin becomes cross-linked under conditions of oxidative stress and
exhibits increased DNA strand breakage [42]. When DNA is minimally damaged, spermatozoa
can undergo self-repair and potentially regain the ability to fertilize the oocyte and proceed
with development [43]. In fact, the oocyte is also capable of repairing damaged sperm DNA;
but when the oocyte machinery is not sufficient to repair DNA damage the embryo may fail
to develop or implant in the uterus.

4. Age and DNA fragmentation

The increase in life expectancy, women’s entry into the labor market and the popular use of
contraception has contributed to the social phenomena of delaying family planning and
parenthood to the mid or late thirties. This has also had a significant impact on males. In
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Germany, the median age of married fathers has increased from 31.3 years in 1991 to 33.1 years
in 1999 [44]. The same trend has also been seen in England. In 1993, fathers aged 35—54 years
accounted for 25% of live births. Ten years later, these percentages grew to 40% [45]. Among
couples seeking pregnancy through assisted reproduction technologies (ART), fathers are
significantly older compared with those not needing ART (36.6 vs. 33.5 years) [46].

In Western societies, advanced paternal age is a phenomenon that parallels advanced maternal
age and is associated with various reproductive hazards including decrease of testicular
volume, alterations in testicular histomorphology, and a decrease in the inhibin B/FSH ratio
consistent with a reduced Sertoli cell mass [47]. Other observable patterns include risk of
chromosomal disorders, decline in semen volume, progressive motility, and daily sperm
production with advanced age [48].

On the other hand, García-Ferreyra et al. [49] evaluated the effect of age on fertility and showed
that the sperm DNA fragmentation, progressive motility, and spermatozoa morphology are
associated with advanced paternal age. They analyzed seminal samples of 217 infertile patients
between 21 and 68 years, which were distributed into four groups: <30 years, 30—39 years, 40
—49 years and ≥50 years. The results showed an age-dependent increase in sperm DNA
fragmentation, which was statistically significant starting at 40 years old (Table 1). Patients ≥
50 years old had morphologically normal spermatozoa, significantly lower compared to those
men <40 years (Figure 2).

Age N DNA Fragmentation (%)

<30 years
30—39 years
40—49 years

≥50 years

16
111
78
12

35.56±7.52
39.37±8.39

41.99±7.65 a,b

47.70±3.89 a,b,c

aP<0.05 in relation to the group <30 years

bP<0.05 in relation to the group 30—39 years

cP<0.05 in relation to the group 40—49 years

García-Ferreyra et al. Sperm DNA fragmentation. JFIV Reprod Med Genet 2012

Table 1. Sperm DNA fragmentation according to male age

In males, germ cells divide continuously. It has been estimated that 30 spermatogonial stem
cell divisions take place before puberty, when they begin to undergo meiotic divisions. From
then on, 23 meiotic divisions per year occur, resulting in 150 replications by the age of 20 and
840 replications by the age of 50 [50]. Because of these numerous divisions of stem cells, older
men may have an increased risk of errors in DNA transcription. Furthermore, germ cells are
continuously under attack from endogenous and exogenous factors that can induce a wide
range of DNA lesions, thereby affecting normal cellular processes such as transcription,
recombination and replication [51]. One of the main theories of aging states that aging results

Sperm DNA Fragmentation and Its Relation With Fertility
http://dx.doi.org/10.5772/60825

7



from an accumulation of unrepaired DNA lesions; such lesions have been routinely linked to
aging in many tissues including the brain, the liver, and the testis [52, 53]. Paul et al. [53] showed
that there is an age-related accumulation of DNA damage in the testis, particularly caused by
oxidative stress in the form of 8-oxodG lesions. Furthermore, aging seems to lower the capacity
of germ cells to repair such DNA damage, resulting in the production of spermatozoa with
increased DNA damage. This is likely to lead to a decline in genome quality that may be passed
on to future generations, specifically the offspring of older males.

5. Spermatozoa morphology and DNA fragmentation

Teratozoospermia is defined as ≤ 4% normal sperm morphology at semen analysis with normal
sperm count and normal progressive motility [54], and has been associated with infertility and
low fertilization rates in conventional IVF procedures [55, 56].

Several studies indicate that DNA damage is associated with abnormalities in conventional
semen parameters [24, 57-59]. Irvine et al. [57] found a stronger inverse correlation between
DNA damage with concentration (-0.54) and Saleh et al. [60] showed an inverse correlation
with the motility (-0.47). Larson-Cook et al. [61] demonstrated that only three of the 10 men
with high levels of DNA damage had asthenozoospermia and/or oligozoospermia. In the study
of García-Ferreyra et al. [49] evaluating the effect of age on semen parameters in infertile men,
it was shown that the advanced paternal age was related to high percentages of fragmented
DNA and low values of spermatic concentration, motility and morphology. Recently, García-
Ferreyra et al. [62] assessed the quality of spermatic DNA according to spermatozoa morphol‐
ogy in 196 men, concluding that high levels of DNA damage were related to abnormal sperm
morphology (Figure 3). Besides, when splitting the patients into a group of normozoospermic
men and a group of men with at least one impaired conventional semen parameter or infertile
men, the two groups were significantly different from each other in DNA fragmentation,
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Figure 2. Scatter graph illustrating the associations between age and DNA fragmentation (a; r=0.106; p=0.0001) and
morphology (b; r=0.054; p=0.0017)
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motility, and morphology percentages (Table 2). Similar results were reported by Levitas et
al. [63], Cardona et al. [64], Molina et al. [65], and Brahem et al. [66] while Winkle et al. [67] only
reported a decrease in sperm motility.

Group DNA fragmentation (%) Motility (%) Morphology (%)

Normozoospermic
Infertile men

34.92±5.89
44.41±7.47*

61.57±11.61
35.40±20.45*

5.02±1.12
2.78±1.09*

*P<0.05 in relation to the Normozoospermic group

García-Ferreyra et al. Sperm DNA fragmentation JFIV Reprod Med Genet 2014

Table 2. Relation between DNA fragmentation, motility and morphology.
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Figure 3. Scatter graph illustrating associations between DNA fragmentation and morphology (r=2.464; p=0.000)

6. IVF/ICSI procedures and sperm DNA fragmentation

Sperm DNA contributes half of the offspring’s genomic material and abnormal DNA can lead
to derangements in the reproductive process. Several studies provide good evidence that
sperm DNA and chromatin damage are associated with male infertility and reduced natural
conception rates [6, 68, 69]. In humans, high levels of sperm DNA damage have been related
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to low fertility potential, failure to obtain blastocysts, blockage in embryo development after
embryo implantation, increased risk of recurrent miscarriages, reduced chances of successful
implantation, and negative effects on the health of the offspring [70-72].

Studies of Virro et al. [73], Huang et al. [59], and Borini et al. [76] showed a negative correlation
between fertilization rates and high levels of sperm DNA fragmentation. However, if the type
and extent of DNA damage can be balanced by the reparative ability of the oocyte, it is possible
to achieve fertilization even in the presence of elevated sperm DNA fragmentation rates [74,
75]. Given that, excessive damage in sperm DNA may result in early reproductive failures and
during the 4 to 8 cell stage, when the paternal genome is switched on, the development of the
embryo will be affected by sperm DNA integrity causing apoptosis, fragmentation, and
difficulty to reach the blastocyst stage [19, 76].

An inverse relationship has been reported between the likelihood of achieving pregnancy
either by natural intercourse and intrauterine insemination (IUI), but there are conflicting
results with IVF/ICSI procedures and the presence of high sperm DNA fragmentation levels
[72, 74, 77, 78]. An extended study by Bungum et al. [79] performed on a total of 998 IUI cycles
showed significantly lower odds ratios for clinical pregnancy and delivery when the male
partner had a DNA fragmentation index >30% measured by SCSA. On the other hand,
published studies suggest conflicting results of the influence of sperm DNA fragmentation on
embryo quality and development capacity in the outcomes of IVF and ICSI [3, 5, 7, 60].

Two meta-analyses made by Evenson and Wixon [80] and Li et al. [81] evaluating the relation
of sperm DNA fragmentation and assisted reproduction outcomes reported different results;
the first one showed that the clinical outcomes in IIU, IVF, and ICSI were closely related to
DNA fragmented; whereas the other one suggested only negative effect on IVF procedures. A
possible explanation for these differences is the different methods used to detect DNA integrity
and the lack of standardization of methods used to evaluate sperm DNA fragmentation.
Recently, Zini et al. [82] performed a systematic review of 28 studies to examine the influence
of sperm DNA fragmentation on embryo quality and/or embryo development at IVF and ICSI
(8 IVF, 12 ICSI, and 8 mixed IVF-ICSI). In 11 of 28 studies there was a positive relation between
DNA fragmented and poor embryo quality/development. Sperm DNA fragmentation was
associated with poor embryo development in 7 of 11 positive studies, and with poor embryo
quality in 5 of the 11 positive studies. Moreover, according to ART procedures the sperm DNA
fragmentation was associated only with 1/8 IVF studies (poor embryo quality), and 5/12 ICSI
studies (poor quality and/or delayed development). These data suggest that the effect of sperm
DNA fragmentation on embryo quality/development is more dramatic in ICSI compared to
IVF, probably because with ICSI the natural selection barriers are bypassed entirely and the
fertilization with highly DNA fragmented sperm is possible, which does not occur in IVF
where the integrity of sperm DNA is closely related to sperm motility and sperm membrane
characteristics important during the natural selection process reducing the probability of
fertilization with DNA-damage sperm at IVF [83, 84]. Finally, the majority of studies indicate
that sperm DNA fragmentation has negative effects on pregnancy rate, embryo quality, live
birth, and early pregnancy loss.
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7. Conclusions

Sperm DNA fragmentation is an important factor that should be evaluated in subfertile and
infertile men because several studies have shown that it has an important impact, independent
of the parameters of classic semen analysis, on the reproductive process in both natural and
assisted reproduction. Particularly, it affects the embryo quality and/or embryo development
that decrease the implantation rates and increase the rates of early miscarriage in ART. Finally,
it is important to obtain a clear diagnosis and the application of adequate methods of sperm
selection pre—ART when high levels of sperm DNA fragmentation are observed to increase
the possibilities to achieve the pregnancy in couples with high sperm DNA fragmentation and
repeated assisted reproduction failures.
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Abstract

Oxidative energy production is inevitably associated with the generation of reactive
oxygen species (ROS), excessive concentrations of which can lead to cellular pathol‐
ogy. A free radical may be defined as any molecule that has one or more unpaired
electrons. The superoxide anion, the hydroxyl radical, and the hypochlorite radical
are some of the highest reactive radicals of oxygen. Owing to their high reactivity and
to their capability of initiating an uncontrolled cascade of chain reactions, ROS
produce extensive protein damage and cytoskeletal modifications and inhibit cellular
mechanisms. Aerobic organisms are equipped with a powerful battery of mechanisms
that protect them from the adverse effects of lipid peroxidation (LPO) and other
manifestations of oxygen toxicity. Defective sperm function frequently causes male
infertility, due to abnormal flagella movement, failure to recognize the zona, and
inhibition of sperm-oocyte fusion. ROS are fundamental mediators of physiological
sperm function, such as signal transduction mechanisms that have an effect on
fertility. ROS can have positive effects on sperm and the concentration functions
depending on the nature and the concentration of the ROS involved. They are
necessary in regulating the hyperactivation and the ability of the spermatozoa to
undergo acrosome reaction. An increased amount of superoxide anion (O2

-) is one of
the first steps required by the spermatozoa for induction and development of
hyperactivation and capacitation. Numerous studies have shown that oxidative stress
plays an important role in the pathophysiology of infertility and assisted fertility. The
paternal genome is of primary importance in the normal embryo and fetal develop‐
ment. ROS-induced sperm damage during sperm translation, such as signal trans‐
duction through the seminiferous tubules and epididymis, is one of the most
important mechanisms leading to sperm DNA damage. Male germ cells are extremely
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vulnerable to oxidative stress as the sperm membrane is rich in unsaturated fatty acids
and lacks the capacity for DNA repair. Spermatozoa are particularly susceptible to
ROS-induced damage because their plasma membranes contain large quantities of
polyunsaturated fatty acids (PUFA) and their cytoplasm contains low concentrations
of the scavenging enzymes. Many clinical and research institutes are investigating the
usefulness of antioxidant supplementation and their role in prevention of the
infertility problems. Incubation under oxygen in vitro was detrimental to human
spermatozoa, decreasing motility and viability. Since then, many reports have
associated ROS with impaired sperm function, including decreased motility,
abnormal morphology, and decreased sperm-egg penetration. Increasing knowledge
of the mechanisms whereby ROS and endogenous antioxidant systems influence
reproductive processes can assist to optimize the application of exogenous antioxi‐
dants to fertility treatment.

Keywords: ROS, Fertility, Oxidative stress

1. Introduction

1.1. Mammalian testis and reproduction

The primary sex organs of the male reproductive system are the two testes in which sperm is
produced [1, 2]; the testis contains seminiferous tubules that consist of germinal epithelium
and peritubular tissue [2, 3]. The epithelium contains two basic cell types, the somatic and
germinal cells [4]. At different developmental stages, germ cells, including spermatogonial
stem cells and differentiated cells formed during and following meiosis, are primary and
secondary spermatocytes and spermatids, respectively.

These cells are located within invaginations of somatic Sertoli cells, with which maintain an
intimate and cooperative relationship [3, 4]. Sertoli cells form the blood-testis barrier and are
implicated in phagocytosis, secretion of testicular fluid for sperm transport, production of
endocrine and paracrine substances that regulate spermatogenesis, and secretion of androgen-
binding protein [5].

The development of the testis is a paradigm for the development of other organs, incorporating
mechanisms for determining organ shape, size, internal architecture, vascularization, and
interaction with other tissues physically, hormonally, and neurally. In the testis’s develop‐
ment, several cells are bipotential, since the genital ridges must be able to differentiate into
testes or ovaries depending on signals received; the differentiation of these cell lineages does
not proceed independently, but it follows from differentiation of Sertoli cells, which then
orchestrate the behavior of all other cell types [6]. Finally, the testis is built from a combination
of innate precursors and immigrant cells such as germ cells.

Testosterone-secreting Leydig cells are found in the intertubular tissue surrounding the
capillaries and have an important role in the spermatogenesis and the differentiation of sexual
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organs and secondary male sex characteristics. The Leydig cell is a polyhedral epithelioid cell
with a single ovoid nucleus that contains one to three nucleoli and abundant dark-staining
peripheral heterochromatin. The acidophilic cytoplasm contains many membrane-bound lipid
droplets and a large amount of smooth endoplasmic reticulum. Testicular Leydig cells are the
principal source of androgens in the male.

Spermatogenesis occurs in the seminiferous tubules, and it is a dynamic and metabolically
active biological process during which haploid spermatozoa are produced through a gradual
transformation of germ cells. These cells migrate from the basal compartment toward the
luminal regions of the tubules, passing the blood-testis barrier.

The secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the
pituitary, under the influence of gonadotropin-releasing hormone (GnRH) released by the
hypothalamus, affects the male reproductive function. LH stimulates Leydig cells to produce
testosterone, which exerts a negative feedback on GnRH and gonadotropin secretion. FSH
stimulates Sertoli cell proliferation, a necessary step for the maturation of germ cells, given
that the number of Sertoli cells largely determines the number of germ cells that can be correctly
nurtured in the testis. During spermatogenesis, FSH and testosterone act in synergy [7, 8].

The early development of gonads has a higher energy requirement than ovaries [9]. The
presence of many mitochondria in male germ cells highlights their importance in testicular
metabolism [10, 11]. The germ cells’s survival in the adult testis is dependent from carbohy‐
drate metabolism, including glycolysis and mitochondrial oxidative phosphorylation. During
spermatogenesis, many changes in the energy metabolism of germ cells are involved, mainly
due to the blood-testis barrier and changes to the surrounding medium.

The spermatogonia, mature sperm, and the somatic Sertoli cells show high glycolytic activity,
whereas spermatocytes and spermatids produce adenosine triphosphate (ATP) by mitochon‐
drial oxidative phosphorylation [12, 13]. During spermatogenesis, three types of mitochondria
are identified: the mitochondria in Sertoli cells, spermatogonia, and preleptotene and leptotene
spermatocytes; the intermediate form in zygotene spermatocytes; and the condensed form in
pachytene spermatocytes, secondary spermatocytes, and early spermatids [7]. The physiolog‐
ical death of germ cells via apoptosis occurs in the spermatogenic process and can be increased
by hormone deprivation, heat, and toxin exposure [3]. Therefore, mitochondria play a central
and important role in Leydig cell steroidogenesis.

1.2. ROS and male fertility

Oxygen is essential for animal life. Most of the body’s energy is produced by the enzymatically
controlled reaction of oxygen with hydrogen in oxidative phosphorylation occurring in the
mitochondria during oxidative respiration. In controlled reaction steps, hydrogen is provided
in the form of reducing equivalent and the energy produced is conserved in the form of high-
energy phosphates. A four-electron reduction of molecular oxygen to water involving
cytochrome oxidase occurs in the mitochondria. During this stepwise, enzymatic reduction of
oxygen, free radicals are formed [14].
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Free radicals were first described more than a century ago [15]; more than 30 years later, it was
showed that all oxidation reactions involving organic molecules would be mediated by free
radicals [16]. Then, free radicals were found in biological systems and were involved in many
pathological processes and aging [17-19]. Subsequently, their signaling function was evaluat‐
ed, and then it was found that they were regulated by hormones like insulin and were
regulators of metabolic pathways [20-22].

They are short-lived reactive chemical intermediates, which contain one or more electrons with
unpaired spin. Free radicals are highly reactive and oxide lipids in membranes, carbohydrates
and amino acids in proteins, and damage nucleic acids. Free radicals are active participants in
different processes, and they cannot be considered only damaging agents, but real players in
many normal functions of living organisms. They are normal by-products in various metabolic
and physiological processes, whereas excessive production of them results in the oxidative
stress.

The dioxygen molecule (O2) is a biradical, because it contains two electrons with the same spin
in an external antibonding molecular orbital. Molecular oxygen can be reduced via a four-
electron mechanism with acceptance of four protons yielding two water molecules. In this case,
the free biradical is simply converted to a non-radical species due to acceptance of the four
electrons and four protons. However, there is another way to reduce molecular oxygen; this
is one-electron successive reduction. Receiving one electron, O2 is converted to the superoxide
anion radical (O2

⋅-), containing one unpaired electron in an external antibonding orbital.
Accepting a second electron and two protons converts the superoxide anion radical into
hydrogen peroxide (H2O2); H2O2 has a non-radical nature and is chemically more active than
molecular oxygen but less active than O2

⋅-.

The formation of the most reactive of oxygen species, the hydroxyl radical (HO⋅), results from
the further reduction of H2O2 leading to its dismutation. Finally, acceptance of a fourth (final)
electron and one more proton HO⋅ forms a water molecule. Since O2

⋅-, H2O2, and HO⋅ are
chemically more reactive than molecular oxygen, they are collectively called ROS, but only
O2

⋅- and HO⋅ are actually free radicals, whereas H2O2 is not. Therefore, in biological research,
the term “free radicals” is frequently replaced by “reactive oxygen species” (ROS), which is a
more general term and includes both free radical and non-radical species.

ROS formation and redox signaling play a role in physiology and in a variety of pathologies,
including inflammatory, infectious, and degenerative disorders, either in humans or in
animals [23-25]. ROS are involved in a variety of pathophysiological conditions of the testis,
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and oxidative stress is known to inhibit ovarian and testicular steroidogenesis. The disruption
of redox signaling and control and imbalance in favor of prooxidant species define oxidative
stress [26, 27].

Oxidative stress is a state in which an oxidant-generating system overcomes an antioxidant
defense system, a process that is involved in many diseases including male factor infertility
and/or subfertility. ROS are products of normal cellular metabolism and are formed during
the normal enzymatic reactions of intercellular and intracellular signaling [28]. ROS overpro‐
duction can be induced through physiological or pathological mechanisms, including ROS
generation by leukocytes as a cytotoxic mechanism of host defense, during hypoxic states
leading to high levels of ROS, as well as by drugs with oxidizing effects on cells. Then, when
mitochondria become a target of elevated levels of ROS, the process of oxidative phosphory‐
lation might be affected because of a possible damage of proteins and membrane lipids. Lipids
are present in the sperm plasma membrane in the form of polyunsaturated fatty acids (PUFAs)
that contain more than two carbon-carbon double bonds. ROS attacks PUFA in the cell
membrane, leading to a cascade of chemical reactions called lipid peroxidation.

At low concentrations, ROS are metabolic intermediates in the metabolism of prostanoids, in
gene regulation and cellular growth and in signal transduction [29, 30]. At high concentrations,
ROS exert bionegative effects and damage all major classes of biomolecules.

During reproduction, ROS are involved in many important mechanisms of sperm physiology.
An increase in ROS generation at the beginning of capacitation is followed by an increase in
tyrosine phosphorylation [31]. The motility was associated with the generation of superoxide
anion and a phosphorylation of tyrosine residues.

Furthermore, the acrosome reaction was associated with an extracellular superoxide anion of
spermatozoa [32]. In the male genital tract, ROS are generated by spermatozoa and leukocytes
including neutrophils and macrophages. In the semen, sperm cells are one of the major cellular
sources of ROS. The male germ cells produced a small amount of ROS from the earliest stages
of the development [33]. They are involved in the sperm chromatin condensation, regulating
the number of germ cells by induction of apoptosis or proliferation of spermatogonia [34]. In
the mature sperm, ROS play an important role in the capacitation, acrosome reaction and
sperm motility, and they can also function as signaling molecules. There are at least two
mechanisms of their production: the membrane nicotinamide adenine dinucleotide phosphate
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(NADPH) oxidase, an enzyme complex that is contained in the cell membrane, and the
mitochondria.

Furthermore, many studies have demonstrated that low and physiological levels of ROS play
an important role in processes such as capacitation, hyperactivation, acrosome reaction, and
sperm-oocyte fusion in order to ensure appropriate fertilization, whereas high levels of ROS
cause sperm pathologies such as ATP depletion and loss of sperm motility and viability [35].
When the ROS overcomes the antioxidant defense systems and disrupts the intricate balance
between ROS and antioxidants, pathological defects occur that causes significant damage to
biomolecules such as lipids, proteins, nucleic acids, and carbohydrates [36]. The ROS found in
the seminal plasma originates from various endogenous and exogenous sources; there are
many endogenous sources of ROS in the seminal plasma such as peroxidase-positive leuko‐
cytes including polymorphonuclear leukocytes and macrophages [37]. Most of these peroxi‐
dase-positive leukocytes derive from the prostate and seminal vesicles; if these sources of ROS
are triggered by many intracellular or extracellular stimuli, as inflammation or infection, they
can increase ROS and the NADPH production via the hexose monophosphate shunt [38, 39].
An increase in proinflammatory cytokines, such as interleukin (IL)-8, and a decrease in the
antioxidant superoxide dismutase (SOD) can result in a respiratory burst, production of high
levels of ROS, and oxidative stress. Between exogenous sources of ROS, there are toxins,
phthalates, and others [40]. Infections lead to an excessive ROS production, resulting in an
oxidative burst from neutrophils/macrophages as a first-line defense mechanism. When there
is an infection, an imbalance of prooxidants and antioxidants favors the oxidative stress that
damages the sperm functions such as motility and fertilization. In the testis and epididymis
infections, the ROS produced are very detrimental to the spermatozoa because of the long
contact time and the loss of antioxidant protection.

During the final phase of the ejaculation, only high numbers of ROS-producing leukocytes are
harmful to sperm functions. An infection which involves ROS in the epididymis, prostate
gland, and/or seminal vesicles could indirectly damage sperm functions [41].

In 1943, a paper was published showing the effect of high oxygen tensions on motility and
prevention of this phenomenon by adding catalase, which suggested the involvement of
oxygen overload in motility of spermatozoa [42]. Indeed, ROS generation was dependent on
the oxygen tension; higher oxygen tensions increased ROS generation, mainly from leukocytes,
whereas low oxygen tensions improved the survival rate and penetration capacity [43].

Oxidative stress has been considered a main cause to male infertility, but studies have showed
that low and verified concentrations of ROS play a pivotal role in sperm physiological
processes such as capacitation, hyperactivation, acrosome reactions, and signaling processes
to provide a suitable fertilization, but an increase in oxidative stress leads to male infertility
by the induction of peroxidative damage to the sperm plasma membrane, DNA damage, and
apoptosis. ROS must be maintained at appropriate levels to ensure appropriate physiological
function while preventing pathological damage to the spermatozoa. ROS is thought to
influence fertility by affecting sperm membranes and sperm DNA. They reduce sperm motility
and its ability to fuse with the oocyte and compromise paternal genomic contribution to the
embryo; in fact, sperm are vulnerable to oxidative stress-induced damage due to the high
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portion of PUFA and also due to the low concentrations of scavenging enzymes in their
cytoplasm, both contributing to the defective sperm function observed in a high percentage of
infertility.

There  are  many  agents  that  cause  an  increase  in  testicular  oxidative  stress,  such  as
environmental toxins or conditions such as varicocele, orchitis, cryptorchidism, and aging,
all  of which leads to an increase in germ cell  apoptosis and hypospermatogenesis.  ROS-
induced DNA damage may also potentiate germ cell  apoptosis,  leading to a decrease in
sperm count and thus to the decline of semen quality, both of which are associated with
male infertility [39]. Large amounts of pathogenic mutant mtDNA accumulate in the testis;
the  resulting  mitochondrial  respiratory  dysfunction  in  spermatogenic  cells  leads  to  a
decrease in energy production that ultimately induces meiotic arrest and abnormalities in
sperm  morphology,  stressing  the  importance  of  mitochondrial  respiratory  function  in
mammalian spermatogenesis [44].

2. Apoptosis and oxidative stress

Oxidative stress is implicated between causes of male infertility. ROS production and its effects
on semen quality have been widely clarified. Oxygen is essential to sustain life, and physio‐
logical levels of ROS are necessary to maintain normal cell functions. However, products of
oxygen such as ROS can be detrimental to cell function and survival [45].

ROS are detrimental to sperm survival and function due to its adverse effects on sperm
membrane and genetic material. High frequency of single- and double-stranded DNA breaks
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due to oxidative stress activates apoptosis by inducing cytochrome c and caspases 9 and 3 [46].
Disruption of inner and outer mitochondrial membranes results in release of cytochrome c, a
protein which activates caspases and induces apoptosis. Mitochondrial exposure to ROS
results in the release of apoptosis-inducing factor, which directly interacts with the DNA and
leads to DNA fragmentation [46]. Seminal oxidative stress, sperm DNA damage, and apoptosis
constitute a unified pathogenic molecular mechanism in infertility. Therefore, apoptosis in
semen could be a useful indicator of semen quality.

3. Antioxidants in male fertility

Antioxidants are substances, enzymatic and nonenzymatic, which serve to eliminate ROS.
Enzymatic oxidants, or natural oxidants, include glutathione reductase (GSH), superoxide
dismutase (SOD), and catalase, while some non-enzymatic oxidants include vitamins (C, E,
and B), carotenoids, carnitines, cysteines, pentoxifylline, metals, taurine, and albumin [47].
Glutathione reductase and peroxidase are the principal reducing agents in the body and
behave as antioxidant scavengers in the epididymis and testes [48]. Their action on sperm
membranes confers protection on to the lipid components, preserving the sperm viability and
motility [49]. Preceding in vitro studies have demonstrated that GSH reduces lipid peroxida‐
tion and improves the sperm membrane characteristics [50]. The main antioxidant enzyme
system in the semen includes SOD, catalase, and glutathione peroxidase.

SODs are metalloenzymes that catalyze the dismutation reactions of the superoxide anion and
are present in intracellular and extracellular forms; two of the intracellular forms are copper-
zinc SOD, which is localized in the cytoplasm and contains copper and zinc (Cu, ZnSOD,
SOD1) in the active site, and manganese SOD, which is located primarily in the mitochondrial
matrix and contains manganese in the active site (MnSOD, SOD2). The extracellular form of
SOD (EC-SOD, SOD3) acts in the extracellular space and it is related to the surface polysac‐
charides though it may also be present in a free form [51]. SOD presents high activity in the
seminal plasma with 75% of its activity connected to the activity of SOD1 and the remaining
25% to SOD3; these isoenzymes are maybe derived from the prostate [52]. SOD and catalase
protect sperm from superoxide anions catalyzing the conversion of superoxide into oxygen
and H2O2, thereby preventing lipid peroxidation and enhancing motility [53].

+
2 2 22 2O + O ×+2H H O +O- -× × ®

SOD and catalase assist in removing ROS that has the potential to damage sperm. Catalase
catalyzes the conversion of H2O2 to O2 and H2O and presents a heme group with a central iron
atom. It acts mainly in the endoplasmic reticulum, peroxisomes, mitochondria, and cytosol in
many cell types [54]. Catalase was found in the human and rat sperm cells and in the seminal
plasma; the prostate seems to be its source [55]. The sperm cell capacitation induced by nitric
oxide is activated by catalase [56].
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Glutathione peroxidase (GPX), another antioxidant enzyme in the semen, catalyzes the
reduction of H2O2 and organic peroxides [51]. GPX contains selenium in the form of seleno‐
cysteine in its active site. It is located in the sperm in the mitochondrial matrix [52] but has also
been found to have a nuclear form that preserves sperm DNA from oxidative damage and
enters in the process of chromatin condensation. It was found in the seminal plasma; therefore,
it could originate from the prostate [57, 58].

Between nonenzymatic antioxidants, there are vitamin E which encompass a group of potent,
lipid-soluble, chain-breaking antioxidants. Structural analyses have revealed that molecules
having vitamin E antioxidant activity include four tocopherols (α, β, γ, δ) and four tocotrienols
(α, β, γ, δ). Vitamin E (α-tocopherol), a chain-breaking antioxidant in the sperm’s cell mem‐
brane, neutralizes H2O2 and quenches free radicals, therefore stopping chain reactions that
develop lipid peroxides and protecting the membrane from the oxidative damage [48]. Vitamin
E improves the activity of other scavenging oxidants and helps to keep motility and morphol‐
ogy of the sperm [54]. It preserves the spermatogenesis in male rats and fails to conserve
zygotes in female rats. Selenium deficiency can induce male infertility and could thus support
an antioxidant function of vitamin E in the reproductive system. Therefore, vitamin E and
selenium can act in synergy in membrane protection from oxidative stress. Vitamin E is known
to readily reduce alkyl peroxy radicals of unsaturated lipids, thereby generating hydroperox‐
ides that are reduced by the selenoperoxidases, in particular by phospholipid-hydroperoxide
glutathione peroxidase.

Vitamin C or L-ascorbic acid, or ascorbate (the anion of ascorbic acid), is an essential nutrient
for humans and many animals. Vitamin C is a major chain-breaking antioxidant and is present
in the extracellular fluid. It neutralizes hydroxyl, superoxide, and hydrogen peroxide radicals
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and prevents sperm agglutination [53]. It also helps to recycle vitamin E. It plays a significant
role in removing oxidative stress in the seminal plasma. It reacts with OH-, O2

-, and H2O2 in
the extracellular fluid, thus protecting sperm viability and motility [59].

Carnitine, a water-soluble antioxidant, participates in sperm motility and prevents lipid
oxidation; it protects the sperm DNA and membranes from oxidative damage and maintains
sperm viability and motility [60].

Carotenoids are a family of pigmented compounds that are synthesized by plants and
microorganisms, but not animals. They are present as micro-components in fruits and
vegetables and are responsible for their yellow, orange, and red colors. Carotenoids are
thought to be responsible for the beneficial properties of fruits and vegetables in preventing
diseases including cardiovascular diseases, cancer, and other chronic diseases. Carotenoids (β-
carotene and lycopene) are very efficient singlet molecular oxygen quenchers; they prevent
peroxidation in the seminal plasma [59].

Cysteines, precursors of intracellular GSH, increase the amount of GSH synthesized that
prevents oxidative damage to the cell membrane and DNA. There are a few other minor
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antioxidants that contribute to relieving oxidative stress, such as albumin, taurine/hypotaur‐
ine, inositol, and some metals. Albumin, a plasma protein, interacts with peroxyl radicals and
inhibits the chain reactions that generate ROS production and preserve motility and viability
of sperm.

Taurine, a non-enzymatic antioxidant, scavenges ROS; inositol enhances GSH activity and
preserves normal sperm morphology.

Selenium is an important component in the regular development and maturation of the testes
and contributes to the protection of sperm DNA and cell membranes, particularly when used
as an adjunct to vitamin E. The specific role of selenium in spermatogenesis appears to be
related to phospholipid hydroperoxide glutathione peroxidase, which is expressed depending
on the developmental state of spermatids.

Zinc acts as a chelator and binds ROS; manganese enhances sperm motility and viability [61,
62]. Chrome, another essential micronutrient, is a component of enzymes involved in carbo‐
hydrate metabolism. Its supplementation reduces fat deposition in rats, preventing obesity,
the initial phase of inflammation, and oxidative stress [63]. Although seminal plasma contains
a range of protective antioxidants such as SOD, catalase, and glutathione peroxidase, these
defenses are less abundant in the sperm and seem to be impaired in cases of male infertility [64].
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4. Measurement of ROS

Oxidative stress results from an imbalance between ROS production and the intracellular and
extracellular antioxidants that scavenge ROS. There are many direct assays that measure the
oxidation of the sperm cell membrane. The most used assay measures malondialdehyde
(MDA), one of the final products of sperm cell membrane lipid peroxidation [65, 66]. Increased
levels of MDA correlate with decreased sperm parameters.

Quantification of sperm DNA damage has also been used as assay for intracellular ROS-
induced oxidant injury by measuring a specific product of oxidant-induced DNA damage, 8-
oxo-7, 8, -dihydro 2′ deoxyguanoside (8-OHdG), used as a specific marker of oxidative injury
to sperm DNA [67].

The most used method for measurement of seminal ROS is the indirect chemiluminescence
assay. Luminol (5-amino-2, 3, dihydro 1, 4, phthalazinedione), or lucigen, can be used for
quantification of redox activities of spermatozoa [68]. Lucigen measures only extracellular
superoxide radicals, while luminol is used to measure extracellular and intracellular levels of
ROS.

The nitroblue tetrazolium assay requires a light microscope and allows differentiation of
spermatic and leukocytic ROS without the steps required in chemiluminescence assays.
Nitroblue tetrazolium interacts with superoxide radicals in the sperm and leukocytes by
changing to diformazan, a blue pigment. The concentration of diformazan correlates with the
concentration of intracellular ROS [68].

The antioxidant levels of the semen can also be determined by chemiluminescence assay or by
a colorimetric assay. Antioxidant levels are measured through the addition of a known
concentration of ROS to the semen, leading to the development of the chemiluminescence
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signal or a color change. This assay allows the antioxidants in the semen to scavenge the known
ROS and then the measurement of residual ROS level. The intensity of the signal produced is
inversely correlated with the total antioxidant capacity of the sample [69].

Another method for measuring oxidative stress can be carried through the measurement of
lipid peroxidation in the whole sperm by a commercially assay kit (LP Sperm Test, Diacron
International, Grosseto, Italy). The assay is based on the ability of peroxides to promote the
oxidation of Fe2+ to Fe3+; the product of peroxidation (Fe3+) binds to the thiocyanate, developing
a colored complex measured photometrically [70].

5. ROS In Vitro Fertilization (IVF) or artificial insemination

New studies are underway to find new methods for supporting longer storage of cooled animal
semen. All aerobic organisms require oxygen for life; although it is an essential element, oxygen
is responsible for ROS production. It is known that high concentrations of ROS cause sperm
pathology. Low concentrations of ROS play an important role in sperm physiology, while
higher concentrations are detrimental. A study showed the influence of ROS on capacitation
and the acrosome reaction in frozen-thawed bull spermatozoa; they concluded that ROS is
required in the capacitation process and that hydrogen peroxide may participate as an inducer
of the acrosome reaction [71, 72].

ROS act as second messengers and are involved in the sperm capacitation, acrosome reaction,
and oocyte fertilization. They regulate the increase of cyclic adenosine monophosphate
(cAMP), protein kinase A (PKA) activation, and phosphorylation of PKA substrates (arginine-
X-X-(serine/threonine) motif), phosphorylation of extracellular signal-regulated kinase (ERK)
and mitogen-activated protein kinase kinase (MEK) proteins and threonine-glutamate-
tyrosine motif, and tyrosine phosphorylation of fibrous sheath proteins [73]. When ROS
increase, the endogenous antioxidant defenses of gametes decrease and oxidative stress is
induced [74]. High concentrations of ROS induce changes in sperm cell functions, altering
fluidity and integrity of sperm membranes due to lipid peroxidation. Furthermore, ROS can
damage DNA in the sperm nucleus, deplete ATP in mitochondria, and cause loss of sperm
motility, viability, and capacity for fertilization [75]. Oxidative stress may be a cause of male
infertility and contribute to DNA fragmentation in spermatozoa. There are few studies on the
effects of antioxidant addition to extenders during cooling and/or freezing mammalian
spermatozoa. Spermatozoa are subjected to peroxidative damage due to an excess of ROS
because of the high presence of polyunsaturated fatty acids in membrane phospholipids. The
antioxidant systems control the balance between production and neutralization of ROS and
protect spermatozoa against peroxidative damage [76]. Recent studies moreover show a
physiological SOD activity in human seminal plasma [77, 78]. SOD is an important antioxidant
defense in all cells exposed to oxygen. Their use as additives in semen extenders has had
controversial effects [79, 80]. SOD is responsible for H2O2 and O2 production, by dismutation
of superoxide radicals. The addition of SOD to semen improves the quality of semen and
reduces ERK activation [81, 82]. The addition of SOD to the semen extender could prolong
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storage of stallion semen, allowing longer distance shipments and a more precise timing of
insemination, increasing the high rates of fertility. Furthermore, the antioxidant addition might
also bring benefits to spermatozoa in the female reproductive tract [83]. ROS are responsible
for the deterioration in quality of semen stored at 5°C, and the addition of SOD to the semen
extender improves the quality of cold-stored semen.

Another work evaluated the effect of SOD supplementation in ovary transport media during
4°C storage of cat ovaries at different time intervals on the occurrence of ovarian apoptosis
and on the ability to undergo in vitro oocyte development. The authors by immunohisto‐
chemical analysis, reverse transcriptase polymerase chain reaction (RT-PCR) analysis, and
viability test analysis have demonstrated that SOD supplementation in transport media of
domestic cat ovaries reduces cellular apoptosis and enhances COC survival and in vitro
embryo production (IVEP) [84].

6. Conclusion

Oxidative stress has been extensively studied for about four decades. Substantial progress has
been achieved to date from descriptive characterization of this process to delineation of
molecular mechanisms underlining adaptive responses and targeted manipulations of
expected responses. Oxygen toxicity is an inherent challenge to aerobic life, including sper‐
matozoa, the cells responsible for propagation of the species. The oxidative damage to sperm
membranes, proteins, and DNA is connected with changes in signal transduction mechanisms
that affect fertility.

Spermatozoa and oocytes possess an inherent but limited capacity to generate ROS to aid in
the fertilization process. Although a variety of defense mechanisms including antioxidant
enzymes, vitamins, and biomolecules are available, a balance of the benefits and risks from
ROS and antioxidants appears to be necessary for the survival and function of spermatozoa.

The antioxidants α-tocopherol (Vitamin A), ascorbic acid (Vitamin C), and retinoids (Vitamin
A) are all potent scavengers of reactive oxygen species. Many studies have investigated the
role of these and other antioxidants in improving sperm parameters.

The origin and the etiologies of increased ROS in males with suboptimal sperm quality are
increasingly clear, presenting many pathways for a potential therapy. However, well-designed
randomized controlled trials will be required to evaluate the potential of antioxidant systems.
Furthermore, prooxidative and antioxidative properties of therapeutics are currently receiving
more attention as part of anti-infectious therapies too.

ROS production might be beneficial or harmful for living organisms; this also applies in
spermatozoa, which require low levels of ROS to show their full capacity in fertilizing.
Conversely, oxidative stress is damaging for spermatozoa and many other cellular types; an
excess of ROS has been associated with many diseases including diabetes, cancer, atheroscle‐
rosis, and Parkinson disease.
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Oxidative stress might also be a consequence of unhealthy lifestyles such as smoking, alcohol
abuse, or exposure to chemical or electromagnetic pollution. ROS are important contributors
to the regulation of sperm function in both a positive and a negative sense. Thus, these cells
generate low levels of ROS in order to promote capacitation and the functional evolution of
sperm behaviors needed for fertilization, including hyperactivation and the presentation of
zona recognition molecules on their surface. If fertilization does not occur, the continued
generation of ROS activates the intrinsic apoptotic cascade.

Future progress in the field needs identification of the most crucial cellular targets for ROS
action as well as discovery of the underlying mechanisms and consequences of the interaction
between ROS and cellular components.

The mechanisms responsible for removing ROS and their regulation would be the second hot
topic for ongoing studies of ROS metabolism.

In recent years, it was discovered that ROS and ROS-regulated pathways are actively involved
in modification of diverse cellular processes starting from core metabolism and hormonal
signaling through to complicated processes such as fertilization and development. The latter
along with some biotechnological avenues would also extend ROS-related studies in practical
directions. Therefore, much remains to be learned about the effects of ROS on biological
systems, the adaptive strategies that overcome ROS attack, and the natural use of ROS in the
signaling and regulation of metabolism.
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Abstract

High level of ROS (Reactive Oxygen Species), due to an increased production of
oxidant species and/or a decreased efficacy of antioxidant system, can lead to
oxidative stress (OS) an emerging health risk factor involved in the aging and in many
diseases, either in humans or in animals. ROS are a double-edged sword – they serve
as key signal molecules in physiological processes, but also have a role in pathological
processes involving the female reproductive tract.

ROS affect multiple physiological processes in reproduction and fertility, from oocyte
maturation to fertilization, embryo development and pregnancy. Several studies
indicate that follicular atresia in mammalian species due to the accumulation of toxic
metabolites often results from oxidative stress. It has been suggested that ROS under
moderate concentrations play a role in signal transduction processes involved in
growth and protection from apoptosis. Conversely, increase of ROS levels is primarily
responsible for the alteration of macromolecules, such as lipids, proteins and nucleic
acids, that lead to significant damage of cell structures and thereby cause oxidative
stress. To prevent damage due to ROS, cells possess a number of non-enzymatic and
enzymatic antioxidants. Non-enzymatic antioxidants include vitamin C, glutathione
and vitamin E. Enzymatic antioxidants consist of superoxide dismutases (MnSOD and
Cu/ZnSOD) that convert superoxide into hydrogen peroxide; glutathione peroxidase
(GPX) and catalase (CAT) which neutralize hydrogen peroxide. Intracellular
homeostasis is ensured by the complex interaction between pro-oxidants and
antioxidants.

This chapter describes gathering evidence that oxidative stress is involved in ovarian
physio-pathology caused by diverse stimuli. There is strong evidence that ROS are
involved in initiation of apoptosis in antral follicles caused by several chemical and

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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physical agents, in the fluid follicular environment, influencing the folliculogenesis
and the steroidogenesis. Although less attention has been focused on the roles of ROS
in primordial and primary follicle death, several studies have shown protective effects
of antioxidants and/or evidence of oxidative damage, suggesting that ROS may play
a role in these smaller follicles as well. Oxidative damage to lipids in the oocyte has
been implicated as a cause of persistently poor oocyte quality. Developing germ cells
in the fetal ovary have also been shown to be sensitive to toxicants and ionizing
radiation, which induce oxidative stress. Recent studies have begun to elucidate the
mechanisms by which ROS mediate ovarian toxicity. It has been investigated the role
of antioxidant enzymes, such as catalase, glutathione peroxidase and the SOD
isoforms in maintaining low levels of oxidative stress.

The literature provides some evidence of oxidative stress influencing the entire
reproductive cycle. OS plays a role in multiple physiological processes from oocyte
maturation to fertilization and embryo development. An increasing number of
published studies have pointed towards increased importance of the role of OS in
female reproduction. Of course, there is much to learn about this topic, whereby it
cannot be underestimated.

Keywords: Assisted reproductive technologies (ART), reactive oxygen species, ova‐
ry functions

1. Introduction

High level of ROS (Reactive Oxygen Species), due to an increased production of oxidant species
and/or a decreased efficacy of antioxidant system, can lead to oxidative stress (OS) an emerging
health risk factor involved in the aging and in many diseases, either in humans or in animals.
ROS are a double-edged sword – they serve as key signal molecules in physiological processes,
but also have a role in pathological processes involving the female reproductive tract.

ROS affect multiple physiological processes in reproduction and fertility, from oocyte matu‐
ration to fertilization, embryo development and pregnancy. Several studies indicate that
follicular atresia in mammalian species due to the accumulation of toxic metabolites often
results from oxidative stress. It has been suggested that ROS under moderate concentrations
play a role in signal transduction processes involved in growth and protection from apoptosis.
Conversely, increase of ROS levels is primarily responsible for the alteration of macromole‐
cules, such as lipids, proteins and nucleic acids, that lead to significant damage of cell structures
and thereby cause oxidative stress. To prevent damage due to ROS, cells possess a number of
non-enzymatic and enzymatic antioxidants. Non-enzymatic antioxidant include vitamin C,
glutathione and vitamin E. Enzymatic antioxidants consist of superoxide dismutases (MnSOD
and Cu/ZnSOD) that convert superoxide into hydrogen peroxide; glutathione peroxidase
(GPX) and catalase (CAT) which neutralize hydrogen peroxide. Intracellular homeostasis is
ensured by the complex interaction between pro-oxidants and antioxidants.
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This chapter describes gathering evidence that oxidative stress is involved in ovarian physio-
pathology caused by diverse stimuli. There is strong evidence that ROS are involved in
initiation of apoptosis in antral follicles caused by several chemical and physical agents, in the
fluid follicular environment, influencing the folliculogenesis and the steroidogenesis. Al‐
though less attention has been focused on the roles of ROS in primordial and primary follicle
death, several studies have shown protective effects of antioxidants and/or evidence of
oxidative damage, suggesting that ROS may play a role in these smaller follicles as well.
Oxidative damage to lipids in the oocyte has been implicated as a cause of persistently poor
oocyte quality. Developing germ cells in the fetal ovary have also been shown to be sensitive
to toxicants and ionizing radiation, which induce oxidative stress. Recent studies have begun
to elucidate the mechanisms by which ROS mediate ovarian toxicity. It has been investigated
the role of antioxidant enzymes, such as catalase, glutathione peroxidase and the SOD isoforms
in maintaining low levels of oxidative stress.

The literature provides some evidence of oxidative stress influencing the entire reproductive
cycle. OS plays a role in multiple physiological processes from oocyte maturation to fertiliza‐
tion and embryo development. An increasing number of published studies have pointed
towards increased importance of the role of OS in female reproduction. Of course, there is
much to learn about this topic, whereby it cannot be underestimated.

2. Follicular development and ovary functions

The study of folliculogenesis and factors involved in its function is important in order to
develop techniques able to increase the effectiveness of therapies or biotechniques included in
assisted reproductive technologies (ART).

The follicle and oocyte development in mammals starts in fetal life. Briefly the primordial
germinal cells undergo to mitosis until the ovogonias formed become primary oocytes. The
meiotic development starts and at the birth the progression stops to the diplotene phase of the
first meiotic division [1]. It will continue at the puberty. During the period of meiosis inter‐
ruption the chromosomes become relaxed and nuclear structure so formed is named germinal
vescicle (GV). At the puberty the GV disappears, the chromatin is recondensed, the pairs of
homologous chromosomes are separated and half of them are expelled forming the first polar
body. At this point the meiosis is interrupted again (metaphase II - MII). In this moment the
oocyte is mature and fertile [2-4]. Luteinizing hormone (LH) is responsible of resumption of
meiosis [5, 6]. The oocytes included in primordial follicles form a finite stock which leave this
stage just when they are stimulated [7]. However, it was found that young adult rats have
mitotic activity in germinative cells in order to maintain the follicular pool. The mechanisms
involved in growing are not yet known [8].

During folliculogenesis the ovarian steroids, estradiol (E2) and progesterone (P), and the
peptide hormone, inhibin, are synthesized in the granulosa cells and theca cells. These
hormones feed back to regulate the synthesis and secretion of GnRH, LH, and FSH. The
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majority of ovarian follicles do not ovulate, but undergo an apoptotic process of degeneration
called atresia at the small antral follicle stage [9].

Growth of the antral follicles, in most cases, can be divided into two phases. In the first phase,
characterized by slow growth stage, early growth of follicles can be attributed to an increase
in the number of granulose cells and therefore an increase in the surface of the granulose layer
[10]; this stage is critical for the development of oocyte capacity, in which it reaches the final
size and competence [11, 12]. In the second phase, characterized by fast growth, in follicles
larger than 2-5 mm, follicular growth appears to result from antrum development rather than
an increase of the number of granulosa cells. This exponential increase in the antrum surface
extends up to a possible ovulation of this follicle [13]. Modest are the information about the
endocrine dependence or influence on the growth of small antral follicles. Several were the
experiments performed to determine which hormone(s) is involved in this process. In cows,
the immunization of GnRH, hence inactivation of the hormone, demonstrated that the first
stage of the antral follicular growth can occur in an environment characterized by basal levels
of follicle stimulation hormone (FSH) and without luteinizing hormone (LH) pulses [14-16]. It
has not been demonstrated how the growth of small antral follicles is possible under basal
levels of FSH. In mice the follicular wall is not responsive to FSH up to follicles develop from
pre-antral stage to small antral follicles [17]. In any case, the second phase is absolutely under
FSH control and adequate pulse of LH [18]. Stimulation of preovulatory follicle development
in rodents via injection of equine chorionic gonadotropin (eCG, also called pregnant mare’s
serum gonadotropin), which has FSH and LH receptor-binding activity, followed 46–48 h later
by an ovulatory dose of human chorionic gonadotropin (hCG), which has only LH receptor-
binding activity, is commonly used in experiments assessing the effects of gonadotropin
hormones on ovarian gene expression and other endpoints and for generating preovulatory
follicles or ovulated oocytes for other studies [19].

In mammalian species, the main function of the corpus luteum (CL) is the synthesis of
progesterone which is required for the establishment of a uterine environment suitable for the
development of peri-implantation conceptus (embryo and associated extra-embryonic
membranes) and the successful progression and maintenance of pregnancy [20]. Progesterone
acts on the endometrium to regulate the synthesis of growth factors, cytokines, transport and
adhesion proteins, protease inhibitors, hormones and enzymes which are primary regulators
of conceptus implantation, survival and development [21]. Thus, compromised CL proges‐
terone production Although the mechanisms of CL rescue from cell death and maintenance
of progesterone production are very complex and vary among mammalian species [22], there
is substantial evidence that reactive oxygen species (ROS) are key factors in determining the
CL lifespan [23] and that antioxidants play significant roles in CL physiology during the
oestrous/menstrual cycle [24-27]. Luteal ROS production and propagation depends upon
several regulating factors, including luteal antioxidants, steroid hormones and cytokines, and
their crosstalk. However, it is unknown which of these factors have the greatest contribution
to CL function. In addition, the sequence of events leading to the functional and structural
luteal regression at the end of the oestrous/menstrual cycle is still not clear. The scarce in-vivo
reports studying the CL of rats [29], women [28] and sheep [28, 29] have shown the importance
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of antioxidant enzymes in the control of CL function during the peri-implantation period. As
a luteal phase defect can impact fertility by preventing implantation and early conceptus
development in livestock and humans, this review attempts to address the importance of ROS-
scavenging antioxidant enzymes in the control of mammalian CL function and integrity [30].

3. Reactive Oxygen Species (ROS): Chemical and Oxidative Stress (OS)

Free radicals are believed to play an important role in regulating the metabolic activity and
functioning of some organs. There is a complex interaction of the pro-oxidants (free radicals)
and antioxidants, resulting in the maintenance of the intracellular homeostasis. Whenever
there is an imbalance between the pro-oxidants and antioxidants, favorable to free radicals, a
state of oxidative stress (OS) is initiated. It is an emerging health risk factor involved in the
aging and in many diseases, either in humans or in animals. Under normal conditions, paired
electrons create stable bonds in biomolecules. A free radical is defined as any species capable
of independent existence that contains one or more unpaired electrons in the outer orbit,
independently upon the expressed electric charge. Depending on the distribution of the charge
(electron cloud) and/or of its redox potential, free radicals have a more or less marked
reactivity, linked to the spontaneous tendency to exist as entities having all the electrons
arranged in pairs. This state corresponds to the chemical stability. The radicals are not equally
reactive, in general the increase of charge and volume ratio of free radicals is directly propor‐
tional to their reactivity, therefore, they will tend to reach their own stability stripping electrons
to any chemical species with which they are in contact and oxidize them [31].

Free radicals are classified on the basis the nature of the atom to which it belongs the orbital
with the unpaired electron. There are, therefore, free radicals centered on oxygen, carbon,
nitrogen, or chlorine, and so on. The present chapter, however, will reference mainly to free
radicals centered on the oxygen, known more simply as oxygen free radicals. The latter, in fact,
besides being one of quantitatively the most important elements of living matter, as well as
the primary source of life itself, through a variety of mechanisms – not last the same cellular
respiration – induces continuously the formation of chemical species with reactivity charac‐
teristics.

The oxygen free radicals are included into more large family of reactive oxygen species (ROS).
This term indicates a class of reactive chemical species derived from oxygen, not necessarily
radical, all united by more or less marked tendency to oxidize various organic substrates
(carbohydrates, lipids, amino acids, proteins, nucleotides, etc.). Classic examples of radical
origin of ROS are singlet oxygen and hydroxyl radical. The ozone and hydrogen peroxide,
however, are not radical reactive oxygen species.

In living organisms, ROS are generated during normal cellular metabolic activity; some
exogenous agents, however, can increase production, even with direct mechanism. It is
possible to identify at least five sources of primary metabolic free radicals, in relation to the
cellular site mainly interested in the production of ROS: the plasma membrane, mitochondria,
peroxisomes, the smooth endoplasmic reticulum (microsomes) and the cytosol. In each of these
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locations ROS are produced either spontaneously or as a result of reactions catalyzed by
enzymes or by transition metals (eg. iron or copper) [31].

The free radicals can be generated by different mechanisms and, once formed, generally give
rise to a series of chain reactions, in the course of which the radicalic site can be transferred or
inactivated [31, 32].

Free radicals are mainly generated by homolytic cleavage or interaction with the transition
metals. The term homolytic cleavage refers to the division of the covalent bond of a molecule
as effect of the administration energy (thermal or radiant), with generation of two new
chemical species, each one with an unpaired electron, distinctive element of free radicals. A
classic example of homolytic cleavage is the radiolysis or photolysis of water that generates
an atom of hydrogen and a hydroxyl radical. This chemical reaction is different from the
ionization observed, for example, after dissolved in water molecules having at least one
covalent bond polarized (eg. HCl). In this case, the water molecules, because of their polarity
and without any administration of energy, are able to crack one of the polarized covalent bonds
of the molecule solute generating two chemical species loaded of opposite sign, a cation and
an anion (H+ and Cl-, respectively, in the example considered). The ionization, unlike the
homolytic cleavage, the doublet electronic binding of the original molecule is not separated
but remains in one of the new ionic species (anion) [33].

In the interaction with the transition metals, the electron generated by oxidation of a metal
transition in ionic form (eg. from Fe2+ to Fe3+ or Cu+ to Cu2+) breaks a covalent bond to a target
molecule generating a radical free and an anion. Alternatively, the electron required for
reducing a transition metal in ionic form (eg. from Fe3+ to Fe2+ or Cu2+ to Cu+) is extracted from
the covalent binding of a target molecule, which is decomposed into a free radical and a cation.
Through this mechanism, for example, iron (Fe2+/Fe3+) or copper (Cu+/Cu2+) act as catalysts in
a sequence of redox reactions generating alkoxy radicals (RO*) and peroxyl (R-O-O*) from
peroxides (R-O-O-R). In the simplest case - described for the first time by Fenton - one ferrous
ion (Fe2+), oxidizes to ferric ion (Fe2+), transfers its electron to a molecule of hydrogen peroxide
(H2O2) and it breaks one of covalent bonds, generating a free radical (the hydroxyl radical,
HO*) and an anion (hydroxyl ion). In turn, the ferric ion (Fe3+) is reduced - regenerating as any
catalyst – to ferrous ion (Fe2+), ripping an electron from a second molecule of hydrogen
peroxide, which is split into a free radical (radical perhydroxyl (HOO*), and a cation (a
hydrogen ion, H+). Similarly, the hydroperoxides are split, for catalytic action of the iron, in
the radical alkoxyl (RO*) and peroxyl (ROO*). In the absence of catalysts, the split of peroxides
- which gives rise to a single species radical, the alkoxy - can take place only with energy
consumption. A method of great biological relevance that gives rise to the formation of free
radicals, includes the decomposition of nitrocompounds. In fact, alkyl radicals originate
following the removal of molecular nitrogen (N2) [31].

Once a radical reaction is triggered, it tends to propagate chain. There are four basic mecha‐
nisms of propagation of radical reactions: transfer, addition, fragmentation and rearrange‐
ment. The most common among these is the transfer. In this mode, the free radical - generated
by one of previous reactions - attacks a molecule subtracting to it one of its atoms (generally a
hydrogen atom). The result is the formation of a new reactive species and, in practice, radical
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- which gives rise to a single species radical, the alkoxy - can take place only with energy
consumption. A method of great biological relevance that gives rise to the formation of free
radicals, includes the decomposition of nitrocompounds. In fact, alkyl radicals originate
following the removal of molecular nitrogen (N2) [31].

Once a radical reaction is triggered, it tends to propagate chain. There are four basic mecha‐
nisms of propagation of radical reactions: transfer, addition, fragmentation and rearrange‐
ment. The most common among these is the transfer. In this mode, the free radical - generated
by one of previous reactions - attacks a molecule subtracting to it one of its atoms (generally a
hydrogen atom). The result is the formation of a new reactive species and, in practice, radical
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site has been transferred. With this mechanism, for example, the hydroxyl radical (HO*),
attacking an organic molecule (R-H), rips to this one atom of hydrogen and generates, with a
molecule of water (H2O), an alkyl radical (R*). With this mechanism, the radical site is
transferred from the hydroxyl radical to the alkyl one.

Finally, a radical reaction chain may stop (term) by two mechanisms: combination or dispro‐
portion. In particular, in the combination, which is the homolytic cleavage of the reverse
reaction, two radicals react with each other giving rise to a molecule not more reactive. The
first radical acts as the oxidant, while the second acts as a generic antioxidant. This mechanism
is exploited to block a radical reaction, and in general, any radical process chain can be
interrupted by the intervention of agents called, generically, antioxidants.

In living organisms ROS are generated during normal cellular metabolic activity; some
exogenous agents, however, may increase production, even with direct mechanism (figure 1).

As mentioned above, it is possible to identify at least 5 of primary metabolic free radical
sources, in relation to cellular site: the plasma membrane, the mitochondria, peroxisomes,
smooth endoplasmic reticulum (microsomes) and the cytosol (figure 2).

Figure 1. General mechanism of ROS production.

Figure 2. Primary source of ROS cell production
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The plasma membrane is one of the most important sources of ROS, particularly (but not
exclusively) in polymorphonuclear leukocytes (PMNs). In fact, in the plasma membrane of
PMNs are located several enzymes, such as the NADPH oxidase and lipoxygenase, whose
activation is accompanied by the production, respectively, of superoxide anion and metabolic
intermediates with chemical characteristics of peroxides. The NADPH oxidase is an enzyme
that catalyzes the formation of superoxide anion by NADPH (H+) and molecular oxygen, after
specific stimulation of PMNs, due, for example, to endotoxins, bacteria, or antibodies).

The reaction is made possible by the increased availability of NADPH (H+), for the increased
oxidation of glucose through the shunt of hexoses, and of molecular oxygen, under the so-
called "respiratory burst". The system of lipoxygenase, localized also at the level of the plasma
membrane, includes three enzymes, the 5-, 12-, and 15- lipoxygenase, which catalyze the
formation, from arachidonic acid, of 5-, 12-, and 15-HPETE (hydroperoxyeicosatetraenoic
acid), respectively. These substances are chemically hydroperoxides acids, theybelong to a
group of ROS named ROM (reactive oxygen metabolites, ie metabolites or derived reactive
oxygen). The production of ROS at the level of PMNs plasma membrane for activation NADPH
oxidase and/or lipoxygenase, takes place, typically, in the course of reactive processes (eg.
infections, immunoreactions pathogenic, inflammation) [31].

The mitochondria are the primary metabolic source of ROS because the enzyme complexes of
respiratory chain are localized on their crests and are involved in oxidative phosphorylation.
Ideally, the transfer of electrons from reduced NAD to cytochrome C and from the latter to
oxygen should end with the production of H2O, once synthesized ATP, (reduction tetravalent
of molecular oxygen). However, already in normal conditions, this process is not perfect so,
for not easily controllable reasons, a certain amount of electrons (1-2%) escapes the system
transport of various coenzymes (eg. ubiquinone, flavoproteins, cytochromes, etc.) and reacts
directly with molecular oxygen, generating, thus, superoxide anion and/or hydrogen peroxide
(reduction uni- and bivalent molecular oxygen). In fact, this process, during a intense exercise
in skeletal muscle, this electronic shunt can reach 15% of the oxygen used by mitochondria
due to the intense stimulation of cellular metabolism. The phenomenon of the reduction in one
or bivalent molecular oxygen takes place, in the mitochondria, without the intervention of
enzymes, as opposed to what is observed in other cell locations. In other words, from a purely
chemical point of view, the production of free radicals during oxidative phosphorylation is
not just a mode of enzymatic production of reactive species. In fact, as it has just been men‐
tioned, the generation of free radicals in living organisms is closely related to vital phenomena
and, therefore, constitutes a "physiological" phenomenon that takes place continuously in the
course of redox reactions through both enzymatic and non-enzymatic mechanisms. It should
be stressed that, in addition to mitochondria, there are other sources of non-enzymatic free
radicals in cells. For example, peroxynitrite spontaneously generates hydroxyl and nitroxide
radicals. However, the most important non-enzymatic reactions from a biological standpoint
for the production of free radicals are those catalyzed by transition metals. In these reactions,
which generally require iron or copper in the reduced state (respectively Fe2+ and Cu+),
hydrogen peroxide is split into hydroxyl radical and hydroxyl ion for incorporation of the
electron ripped to transition metal, which is released in the oxidized form (Fe3+ and Cu2+,

New Discoveries in Embryology48



The plasma membrane is one of the most important sources of ROS, particularly (but not
exclusively) in polymorphonuclear leukocytes (PMNs). In fact, in the plasma membrane of
PMNs are located several enzymes, such as the NADPH oxidase and lipoxygenase, whose
activation is accompanied by the production, respectively, of superoxide anion and metabolic
intermediates with chemical characteristics of peroxides. The NADPH oxidase is an enzyme
that catalyzes the formation of superoxide anion by NADPH (H+) and molecular oxygen, after
specific stimulation of PMNs, due, for example, to endotoxins, bacteria, or antibodies).

The reaction is made possible by the increased availability of NADPH (H+), for the increased
oxidation of glucose through the shunt of hexoses, and of molecular oxygen, under the so-
called "respiratory burst". The system of lipoxygenase, localized also at the level of the plasma
membrane, includes three enzymes, the 5-, 12-, and 15- lipoxygenase, which catalyze the
formation, from arachidonic acid, of 5-, 12-, and 15-HPETE (hydroperoxyeicosatetraenoic
acid), respectively. These substances are chemically hydroperoxides acids, theybelong to a
group of ROS named ROM (reactive oxygen metabolites, ie metabolites or derived reactive
oxygen). The production of ROS at the level of PMNs plasma membrane for activation NADPH
oxidase and/or lipoxygenase, takes place, typically, in the course of reactive processes (eg.
infections, immunoreactions pathogenic, inflammation) [31].

The mitochondria are the primary metabolic source of ROS because the enzyme complexes of
respiratory chain are localized on their crests and are involved in oxidative phosphorylation.
Ideally, the transfer of electrons from reduced NAD to cytochrome C and from the latter to
oxygen should end with the production of H2O, once synthesized ATP, (reduction tetravalent
of molecular oxygen). However, already in normal conditions, this process is not perfect so,
for not easily controllable reasons, a certain amount of electrons (1-2%) escapes the system
transport of various coenzymes (eg. ubiquinone, flavoproteins, cytochromes, etc.) and reacts
directly with molecular oxygen, generating, thus, superoxide anion and/or hydrogen peroxide
(reduction uni- and bivalent molecular oxygen). In fact, this process, during a intense exercise
in skeletal muscle, this electronic shunt can reach 15% of the oxygen used by mitochondria
due to the intense stimulation of cellular metabolism. The phenomenon of the reduction in one
or bivalent molecular oxygen takes place, in the mitochondria, without the intervention of
enzymes, as opposed to what is observed in other cell locations. In other words, from a purely
chemical point of view, the production of free radicals during oxidative phosphorylation is
not just a mode of enzymatic production of reactive species. In fact, as it has just been men‐
tioned, the generation of free radicals in living organisms is closely related to vital phenomena
and, therefore, constitutes a "physiological" phenomenon that takes place continuously in the
course of redox reactions through both enzymatic and non-enzymatic mechanisms. It should
be stressed that, in addition to mitochondria, there are other sources of non-enzymatic free
radicals in cells. For example, peroxynitrite spontaneously generates hydroxyl and nitroxide
radicals. However, the most important non-enzymatic reactions from a biological standpoint
for the production of free radicals are those catalyzed by transition metals. In these reactions,
which generally require iron or copper in the reduced state (respectively Fe2+ and Cu+),
hydrogen peroxide is split into hydroxyl radical and hydroxyl ion for incorporation of the
electron ripped to transition metal, which is released in the oxidized form (Fe3+ and Cu2+,

New Discoveries in Embryology48

respectively), according to the mechanism discussed above of the interaction with transition
metals. Hydroperoxides undergo a similar reaction, which generate the alkoxy radical. The
enzymes that regenerate the transition metals in the reduced state constitute a complex
indicated with MCO (metal-catalyzed oxidation systems). They include xanthine oxidase,
NADPH and NADH oxidase, nicotinic acid hydroxylase, the cytochrome P450 system, the
NADH reductase (with coenzyme quinone), the succinic-reductase (with coenzyme quinone)
and an amount of iron-sulfur proteins non-heme. The quinones and reduced flavin prosthetic
groups generated by these enzymes in their turn reduce the transition metals, resulting in the
direct reduction of molecular oxygen to hydroxyl radical and/or peroxide hydrogen (through
the mediation or not of superoxide anion).

In addition to the plasma membrane and mitochondria, peroxisomes also represent an
important source of ROS. In these cell organelles, in fact, a particular process of fatty acid
oxidation takes place, which is different from the conventional way (beta-oxidation). In the
first stage of this sequence of reactions, a flavoprotein extracts a pair of hydrogen atoms from
one molecule of activated fatty acid (acyl-CoA) by transferring it directly to molecular oxygen,
with the formation of hydrogen peroxide (subsequently inactivated by catalase).

In the endoplasmic reticulum (microsomes) production of reactive species passes through the
cytochrome P450. The latter plays a major role in detoxification processes. The cytochrome
P450 acts as immediate donor of electrons in many reactions of hydroxylation, particularly
those that take place within the hepatocytes and that are aimed to inactivation of hormones
(eg. steroid) and not physiological compounds (xenobiotics, such as toxic and hydrophobic
drugs which are thereby made more soluble and less toxic). The P450 is a heme iron protein
localized not only in the endoplasmic reticulum of the liver but also in the mitochondria of the
adrenal cortex that, in a process very complex and not yet fully clarified, acts as connection
between NADPH (H+) (electron donor) and the substrate that should be hydroxyled. In this
complex reaction, a substrate able to be hydroxylated (SH) reacts with NADPH (H+) and
molecular oxygen (O2) to form the corresponding hydroxylated derivative (S-OH), plus NADP
+ and water. A production of free radicals in the cell also occurs in the course of many other
biochemical reactions, such as during oxidation of hypoxanthine to xanthine and xanthine to
uric acid, which mark the final phase of the catabolism of purine nucleotides. Both of these
reactions are catalyzed by xanthine dehydrogenase, a molybdenum enzyme. Under special
conditions, such as during the so-called ischemia-reperfusion, xanthine dehydrogenase is
converted to xanthine oxidase (probably for proteolytic cleavage calcium-dependent). The
latter, using as a final electron acceptor the oxygen, generates hydrogen peroxide and super‐
oxide anion, starting, respectively, from hypoxanthine and xanthine.

Other reactions that generate free radicals are described in the synthesis of catecholamines.

From the above, it is clear that ROS represent intermediate obligated cellular metabolism. And
since their production is closely linked to the vital phenomena, they have been called "irre‐
placeable companions" of our existence.

It appears evident that in each cell site, the production of reactive species has its own specific
function. In fact, it has been recognized that ROS play an important role "in the service of life"
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because they are not only involved in cell metabolism but also in the "reactive processes" such
as infection and inflammation. Actually, the superoxide anion and other ROS are generated
on the outer surface of the plasma membrane of activated leukocytes. These reactive species
attack extraneous components such as bacteria, weakening the wall and making them more
readily accessible to phagocytosis and, ultimately, to their destruction. These "immunological"
activities are expressed not only in respect of extraneous components but also against "self"
components, such as tissues or transplanted organs (rejection reaction). This strategy is also
used in the course of healing of organs or tissues subject to trauma. In fact, the leukocytes
migrate to the injured, are activated and begin bombing damaged cells with free radicals, that
accelerate their destruction, remove lysis products, and promote the recovery (regeneration).
The production of free radicals by the cells may sometimes undergo a considerable increase
depending on external stimuli. In fact, physical, chemical and biological agents, alone or in
combination, may also induce the generation of ROS or increase the "physiological" production
through a specific metabolic stimulation. Ionizing and UV radiation are reported to be physical
agents. Both these sources of energy can induce the phenomenon of homolytic cleavage of
water, also called radiolysis or photolysis, depending on the type of radiation involved.

In this reaction, the water molecule absorbs energy and uses it to break one of its two covalent
bonds with the hydrogen: the products will be two free radicals, the hydroxyl radical and the
hydrogen atom. Considering that a living organism is made up primarily of water and he
spends most of his life under the influence of radiation (UV or ionizing they are) it is clear how
this phenomenon affects substantially the production of free radicals.

As chemical agent, capable of stimulating the production of free radicals, ozone (ROS) is to be
quoted. It directly generates peroxyl radicals by interaction with phenolic compounds. The
two cases considered so far (radiation and ozone) are examples of direct production of reactive
species. Other chemical agents, however, such as polycyclic aromatic hydrocarbons, or certain
drugs, induce increased production of free radicals through an indirect mechanism, activating
the cytochrome P450 microsomal level. Biological agents that typically lead to increased
production of ROS for metabolic activation are bacteria, as part of the physiological process of
defense against infection, and certain antibodies, as part of some reactions immune-pathogen.
In these cases, as mentioned with regard to the plasma membrane, the PMNs are directly
implicate. They, in fact, possess NADPH oxidase and a series of enzymes directly involved in
the production and, in part, inactivation of reactive chemical species, such as superoxide
dismutase (SOD), myeloperoxidase (MPx), catalase (CAT) and glutathione peroxidase (GPx).

SOD catalyzes the conversion of superoxide anion into hydrogen peroxide which, in turn, can
be inactivated to water by CAT or GPx. However, the availability of chlorides - even at
physiological concentrations - makes the hydrogen peroxide a substrate for MPx. The end
result is the production of a highly oxidising agent, the hypochlorous acid (HClO). The HClO
can attack numerous organic substrates and, in particular, amino acids and proteins, to
produce chloramines, a potential source of alkoxyl and peroxyl radicals. Finally, an increase
in free radical production may be observed in "physiological " situations, such as after an
intense muscular effort or in the course of many diseases. In the latter case, often, it is not clear
how far the ROS are the cause or the effect of a certain pathology [31].
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4. The antioxidant defense system

ROS are chemical species potentially detrimental. For this reason, living organisms have
developed over millennia of evolution a complex antioxidant defense system, consisting of a
set of enzymes, vitamins, trace elements and other vitamin-like substances. These antioxidants
may be classified according to different criteria: on the basis of the origin, in endogenous and
exogenous, on the basis of the chemical nature, in the enzymatic and non-enzymatic, and on
the basis of the solubility in fat-soluble and water-soluble. On the basis, however, of the
mechanism of action prevalent, physiological antioxidants can be easily assembled into four
main groups: preventive antioxidants, scavenger, shelter agents and adaptation agents [34].

Preventive antioxidants are agents that, through various mechanisms, such as the chelation of
transition metals, prevent the formation of reactive species.

The scavengers act through different mechanisms. They may be of hydrophilic nature
(albumin, urate, ascorbate, urate) or lipophilic (carotenoids, vitamin E, ubiquinol). According
to some researchers, the scavenger should be distinguished from antioxidants proper. In fact,
while the scavenger (eg. A-tocopherol) are agents that reduce the concentration of free radicals
removing them from the medium in which they are located, antioxidants (eg. Diphenylamine)
are agents that inhibit the auto-oxidation process, e.g. the fat rancidity. This phenomenon, well
known in food science, is called auto-oxidation since it occurs through a sequence of autoca‐
talytic radical reactions in the presence of oxygen. Alternatively, you can use the term
peroxidation, as the same process generates intermediates with characteristics of peroxides (R-
O-OR).

Through this process some dietary fat rancid and cellular membranes of living organisms are
oxidized.

Shelter agents include only enzymes involved after the damage from reactive species has been
established. Their action - often sequential - provides first the identification of the molecular
segment oxidized, then the separation of the fragment unusable and, finally, the synthesis and
the insertion of a new segment in substitution of the damaged one. The category of shelter
antioxidants includes hydrolases (glycosidases, lipases, proteases), and the transferase and
polymerases, all essential for the repair of free radical damage of important molecules or
cellular structures (eg. DNA, membranes, etc.).

Finally, the agents of adaptation include all substances or techniques or procedures through
which it is possible to strengthen the physiological antioxidant system of an organism. For
example, a proper physical exercise or the adoption of a proper and balanced diet are measures
by itself able to check the oxidative metabolism by reducing the production of reactive species,
and induction of enzymes with antioxidant activity.

The antioxidant defense system is regularly distributed in the body, both at the extracellular
and intracellular levels.

In plasma, the set of substances potentially able to give equivalent reducing (hydrogen atoms
or single electrons) so as to meet "the greed of electrons" that makes free radical constitutes
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unstable is the so-called barrier antioxidant. In the plasma, all protein and, in particular,
albumin, bilirubin, uric acid, cholesterol, and various exogenous antioxidants introduced with
food or in the form of dietary supplements (ascorbate, tocopherol, polyphenols etc.) are part
of it. The thiol groups (-SH), commonly found in the cysteine side chain, play a role of particular
importance in the context of this barrier. In addition, thiol groups, are the most chemically
reactive sites on proteins, such as albumin, and have strong reducing properties [35, 36].

Inside the cells, the antioxidant system of cell defense has its precise compartmentalization
(figure 3). The antioxidant system includes some enzymes (glutathione, superoxide dismutase,
catalase) and a series of substances taken from outside (vitamins and substances similar to
antioxidant activity, such as polyphenols, trace elements etc.). Some of these agents are fat-
soluble (eg. tocopherols) and, entering the team of biomembranes, constitute the first line of
defense against the attack of free radicals. Others, however, are water soluble (eg. ascorbate)
and intervene especially in the context of soluble matrix of the cytoplasm and cellular organ‐
elles.

Figure 3. Compartmentalization of antioxidant system

Glutathione (GSH) is a tripeptide (L-g-glutamyl-L-cysteinyl-glycine, with multiple biological
functions and that has been found in all mammalian cells [37-39]. Its biological activity is
primarily related to the active thiol group of the cysteine residue [40]. The reduced and
oxidized forms of glutathione (GSH and GSSG) act in concert with other redox-active com‐
pounds (e.g., NAD(P)H) to regulate and maintain cellular redox status. It is an abundant low-
molecular-mass thiol antioxidant, which either interacts directly with reactive oxygen and
nitrogen species (ROS and RNS, respectively) or serves as a cofactor for many antioxidant and
associated enzymes such as peroxidases and transferases [41]. The chemical structure of GSH
determines its potential functions and its broad distribution among all living organisms reflects
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its important biological role Probably most importantly, GSH is responsible for protection
against ROS and RNS, and detoxification of endogenous and exogenous toxins of an electro‐
philic nature. Depletion of GSH results in DNA damage and increased H2O2 concentrations;
as such, GSH is an essential antioxidant. During the reduction of H2O2 to H2O and O2, GSH is
oxidized to GSSG by glutathione peroxidase (GPx). Glutathione reductase participates in the
reverse reaction, and utilizes the transfer of a donor proton from NADPH to GSSG, thus,
recycling GSH [42]. Vitamin E (α-tocopherol) protects GPx4-deficient cells from cell death. In
addition, glutathione is (1) a storage form of cysteine in the cells and for interorgan transfer;
(2) a storage form and transporter of nitric oxide (as GSNO); (3) involved in the metabolism
of estrogens, leukotrienes, and prostaglandins, reduction of ribonucleotides to deoxyribonu‐
cleotides, and maturation of iron–sulfur clusters of proteins; (4) involved in the regulation of
certain transcription factors from the environment to cellular transcription machinery; (5)
involved in the detoxification of many endogenous compounds and xenobiotics (the mercap‐
turate pathway); and (6) copper and iron transfer. Glutathione also can be used even for the
detoxification of ions of transition metals such as chromium [43, 44].

Five isoforms of glutathione peroxidase exist in the body: GPx1, GPx2, GPx3, GPx4, and GPx5.
GPx1 is the cytosolic isoform that is widely distributed in tissues, while GPx2 encodes a
gastrointestinal form with no specific function; GPx3 is present in plasma and epididymal
fluid. GPx 4 specifically detoxifies phospholipid hydroperoxide within biological membranes.
Free glutathione exists in vivo mostly as two forms, reduced (GSH) and oxidized (glutathione
disulfide; GSSG). GPx5 is found in the epididymis [39].

Superoxide dismutase (SOD): Other enzymes directly detoxify ROS. SOD reacts with super‐
oxide anion radicals to form oxygen and H2O2. The enzyme SOD exists as three isoenzymes:
SOD 1, SOD 2, and SOD 3. SOD 1 contains Cu and zinc (Zn) (Cu, Zn-SOD) as metal co-factors
and is located in the cytosol. SOD 2 (Mn-SOD) is a mitochondrial isoform containing manga‐
nese (Mn), and SOD 3 encodes the extracellular form (ECSOD). SOD 3 is structurally similar
to Cu, Zn-SOD, as it contains Cu and Zn as cofactors [45, 46].

Catalase (CAT) is a heme-containing homotetrameric protein. CAT can decompose hydrogen
peroxide (H2O2) in reactions catalyzed by two different modes of enzymatic activity: the
catalatic mode of activity (2H2O2 →  O2 + 2H2O) and the peroxidatic mode of activity (H2O2 +
AH2 →  A + 2H2O). Although several substrates such as methanol and ethanol can be oxidized
by the peroxidation reaction, the physiological significance of this catalase function is not
understood. Decomposition of H2O2 by the catalatic activity of catalase follows the fashion of
a first-order reaction, and its rate is dependent on the concentration of H2O2. In fact, catalase
belongs to the group of enzymes that catalyze reactions at a rate near kinetic perfection; the
reaction rate is only limited by the rate at which the enzyme collides with the substrate.
Catalase is ubiquitously present in all prokaryotes and eukaryotes. With the exception of
erythrocytes, it is predominantly located in peroxisomes of all types of mammalian cells where
H2O2 is generated by various oxidases. However, a certain amount of catalase has also been
found in mitochondria of rat heart. Since H2O2 serves as a substrate for Fenton reaction to
generate the highly reactive hydroxyl radical, catalase is believed to play a role in cellular
antioxidant defense mechanisms by limiting the accumulation of H2O2 [47-49].
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The non-enzymatic antioxidants consist of dietary supplements and synthetic antioxidants
such as vitamin C, GSH, taurine, hypotaurine, vitamin E, Zn, selenium (Se), betacarotene, and
carotene [41]. Vitamin C (ascorbic acid) is a known redox catalyst that can reduce and neu‐
tralize ROS. Its reduced form is maintained through reactions with GSH and can be catalyzed
by protein disulfide isomerase and glutaredoxins. Glutathione is a peptide found in most forms
of aerobic life as it is made in the cytosol from cysteine, glutamate, and glycine [42]; it is also
the major nonenzymatic antioxidant found in oocytes and embryos. Its antioxidant properties
stem from the thiol group of its cysteine component, which is a reducing agent that allows it
to be reversibly oxidized and reduced to its stable form [42]. Levels of GSH are regulated by
its formation de-novo, which is catalyzed by the enzymes gamma-GCS and glutathione
synthetase [4, 11]. Glutathione participates in reactions, including the formation of glutathione
disulfide, which is transformed back to GSH by glutathione reductase at the expense of
NADPH [17].

Cysteine and cysteamine (CSH) increase the GSH content of the oocyte. Cysteamine also acts
as a scavenger and is an antioxidant essential for the maintenance ofhigh GSH levels. Fur‐
thermore, CSH can be converted to another antioxidant, hypotaurine [43, 44].

The concentrations of many amino acids, including taurine, fluctuate considerably during
folliculogenesis. Taurine and hypotaurine are scavengers that help maintain redox homeosta‐
sis in gametes. Both neutralize lipid peroxidation products, and hypotaurine further neutral‐
izes hydroxyl radicals [44].

Like GSH, the Thioredoxin (Trx) system regulates gene functions and coordinates various
enzyme activities. It detoxifies H2O2 and converts it to its reduced state via Trx reductase [45].
Normally, Trx is bound to apoptosis-regulating signal kinase (ASK) 1, rendering it inactive.
However, when the thiol group of Trx is oxidized by the SO anion, ASK1 detaches from Trx
and becomes active leading to enhanced apoptosis. ASK1 can also be activated by exposure to
H2O2 or hypoxiareoxygenation, and inhibited by vitamins C and E. The Trx system also plays
a role in female reproduction and fetal development by being involved in cell growth,
differentiation, and death. Incorrect protein folding and formation of disulfide bonds can occur
through H+ ion release from the thiol group of cysteine, leading to disordered protein function,
aggregation, and apoptosis [2].

Vitamin E (α-tocopherol) is a lipid soluble vitamin with antioxidant activity. It consists of eight
tocopherols and tocotrienols. It plays a major role in antioxidant activities because it reacts
with lipid radicals produced during lipid peroxidation [42]. This reaction produces oxidized
α-tocopheroxyl radicals that can be transformed back to the active reduced form by reacting
with other antioxidants like ascorbate, retinol, or ubiquinol.

The hormone melatonin is an antioxidant that, unlike vitamins C and E and GSH, is produced
by the human body. In contrast to other antioxidants, however, melatonin cannot undergo
redox cycling; once it is oxidized, melatonin is unable to return to its reduced state because it
forms stable end-products after the reaction occurs (see below for functions).
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5. Commonly used markers of ROS-induced modification of cellular
components

It seems that despite their high chemical reactivity most generated ROS do not lead to serious
negative physiological consequences for organisms. That is mainly due to the action of highly
efficient systems of ROS neutralization operating in concert with reparation and elimination
of ROS-modified molecules always exists, that may be called the basal steady-state (stationary)
level [37, 50]. Reactive oxygen species can modify most types of biomolecules including
proteins, lipids, carbohydrates, nucleic acids, metabolic intermediates, etc. It is widely
accepted that the use of only one type of modification to assess oxidative damage during
oxidative stress is not sufficient. That is due to the different sensitivity, dynamics, and nature
of ROS-promoted modifications. Instead, in order to evaluate the intensity of ROS-involving
processes, several approaches for the evaluation of particular oxidatively modified molecules
have been selected. They reflect the level of products of interaction between ROS and cellular
components of different natures. “Classically”, several essential markers are used. They are:
(i) for lipids – the formation of malonic dialdehyde (MDA), isopsoralens, and lipid peroxides;
(ii) for proteins – protein carbonyl groups; and (iii) for DNA – 8-oxoguanine. Malonic dialde‐
hyde is commonly measured via its reaction with thiobarbituric acid (TBA). However, this
reaction is not specific and many other compounds react with TBA under the assay conditions.
The array of products formed is collectively called thiobarbituric acid reactive substances
(TBARS) to reflect this low specificity. Certain amino acids, carbohydrates, aldehydes and
other compounds interfere with the reaction measurement and, therefore, this method should
be used with precaution and discussed taking into account the highlighted issues [50]. In the
last decade, an HPLC technique was applied to evaluate MDA levels and this method, along
with immunochemical identification [51] can now be recommended as more reliable than the
TBARS assay. There are also many other approaches to evaluate the intensity of ROS induced
lipid peroxidation and the measurement of lipid peroxides [51], 4-hydroxynonenal [52] are
just some of them. Selection of methods depends on many things, particularly tools available
[33]. Probably the most popular method for detection of ROS-modified proteins is the one
based on the formation of additional carbonyl groups with their visualization due to their
interaction with 2, 4-dinitrophenylhydrazine [53]. The hydrazones formed are measured
spectrophotometrically. Specific antibodies that interact with carbonyl groups on proteins [54]
have also been developed. In some cases, there is also the possibility to evaluate the amount
of dityrosines and other products of free radical induced oxidation of proteins. Oxidation of
nucleic acids also forms an array of products, but in this case there are some favorites that are
relatively easy to quantify. These are mainly oxidatively modified guanine derivatives, of
which 8-hydroxyguanine (8-OHG) is the most commonly used, but 8-oxo-7, 8- dihydro-2′-
deoxyguanosine (8-oxodG) and 8-oxo-7, 8-dihydroguanine (8-oxoGua) can also be measured.
Certainly, there are many more different markers of ROS-induced modification of cellular
constituents, but those listed here are the most widely used and applied approaches.
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6. Influence of ROS on reproductive functions

ROS affect multiple physiological processes in reproduction and fertility, from oocyte matu‐
ration to fertilization, embryo development and pregnancy. Several studies indicate that
follicular atresia in mammalian species due to the accumulation of toxic metabolites often
results from oxidative stress. It has been suggested that ROS under moderate concentrations
play a role in signal transduction processes involved in growth and protection from apoptosis.
Conversely, increase of ROS levels is primarily responsible for the alteration of macromole‐
cules, such as lipids, proteins and nucleic acids, that lead to significant damage of cell structures
and thereby cause oxidative stress. To prevent damage due to ROS, cells possess a number of
nonenzymatic and enzymatic antioxidants. Nonenzymatic antioxidant include Vitamin C,
glutathione, cysteamine, vitamin E. Enzymatic antioxidants consist of superoxide dismutases
(MnSOD and Cu/ZnSOD, which are in the mitochondria and cytosol, respectively), that
convert superoxide into hydrogen peroxide; glutathione peroxidase (GPX) and catalase (CAT)
which neutralize hydrogen peroxide. Intracellular homeostasis is ensured by the complex
interactions between pro-oxidants and antioxidants.

This chapter describes gathering evidence that oxidative stress is involved in ovarian physio-
pathology caused by diverse stimuli. There is strong evidence that ROS are involved in
initiation of apoptosis in antral follicles caused by several chemical and physical agents, in the
fluid follicular environment, influencing the folliculogenesis and the steroidogenesis. Al‐
though less attention has been focused on the roles of ROS in primordial and primary follicle
death, several studies have shown protective effects of antioxidants and/or evidence of
oxidative damage, suggesting that ROS may play a role in these smaller follicles as well.
Oxidative damage to lipids in the oocyte has been implicated as a cause of persistently poor
oocyte quality. Developing germ cells in the fetal ovary have also been shown to be sensitive
to toxicants and ionizing radiation, which induce oxidative stress. Recent studies have begun
to elucidate the mechanisms by which ROS mediate ovarian toxicity. It has been investigated
the role of antioxidant enzymes, such as catalase, glutathione peroxidase and the SOD isoforms
in maintaining low levels of oxidative stress.

The literature provides some evidence of oxidative stress influencing the entire reproductive
cycle. OS plays a role in multiple physiological processes from oocyte maturation to fertiliza‐
tion and embryo development. An increasing number of published studies have pointed
towards increased importance of the role of OS in female reproduction. Of course, there is
much to learn about this topic, whereby it cannot be underestimated.

7. Role of ROS in folliculogenesis, ovulation, and corpus luteum function

The ROS should not always be coupled with negative effects [56]. Accumulating data have
recently shown that reactive oxygen species can regulate cell function by controlling produc‐
tion or the activation of substances that have biological activities.
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Numerous genes related to inflammation are induced in preovulatory follicles by the LH surge.
The analogy of ovulation with an acute inflammation may suggest a role for ROS along this
process. Because ROS are massively generated during the inflammatory process hypothesized
that ROS could be involved in the signaling cascade leading to ovulation. The findings were
that H2O2 mimicked the effect of LH, bringing about an extensive mucification/expansion of
the follicle-enclosed cumulus–oocyte complexes; impaired progesterone production was
observed in isolated follicles incubated with LH in the presence of antioxidant agents;
furthermore, LH-stimulated up-regulation of genes, the expression of which is crucial for
ovulation, was substantially attenuated upon ROS ablation. Together, these results provide
evidence that ovarian production of ROS is an essential for preovulatory signaling events, most
probably transiently triggered by LH [56].

The increase in steroid production in the growing follicle causes an increase in P450, resulting
in ROS formation. Reactive oxygen species produced by the pre-ovulatory follicle are consid‐
ered important inducers for ovulation. Oxygen deprivation stimulates follicular angiogenesis,
which is important for adequate growth and development of the ovarian follicle. Follicular
ROS promotes apoptosis, whereas GSH and follicular stimulating hormone (FSH) counter‐
balance this action in the growing follicle. Estrogen increases in response to FSH, triggering
the generation of catalase in the dominant follicle, and thus avoiding apoptosis [26].

In ovaries, the corpus luteum is formed after ovulation and produces progesterone, which is
necessary for the establishment and maintenance of pregnancy. When pregnancy occurs, the
rescue of the corpus luteum and subsequent progesterone production are important for the
maintenance of pregnancy. In contrast, when pregnancy does not occur after ovulation, the
decline of progesterone production is important for the follicle development of the next
reproductive cycle. The chance of conception occurring as soon as possible and as often as
possible depends on how rapidly progesterone production declines. Therefore, the strategy
for reproduction in the ovary is the rapid rescue of the corpus luteum when pregnancy occurs,
and the rapid termination of the corpus luteum function when pregnancy does not occur after
ovulation. Corpus luteum regression is defined as that the corpus luteum declines in function,
decreases in volume, and thereafter disappears from the ovary. Corpus luteum regression
consists of two stages of regression, functional luteolysis and structural luteolysis. Structural
luteolysis is defined as structural involution of the corpus luteum, and is clearly distinguished
from functional luteolysis which is characterized by depletion of progesterone production
without structural changes such as loss of luteal cells and blood vessels. Rapid decline in
progesterone production is important for follicle growth in the next reproductive cycle. It is
therefore of interest to study the mechanism of functional luteolysis. ROS and SOD are
involved in functional luteolysis. ROS are produced in the corpus luteum [26]. There are
several potential sources of ROS in the corpus luteum. Macrophages and neutrophils, that are
clear sources of reactive oxygen species, are well documented as residing in the corpus luteum
[57-61] The increase in ROS in the corpus luteum is involved in functional luteolysis. The
decrease in Cu, Zn-SOD expression could be one of the causes for the increase in reactive
oxygen species in the regressing corpus luteum. It seems there is another possible mechanism
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able to increase ROS. PGF2α has been well recognized as a luteolysin since it increases in the
corpus luteum during the regression phase [62] and inhibits the production of progesterone
by luteal cells. A number of reports have shown so far that the inhibitory effect of PGF2α on
progesterone production by the corpus luteum is, in part, mediated through the increase of
ROS [63, 64]. ROS can activate phospholipase A2 activity and cyclooxygenase-2 expression in
the corpus luteum which are key enzymes for PGF2α synthesis. Thus, there seems to be a close
interrelation between PGF2α and ROS [65, 66].

Steroidogenic cells are also potential sources of reactive oxygen species because reactive
oxygen species are generated as byproducts of normal metabolism. Intracellular sources of
ROS include mitochondrial electron transport, endoplasmic reticulum, nuclear membrane
electron transport systems and plasma membranes [67]. There is a significant co-relationship
between Cu, Zn-SOD activities and serum progesterone concentrations. In contrast, lipid
peroxide levels increase in the corpus luteum during the regression phase in the both rat
models and show an opposite change from serum progesterone concentrations [68, 69].
Reactive oxygen species generated normally during steroidogenesis restrict the capacity of the
corpus luteum to produce progesterone [70]. In pregnancy, the decrease in Cu, Zn-SOD
expression causes the inhibition of progesterone production via the increase in ROS. Therefore,
the increase in ability to scavenge ROS may be associated with the maintenance of luteal cell
integrity and prolonged life span of the corpus luteum [71]. In other animals, such bovines,
SOD and CAT have been reported to be correlated with progesterone production by the corpus
luteum [72] It is plausible that the luteotropic substances, usually synthesized by placenta
during pregnancy, stimulate the expression of molecules that protect luteal cells from ROS.
Finally, the increase in Cu, Zn-SOD by placental luteotropins is an important mechanism to
rescue the corpus luteum and maintain progesterone production [73].

Aerobic metabolism utilizing oxygen is essential for energy requirements of the gametes, and
the free radicals play a significant role in physiological processes within the ovary. Many
studies have demonstrated involvement of ROS in the follicular-fluid environment, folliculo‐
genesis, and steroidogenesis [74]. The immunohistochemical distribution of the copper-zinc
superoxide dismutase (Cu, Zn-SOD) in the human ovary was given by [74]. They found, for
the first time, that the gestational corpus luteum, theca and granulosa lutein cells showed
intensive and moderate staining activity, respectively, to Cu, Zn-SOD. Furthermore, they
suggested that, as SOD catalyses the dismutation reaction of superoxide anion radicals, the
theca interna cells play an important role in the protection of the developing oocyte from
oxygen radicals by acting as a blood-follicular barrier during follicle maturation, [76] under‐
lined the presence of manganese superoxide dismutase (Mn-SOD) and Cu, Zn-SOD in human
ovaries and fallopian tubes, with different localizations and actions. The superoxide radical-
SOD system might play an important role in ovulation and in the luteal function of the human
ovary in the human ovary and fallopian tube, and to examine the role of superoxide radicals
and SODs in the human ovulatory process. These enzymes can be considered as markers of
cytoplasmic maturation [77].
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Culture of small and large (preovulatory) antral rat follicles without gonadotropin support
leads to apoptotic death within 24 h, while FSH suppresses apoptosis [78].To investigate if
oxidative stress plays a role in granulosa cell apoptosis during follicular atresia in the immature
rat ovary, healthy antral follicles obtained from rats were in the absence or presence of FSH,
SOD, ascorbic acid (a free radical scavenger), N-acetyl-L-cysteine (a free radical scavenger and
stimulator of endogenous glutathione peroxidase activity), or CAT. The results showed that
each antioxidant was able to protect against apoptosis in rat large antral follicles cultured
without gonadotropin support [79].

Markers of peroxidation were measured in follicular fluids and sera of women attending an
in vitro fertilization (IVF), to assess the pro or anti oxidative status and the effects of the
administration of antioxidants. The substances in follicular fluid were all significantly lower
than those in serum, both in the presence or absence of antioxidants. In conclusion, the intensity
of peroxidation in the Graafian follicle is much lower than that in serum. This gradient is the
result of the lower rate of initiation of peroxidation in the follicular fluid due to, probably, the
presence of efficient antioxidant defense systems in the direct milieu of the oocyte before
ovulation [80].

The role of ROS and antioxidant enzymes was provided using immunohistochemical locali‐
zation, mRNA expression, and thiobarbituric acid methods that suggested a complex role in
ovulation and luteal function in the human ovary [80]. Oxidative stress has been shown to
affect the midluteal corpus luteum and steroidogenic capacity both in vitro and in vivo. In a
very interesting study, using corpora lutea collected from pregnant and nonpregnant patients,
it was observed that during normal situations, Zn-SOD expression parallels the levels of
progesterone, with a rise from early luteal to midluteal phase and decrease during regression
of the corpus luteum. The mRNA expression, however, of Cu, Zn-SOD in the corpus luteum
during pregnancy was much higher than those of midcycle corpora lutea. This factor enhanced
SOD expression during pregnancy, possibly caused by increased human chorionic gonado‐
tropin (HCG) levels, and may be the cause of apoptosis of the corpora lutea. Similarly, the
antioxidant enzymes glutathione peroxidase and MnSOD are considered the markers for
cytoplasmic maturation, as these are expressed only in metaphase II oocytes [6]. Decreased
developmental potential of oocytes from poorly vascularized follicles has also been attributed
to low intrafollicular oxygenation [8]. Studies demonstrate intensified lipid peroxidation in
the preovulatory Graafian follicle and that glutathione peroxidase may help in maintaining
low levels of hydroperoxides inside follicle, suggesting an important role of oxidative stress
in ovarian function. Oxidative stress and inflammatory process have roles in the pathophysi‐
ology of polycystic ovarian disease and drugs such as Rosiglitazone maybe effective by
decreasing the levels of oxidative stress [81].

Two groups have developed Cu, Zn-SOD null mice, and both groups reported that the female
mice were subfertile; however, the mechanistic basis for the reduced fertility of female Cu, Zn-
SOD null mice remains unclear. [82] reported that ovaries of adult female Cu, Zn-SOD null
mice had reduced numbers of preovulatory follicles and corpora lutea. They concluded that
these mice were subfertile because of a defect in late follicular development or ovulation. In
contrast, [83] reported that Mn-ZnSOD null female mice had normal ovarian histology and
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ovulated similar numbers of ova during a natural estrous cycle but displayed increased
postimplantation embryonic lethality. Perhaps the different genetic backgrounds of these two
Cu, Zn-SOD knockout models accounts for these different findings. A study by [84] on copper
chaperone for superoxide dismutase null mice, which have decreased ability to incorporate
copper into Mn-ZnSOD, found a similar phenotype as [85], with abnormal development of
antral follicles and no corpora lutea. Taken together, the evidence seems to support a role for
Cu-ZnSOD in antral follicle development. Cu, Zn-SOD knockout is lethal prior to puberty.
However, transplantation of ovaries from Mn-SOD knockout juvenile mice to the ovarian
bursa of wild-type mice, in which the ipsilateral ovaries had been removed and the contrala‐
teral oviducts had been cut, resulted in all stages of follicular development, ovulation, and
fertility, suggesting that this enzyme is not critical for ovarian function.

Superoxide, hydrogen peroxide and lipid peroxides are generated in luteal tissue during
natural and prostaglandin-induced regression in the rat, and this response is associated with
reversible depletion of ascorbic acid. ROS immediately uncouple the luteinizing hormone
receptor from adenylate cyclase and inhibit steroidogenesis by interrupting transmitochon‐
drial cholesterol transport. The cellular origin of oxygen radicals in regressing corpora lutea
is predominantly from resident and infiltrated leukocytes, especially neutrophils. ROS are also
produced within the follicle at ovulation and, as the corpus luteum, leukocytes are the major
source of these products. Antioxidants block the resumption of meiosis, whereas the genera‐
tion of reactive oxygen induces oocyte maturation in the follicle. Although oxygen radicals
may serve important physiologic roles within the ovary, the cyclic production of these
damaging agents over years may lead to an increased cumulative risk of ovarian pathology
that would probably be exacerbated under conditions of reduced antioxidant status [87].

Melatonin appears to have some kinds of functions at different stages of follicle development,
oocyte maturation, and luteal stage. Melatonin concentration in the growing follicle may be
an important factor in avoiding atresia, because melatonin in the follicular fluid reduces
apoptosis of critical cells. Melatonin also has protective actions during oocyte maturation
reducing intrafollicular oxidative damage. An association between melatonin concentrations
in follicular fluid and oocyte quality has been reported In the ovarian follicle, melatonin
impacts the function of numerous cells, especially granulosa cells and the ovum (oocyte). The
actions of melatonin in these cells are mediated via membrane receptors and also possibly via
binding sites in the nucleus and in the cytosol. In addition to its receptor-mediated actions,
melatonin also functions as a direct free radical scavenger to reduce oxidative stress at the level
of the ovary; this beneficial action is carried out without an interaction with a receptor.
Additional antioxidant functions of melatonin are achieved when the indole stimulates
enzymes which metabolize free radicals to less toxic products. The antioxidative enzymes
include superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) in
thecal cells, granulosa cells and in the follicular fluid. Via these actions, melatonin reduces free
radical damage, which would be especially bad for the ovum, and maintains these elements
in an optimally functional state. The origin of melatonin in the follicular fluid is the blood and
from its local synthesis in granulosa cells [87-89].
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8. Assisted Reproductive Techniques (ART) and ROS

Assisted reproductive techniques (ART) are advanced technological procedures, which are the
treatments of choice in many cases of female and male infertility or assisted fertilization,
included the use of medical techniques, such as drug therapy, artificial insemination, or in
vitro fertilization, to enhance fertility. Expanded ART include any directed action taken by
humans to enhance reproduction in animals, both through 1) Assisted reproduction with a
technical component (mostly mammals), 2) assisted reproduction using various forms of
population management. The two are not mutually exclusive.

ART include:

1. Artificial Insemination

2. Embryo transfer

3. In vitro fertilization

4. Semen/embryo sexing

5. Intra cytoplasm sperm injection (ICSI)

6. Gamete/embryo micromanipulation

7. Somatic cell nuclear transfer (SCNT)

8. Genome resource banking.

They function, in humans, as an alternative to overcome causative factors of infertility, such
as endometriosis, tubal factor infertility, male factor infertility. They can be used in the
veterinary field also [90]. ART, in fact, were recently accepted into the programs for the
safeguard of endangered species from extinction [90-93]. In a feasible program it is necessary
proceed in the following five steps: 1) Technique development in a domestic animal counter‐
part, if available; 2) characterization of species-specific reproductive biology in a targeted non-
domestic animal; 3) assessment of technique feasibility for producing offspring; 4)
demonstration of adequate efficiency for applied usage; 5) application of new tool for popu‐
lation management [90] Figs 4, 5, and 6 show cumulus oocyte complexes (COCs) from mare
explanted ovaries: these tools are employed in ART to have genetic improvement in horses,

Oxidative stress is involved in ovarian physio-pathology caused by diverse stimuli caused by
several chemical and physical agents: ROS are involved in initiation of apoptosis in antral
follicles in the fluid follicular environment, influencing the folliculogenesis and the steroido‐
genesis. ROS may play a role in these smaller follicles as well. Oxidative damage to lipids in
the oocyte has been implicated as a cause of persistently poor oocyte quality. Developing germ
cells in the fetal ovary have also been shown to be sensitive to toxicants and ionizing radiation,
which induce oxidative stress. Recent studies have begun to elucidate the mechanisms by
which ROS mediate ovarian toxicity. It has been investigated the role of antioxidant enzymes,
such as catalase, glutathione peroxidase and the SOD isoforms in maintaining low levels of
oxidative stress [46]. It was demonstrated for the first time by [94] that high oxygen concen‐
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tration compromises nuclear maturation rates and worsens the oxidative stress during in vitro
maturation (IVM) of canine oocytes.

Incubated oocytes showed severely high quantities of superoxide dismutase (SOD), gluta‐
thione reductase (GSR), glutathione peroxidase (GPX1) and catalase (CAT) mRNA and this
effect results in a protective mechanism against oxidative stress [95].

[45] studied the effect of ovary transport media supplementation with SOD on ovarian cell
viability and apoptosis and in vitro embryo production (IVEP). They proposed, as mechanism
of action, the intervention of SOD in inactivating the atmospheric O2, potential deleterious
precursor of free radicals.

With IVF, sperm-oocyte interaction occurs in culture media, leading to fertilization [32].
Reactive oxygen species may develop as a consequence of increased oocyte number per dish,
spermatozoa, and cumulus cell mass. Cumulus cells demonstrate higher antioxidant activity
at the beginning of culture than denuded oocytes do [96]. In ICSI, a single sperm is injected
into an oocyte’s cytoplasm [142]. It bypasses natural selection, thus allowing for the injection
of damaged spermatozoon into the oocyte. Alternatively, the IVF process prevents fertilization
by DNA-damaged spermatozoa [97].

Recently, OS has been identified as an important factor in ART success. Oocyte metabolism
and a lack of antioxidants combined with the follicular and oviductal fluid of the embryo
causes an increase in ROS levels [384]. Follicular fluid is the net result of both the transfer of
plasma constituents to follicles and the secretory activity of granulose and theca cells [385].
The oocyte develops within the FF environment and this intimately affects the quality of
oocytes and their interaction with sperm, thus affecting implantation and embryonic devel‐
opment [98]. Oxidative stress contributes to oocyte quality, and its degree can be assessed by
biomarkers of lipid peroxidation [99]. The effects of OS may be may be further altered by
environmental factors. A hyperoxic environment augments SO radical levels by promoting
enzyme activity. Particularly in IVF, increased incubation time heightens exposure to O2
concentration [100]. As in biological systems, metallic cations act as exogenous sources of OS
by stimulating ROS formation in ART culture media, and metal chelators such as EDTA and
transferrin can ameliorate the production of ROS [43]. Furthermore, visible light can cause ROS
formation, thereby damaging DNA [101]. Fertilization success in ART is determined by the
quality of spermatozoa involved [32]. Although ROS contribute to normal sperm functions
such as oocyte fusion, capacitation, and acrosome reaction, OS produced by spermatozoa may
provoke oxidative damage to the oocyte, decreasing the likelihood for fertilization [81].

The in vitro environment exposes gametes and embryos to an excess of ROS with the absence
of enzymatic antioxidant protection normally present during in vivo fertilization and preg‐
nancy. Free radicals are thought to act as determinants in reproductive outcomes

due to their effects on oocytes, sperm, and embryos [95]. Oxidative stress disturbs human
oocyte intracellular Ca2+ homeostasis as well as oocyte maturation and fertilization. During
ovulation, ROS are produced within the follicles, however, the excessive production of ROS
may increase the risk for poor oocyte quality since oxidative stimulation promotes oocyte
maturation and wall rupture within the follicle [390]. A physiologic amount of ROS in follicular
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fluid is indicative of a healthy developing oocyte [102]. In vitro fertilization can disturb the
oxidant-antioxidant balance, rendering the culture media less protected against oxidation. The
adverse effects of sustained OS and resulting loss of oocyte antioxidant content were shown
to be improved by adding lipophilic and hydrosoluble antioxidants to the culture media to
lessen OS [103]. Oral vitamin and mineral supplementation have been shown to increase serum
concentrations of GSH and vitamins C and E; these antioxidants have been suggested to play
a significant role in IVF outcomes [104].

Much research on IVEP has focused on the damaging effects of an oxidative environment and
the inherent creation of reactive oxygen species that may impair embryo development. There
are evidences that endoplasmic reticulum (RE) is significantly less reducing, consequently,
excessive supplementation of reducing agents in media to offset oxidative damage has resulted
in controversial outcomes as slight redox imbalances are detrimental for embryo development
[73]. Conversely, an excess of ROS produced without sufficient antioxidant protection may
lead to disequilibrium of the redox balance versus oxidative stress characterized by damaging
DNA, RNA, protein and lipids [74]. Studies have been performed under high and low oxygen
tension conditions and have resulted in controversial findings. Studies using antioxidants on
swine model, indicated that the effect of the combination of GSH, β-ME and cysteine on embryo
development. Treatment groups had a greater number of developing embryos than the control
and the favorable result depended on the high O2 culture conditions were used [105].

In contrast, guaiazulene (a component of various chamomile species with antioxidant prop‐
erties) had no positive effect on embryo development under low oxygen tension (5 % O2) [106].
Furthermore, [94] found that low oxygen gas composition improves nuclear maturation rates
and alleviates the oxidative stress for canine oocytes during in vitro maturation.

Figure 4. Cumulus Oocyte Complexes (COCs) of Pre Antral Follicle from explanted mare ovaries. Ooplama bipolarisa‐
tion with a dark and a clear portion (ptical microscope, 100x)
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Figure 5. Cumulus Oocyte Complexes (COCs) of Pre Antral Follicle from explanted mare ovaries. COC stained with 5-
carboxyfluorescein diacetate (cFDA) and trypan blue (with unviable cumulus cells and viable oocyte) (optical micro‐
scope 200x).

Figure 6. Cumulus Oocyte Complexes (COCs) of Pre Antral Follicle from explanted mare ovaries. Viable COC stained
with 5-carboxyfluorescein diacetate (cFDA) and trypan blue (optical microscope 200x)

9. Conclusions

Oxidative stress has been extensively studied for about four decades. Substantial progress has
been achieved to date – from descriptive characterization of this process to delineation of
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9. Conclusions

Oxidative stress has been extensively studied for about four decades. Substantial progress has
been achieved to date – from descriptive characterization of this process to delineation of
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molecular mechanisms underlining adaptive responses and targeted manipulations of
expected responses. In recent years, the importance of ROS synthesis in ovarian functions has
been established also. Several data have recently shown that reactive oxygen species can
regulate cell function by controlling production or the activation of substances that have
biological activities. It has been suggested that ROS under moderate concentrations play a role
in signal transduction processes involved in growth and protection from apoptosis. Converse‐
ly, increase of ROS levels is primarily responsible for the alteration of macromolecules, such
as lipids, proteins and nucleic acids, that lead to significant damage of cell structures and
thereby cause oxidative stress. Oxidative damage to lipids in the oocyte has been implicated
as a cause of persistently poor oocyte quality after early life exposure to several toxicants.
Developing germ cells in the fetal ovary have also been shown to be sensitive to toxicants and
ionizing radiation, which induce oxidative stress. Recent studies have begun to elucidate the
mechanisms by which ROS mediate ovarian toxicity. To prevent damage due to ROS, cells
possess a number of nonenzymatic and enzymatic antioxidants. that include Vitamin C,
glutathione, cysteamine, vitamin E, superoxide dismutases (SOD1, SOD2, and SOD3),
glutathione peroxidase, and catalase. Intracellular homeostasis is ensured by the complex
interactions between pro-oxidants and antioxidants. The bulk of evidence in support of
therapeutic effects of antioxidants to date, has been observed through experimental studies on
animals and humans ART, whose aim is depth knowledge of human reproductive functions,
conservation of species in danger of extinction, and acceleration of life cycles using reproduc‐
tion for purposes of genetic and productive.

In the future, the hope is to clarify the efficacy of antioxidants as potential therapies for
infertility and in ART the use of specific antioxidants to improve multiple physiological
processes from oocyte maturation to fertilization, embryo development and pregnancy.
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Abstract

Human embryo implantation is mainly regulated by the endocrine system. Since the
ovary, fallopian tube, and fundus can directly communicate through the mesosalpinx
and ovarian ligament, the local concentration of progesterone in the pathway of the
developing embryo is considered to be higher than in systemic blood circulation. The
immune system promotes embryo implantation by stimulating progesterone
production of the ovary and by inducing endometrial differentiation. The recognition
of the developing embryo in the fallopian tube by the immune system is achieved
through the para-aortic lymph nodes. On the basis of the above evidence, the
autologous immune cells activated in vitro were demonstrated to improve clinical
pregnancy rates in patients with repeated implantation failures. In addition, the
autonomic nerve system that innervates the fundus, the ovary, and the fallopian tube
from the para-aortic region is proposed to regulate the environment of the pathway
of the developing embryo. From these findings, we suppose that a unique unilateral
functional unit to promote human embryo implantation exists in the pathway of the
developing embryo including the para-aortic regions and propose naming this novel
functional unit the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting unit
(FOSPa-IP unit).
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1. Introduction

In humans, the corpus luteum, which is formed from the ovulated follicle, produces proges‐
terone that induces adequate endometrial differentiation for embryo implantation. During
pregnancy, the embryo trophoblast cells secrete human chorionic gonadotropin (HCG) that
stimulates the maternal corpus luteum to sustain progesterone production. In turn, it acts on
the endometrium to maintain embryo implantation in the uterus. Thus, human embryo
implantation is mainly regulated by the endocrine system.

In addition to this endocrine system, we have demonstrated that the immune system is
involved in the process of promoting embryo implantation by stimulating progesterone
production of the ovary and by inducing endometrial differentiation [1]. It is also suggested
that recognition of the developing embryo in the fallopian tube by the immune system is
achieved through the para-aortic lymph nodes from a very early stage of pregnancy. The
intrauterine administration of autologous immune cells that was activated by HCG in vitro
was demonstrated to improve embryo implantation rates in patients with repeated failure of
in vitro fertilization and embryo transfer treatment [2].

These lines of evidence led us to conceive a novel concept that there is a unique unilateral
functional unit to promote human embryo implantation among the fundus, the ovary, the
fallopian tube, and the para-aortic regions. In this chapter, we propose naming this novel
functional unit as the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting unit (FOSPa-
IP unit) and describe its estimated characteristics.

2. The implantation pathway of the developing embryo

In humans, the ovulated oocyte is picked up by the fimbria of the fallopian tube and then the
fertilized oocyte is transferred to the uterine cavity through the fallopian tube, causing
embryogenesis to proceed toward the blastocyst stage (Figure 1). Recently, it has been widely
accepted that a synchronized dialog between the developing embryo and the temporally and
coordinately differentiated maternal endometriumis is necessary for successful embryo
implantation [3]. Accordingly, the adequate preparation of endometrial receptivity as well as
the quality of the embryo affects the success of the outcome of in vitro fertilization-embryo
transfer (IVF-ET) therapy.

To support the significance of this period, the phenomenon of delayed implantation is well
known in rodents and it has also been reported in humans [4]. Furthermore, in cows, this
process continues for at least a few days and bovine early embryos become elongated during
the pre-implantation period. Consequently, it can be speculated that embryonal signals locally
induce further endometrial differentiation and/or an environment suitable for subsequent
embryo implantation. We previously proposed that the Eph-ephrin system, which can induce
a repulsive force between the epithelial cell layers, contributes to maintaining these crosstalk
phases [5]. Several other systems may be involved in the molecular mechanisms of regulation
of embryo-maternal crosstalk [4].
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In contrast to the majority of mammals with uterus bicornate bicollis, in humans, women have
a single fused uterus derived from bilateral paramesonephric (Müllerian) ducts. From this
perspective, the uterine fundus is a structure specific to primates among mammals. Shiotani
et al. showed that the human uterus possesses a latent fluid-retaining space along the trans‐
versely communicating line (TCL) between the bilateral utero-tubal angles on the fundus [6].
To build on and confirm their findings, when we injected a small amount of contrast dye (70
µl) into the upper portion of the cavity, the dye spontaneously migrated toward the ceiling of
the cavity, spread bilaterally to the utero-tubal angles, and formed along cylindrical space (TCL
space) that was gently expanded by the dye (Figure 2A).This space communicated directly
with the bilateral fallopian tubes (Figure 2B). When we observed the uterine cavity from a
sagittal perspective using a surgically resected uterus, the TCL space was macroscopically
manifested by innate tissue pressure of the muscle layer (Figures 3A and B). In contrast,
macroscopic TCL space was not formed in the uterus with diffusion and firm enlargement by
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Figure 1. The implantation pathway of the developing embryo In humans, the ovulated oocyte is picked up by the
fimbria of the fallopian tube and then the fertilized oocyte is transferred to the uterine cavity through the fallopian
tube, causing embryogenesis to proceed toward the blastocyst stage.
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the middle and lower regions, proposing that the endometrium at the uterine fundus,
especially near the utero-tubal junction, is suitable for human blastocyst implantation under
physiological conditions [7].

Figure 2. TCL space detected by hysterosalpingography A and B: The human uterus possesses a latent fluid-remaining
space along the transversely communicating line (TCL, arrows) between the bilateral utero-tubal angles at the top of
the cavity in the fundus. A: When a small amount of contrast dye was injected into the upper portion of the cavity, the
dye spontaneously migrated toward the ceiling of the cavity, spread bilaterally to the utero-tubal angles, and formed
along cylindrical space (TCL space) that was gently expanded by the dye. B: By subsequent conventional hysterosal‐
pingography, this space communicated directly with the bilateral fallopian tubes.

Figure 3. Macroscopic observation of TCL space A: When the uterine cavity was observed from a sagittal perspective
using a surgically resected uterus due to carcinoma in situ lesion in the cervix, the TCL space was macroscopically
manifested by innate tissue pressure of the muscle layer. B: A magnified figure of the square area of A. C: A uterine
specimen that was resected due to adenomyosis. Macroscopic TCL space was not formed in the uterus with diffusion
and firm enlargement by adenomyosis lesions.
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3. The endocrine network around the implantation pathway

3.1. Local concentration of progesterone in the implantation pathway

Corpus luteum in the ovary is the main endocrine organ that produces progesterone. It has
been widely accepted that progesterone prepares the uterus for embryo implantation, induces
endometrial differentiation and decreases the contractility of uterine smooth muscle cells.
Human endometrial decidualization is also induced by progesterone. The ovary is anatomi‐
cally connected with the ipsilateral fallopian tube and the corneal region of the uterus. The
vascular network is present among the fallopian tube as well as the ovary through the
mesosalpinx and ovarian ligament. Therefore, it is speculated that the local concentration of
progesterone is very high in the ipsilateral fallopian tube adjacent to the ovary that has an
ovulated follicle.

Clinically, vaginal administration of progesterone is usually performed for luteal support
for infertile patients receiving in vitro fertilization therapy. After vaginal administration,
the uterine tissue concentration of progesterone has been found to exceed more than 10-
fold the levels achieved by systemic administration. To explain this phenomenon, the “first
uterine pass effect,” that is, direct preferential vagina-to-uterus transport, was proposed [8].
By drug delivery analysis using tritiated progesterone, Bulletti et al. obtained experimen‐
tal  data  to  support  this  hypothesis  [9].  Consequently,  similar  to  the  direct  preferential
vagina-to-uterus  transport  system,  estrogen  and  progesterone  produced  by  the  corpus
luteum in the ovary can be delivered to the corneal region of the uterus by a direct ovary-
to-uterus transport system.

Using slice computed tomography (CT) scanning and vascular casting, it was demonstrat‐
ed that both the intramuscular uterine artery and the ovarian artery had a typical ovari‐
an  branch  connected  as  an  arterial  arch,  that  is,  the  ovarian  artery-to-uterine  artery
anastomoses  [10].  Importantly,  these  ovarian  artery-to-uterine  artery  anastomoses  are
located in the mesosalpinx region. In mammals, the anatomical structure among the utero-
ovarian vein and the ovarian artery is considered to be important to regulate the counter-
current system of exchange from the uterus to the ovary and back again. In humans, the
utero-ovarian  vein  forms  a  plexus  around  the  ovarian  artery.  Therefore,  it  has  been
suggested that counter-current transfer facilitates local communication between the ovary,
the  fallopian tube,  and the  uterus  [11].  Later,  it  was  also  reported that  serum levels  of
estradiol  and progesterone in the uterine vessels  were more than 2–4 times higher than
those in the systemic circulation, demonstrating the preferential transport of sex steroids
produced in the ovary to the uterus [12]. Interestingly, the same group also suggested that
the main blood supply to the uterine corneal region from uterine and ovarian arteries is
shifted following ovulation [13]. This suggests the possibility that progesterone regulates
counter-current blood flows in the mesosalpinx. Consequently, the local concentration of
progesterone along the implantation pathway of  the human embryo is  speculated to be
considerably high during its developmental process (Figure 4).
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Figure 4. The local concentration of progesterone along the implantation pathway The local concentration of progester‐
one along the implantation pathway of the human embryo is speculated to be considerably high during its develop‐
mental process.

3.2. Hormonal regulation of the contractility around the implantation pathway by ovarian
steroid hormones

Strict regulation of contractility in the uterus and the fallopian tube is essential for various
reproductive functions including expulsion of menstrual debris, sperm transport, and
adequate embryo placement during implantation [14]. More than half a century ago, the
precise profiles of contractile activity of the non-pregnant uterus throughout the menstrual
cycle were reported using an intrauterine pressure recording system [15, 16]. Recently, it has
become possible for uterine contractility to be directly and non-invasively assessed using
ultrasound scans and ultrafast magnetic resonance imaging techniques [17]. Accordingly, the
inherent contractility of the uterus is classified into two patterns: a focal and sporadic bulging
of the myometrium and a rhythmic and subtle stripping movement in the subendometrial
myometrium, known as uterine peristalsis. Using these direct and non-invasive techniques,
the precise profiles of several wavelike activity patterns throughout the menstrual cycle have
been thoroughly analyzed, and it has been widely accepted that ovarian steroid hormones
regulate contractions of the non-pregnant uterus. Clinically, uterine contractility has been
demonstrated to influence the human embryo implantation process in both spontaneous cycles
and assisted reproduction [18, 19].
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Waves from fundus to cervix are dominant in the follicular phase, but diminish after ovulation.
In contrast, waves from cervix to fundus were observed in the late follicular and luteal phases
[20, 21], supporting implantation of the embryo at the upper region of the uterine cavity [22].
During the luteal phase, the movement of the upper fundal region is relatively quiescent
facilitating embryo implantation [23]. By the sequential administration of estradiol (days 1–
28) and progesterone (days 14–28), waves from fundus to cervix were induced by estradiol,
but were immediately diminished after the administration of progesterone, whereas waves
from cervix to fundus were observed in both the estradiol-only and the estradiol and proges‐
terone combined phases [18]. It was also reported that there is horizontal movement at the
fundus, often to and fro, not unidirectional [24]. Importantly, this horizontal movement can
theoretically induce the migration of pre-implanted embryo back to the fallopian tubes along
the TCL through the fluid by endometrial secretion (Figure 5).

Figure 5. Hormonal regulation of the contractility around the implantation pathway by ovarian steroid hormones.
Ovarian steroid hormones regulate contractions of the uterus. Waves from cervix to fundus were observed in the late
follicular and luteal phases. There is also horizontal movement at the fundus, often to and fro, not unidirectional,
which can theoretically induce the migration of pre-implantation embryo back to the fallopian tubes along the TCL.

Recently, it has been reported that a new population of c-kit-positive cells, interstitial Cajal-
like cells, now called telocytes, had been found on the borders of smooth muscle bundles in
human myometrium. These cells resemble interstitial cells of Cajal in the gut, which generate
electrical slow waves to control peristalsis [14]. Telocytes in the myometrium are double-
positive for c-kit and CD34, and have very long cellular extensions called telopodes that release
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extracellular vesicles, sending macromolecular signals to neighboring cells. It was proposed
that they modulate spontaneous contractions of the non-pregnant human uterus, through a
tyrosine-kinase-independent signaling pathway [25, 26]. Although the precise effects of
ovarian steroid hormones on telocyte functions remain unclear, immunoreactive estrogen and
progesterone receptors localized at the nucleus level of uterine telocytes suggested their
involvement in the hormonal regulation of uterine contractility [27].

3.3. Hormonal regulation of immune environment around the implantation pathway by
ovarian steroid hormones

During the implantation process, the semi-allogeneic embryo is not rejected by the maternal
immune system. The mechanisms regarding how the fetus is tolerated by the maternal immune
system are still not well understood. It is generally accepted that ovarian sex steroids regulate
the function and population of endometrial and/or decidual immune cells in the uterus [28]
and these immune–endocrine interactions contribute to fetal survival within the maternal
uterus, suppressing adverse maternal immune responses and promoting immunotolerance
pathways [29].

Progesterone regulates immune function by producing mediators such as the progesterone-
induced blocking factor that induces Th2-dominant cytokine production [30] and glycodelin
A that protects the embryo from maternal immune attack by inhibiting the proliferation of T
cells and B cells and the activity of natural killer cells, or by deleting the monocytes [31]. The
physiological effects of progesterone are mediated by its specific nuclear progesterone receptor
(PR) that activates transcription factors. Nuclear PR has two main isoforms: PR-A and PR-B.
PR-B acts as an activator of progesterone-responsive genes, while PR-A can inhibit the activity
of PR-B. Using nuclear PR knockout mice, it has been shown that progesterone antagonizes
estrogen-induced recruitment of macrophages and neutrophils into the uterus [32]. Recently,
it has been demonstrated that progesterone at a relatively high concentration also acts on cells
by a non-genomic mechanism through progesterone binding membrane proteins such as
progesterone membrane components 1 and 2, and the membrane progestin receptors [33, 34].
Considering a local high concentration of progesterone, these non-genomic mechanisms may
operate in the implantation pathway.

CD56(high+)CD16(–) uterine natural killer cells are the predominant population in the
decidual tissues during the late secretory phase of the menstrual cycle and early pregnancy.
They may be derived from natural killer cell progenitors and/or peripheral natural killer cells
and are considered to contribute to the remodeling of maternal uterine vasculature in inter‐
action with extravillous trophoblasts [29, 35]. Although the level of the expression of PR on
uterine natural killer cells is very low [36], the progesterone-induced endometrial environment
is an important factor for the in situ proliferation or differentiation of uterine natural killer
cells in human endometrium, inducing reprogramming of their chemokine receptor profiles
[37, 38]. Progesterone is also reported to reduce the antigen-presenting capacity of dendritic
cells, monocytes, and macrophages and induce the recruitment of regulatory T (Treg) cells,
contributing to local accumulation of pregnancy-protective cells [29]. These lines of evidence
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suggest the relationship between the endocrine and immune systems for establishing the
embryo implantation environment.

4. The autonomic nerve network around the implantation pathway

In pigs, it was demonstrated that the oviduct is innervated by various efferent autonomic
neurons such as the inferior mesenteric ganglion, ovarian ganglion, and celiac-superior
mesenteric ganglion complex, forming discrete “oviductal centers” and implying that these
nerve fibers regulate oviductal blood flow, non-vascular smooth muscle contraction, trans‐
mission of sensory information, and epithelial secretion [39, 40]. In monkeys, noradrenaline
of the sympathetic nerves innervating the smooth musculature of the oviduct was demon‐
strated to change cyclically during the menstrual cycle, suggesting that the system of adre‐
nergic nerves in the primate oviduct is under the control of endogenous estrogen and
progesterone [41]. It was also reported that estrogen and progesterone affect not only the
noradrenaline content of adrenergic nerves in the uterus and oviduct but also the turnover of
noradrenaline, the activity of the enzymes that synthesize it, and the release of noradrenaline
from nerve terminals [42]. By electron microscopic examination, non-vascular adrenergic
nerves were found in smooth muscle bundles of human fallopian tube and electrical field
stimulation of adrenergic nerves in the isthmic smooth muscle induced an alpha-receptor-
mediated contractile response [43]. In rats, the sympathetic nerve fibers of the upper part of
the uterus arise from the ovarian plexus nerve that mainly originates from neurons of the
suprarenal ganglia and of the T10 to L3 ganglia of the paravertebral sympathetic chain,
whereas most of the sympathetic innervation of the lower uterus arises from neurons of the
paravertebral ganglia T13 to S2, principally at the L2–L4 levels, suggesting that regulation of
myometrial activity by the sympathetic nerve system is functionally different between the
oviduct and the cervical ends of the uterus [44].

Accordingly, the influence of the sympathetic nerve response on the female genital tract should
be considered clinically. In fact, it was demonstrated that mock embryo transfer stimulation
(injection of 20 µl of ultrasound contrast agent alone) evoked uterine peristalsis that could
cause embryo migration and extrude the transferred embryo with fluid [45]. The density of
nerve fibers in the oviduct isthmus in women with hydrosalpinx was revealed to be low
compared with that in women without hydrosalpinx, suggesting the involvement of autono‐
mous nerve system in the mechanism of hydrosalpinx-associated infertility [46]. A recent study
showed that transcutaneous electrical acupoint stimulation significantly improved the clinical
outcome of embryo transfer [47].

5. The immune network around the implantation pathway

5.1. Circulating immune cell contribution to embryo implantation

Mammals are a unique group of species in terms of accepting embryos within the maternal
uterus (embryonal parasitic strategy). In this respect, maternal recognition of the developing
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embryo in the genital tract is a very important process to prepare a favorable maternal
environment for subsequent embryo implantation. In humans, HCG secreted by the implant‐
ing embryo stimulates the corpus luteum of pregnancy to produce progesterone, maintaining
embryo implantation in the uterus. Previously, we found that the immune system also
contributes to this process and proposed that “corpus luteum function is maintained not only
by HCG (endocrine system), but also by lymphocytes (immune system)” [48]. In mouse,
implantation experiments, intravenous or intrauterine administration of splenocytes derived
from early pregnant mice induced endometrial differentiation and successful implantation in
pseudopregnant recipient mice [49, 50]. On the basis of these results, we proposed a new
concept that “The immune system recognizes some information on the presence of the
developing embryo around the implantation period and, thereafter, circulating immune cells
transmit this information to the ovary and the uterus through blood circulation to induce
adequate differentiation of pregnancy CL and endometrium to facilitate embryo implanta‐
tion.” Furthermore, we found that peripheral blood mononuclear cells (PBMC) promoted
endometrial receptivity in vitro, while HCG affected PBMC function not through authentic
HCG receptor, but sugar chain receptors, which is a primitive mechanism in the immune
system [51, 52]. These experimental facts led us to pay attention to sugar chain moieties as
candidate key structures of embryonal signals to the maternal immune system. These findings
also suggest the important roles of circulating immune cells in embryo implantation from a
very early stage [53].

5.2. Direct and functional communication between para-aortic lymph nodes and the
implantation pathway of the developing embryo

What is the main immune organ for the first recognition of the developing embryo in the
implantation pathway? From insight obtained from gynecologic oncology, para-aortic lymph
nodes are classified as regional lymph nodes in patients with uterine corpus cancer. When we
used a fluorescent indocyanine green to confirm the sentinel lymph nodes from the fundus
lesion, rapid drainage into para-aortic lymph nodes, especially around the proximal site of the
branch of the inferior mesenteric artery, from the uterine fundus through the suspensory
ligament of the ovary and the meso-oviductal space, was initially detected using a PDA camera
system (Figure 6). Theoretically, this supports the presence of direct communication between
para-aortic lymph nodes and the implantation pathway of the developing embryo through the
immune system.

Recently, Treg cells have been shown to facilitate maternal immune tolerance of the semiallo‐
geneic conceptus and proposed to play a crucial role in embryo implantation and fetal
development. During the pre-implantation period, factors in the seminal fluid delivered at
coitus cause expansion of a CD4(+)CD25(+) putative Treg cell population in the para-aortic
lymph nodes [54]. They were also reported to be rapidly recruited to para-aortic lymph nodes
and activated in the first days after embryo implantation [55]. In mouse, implantation experi‐
ments, splenocytes derived from early pregnant mice (post-ovulation day 4) when the embryo
had not yet attached to the endometrium could induce endometrial differentiation and
successful implantation in the early stage of pseudopregnant recipient mice that had been
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Figure 6. Direct communication between para-aortic lymph nodes and the embryo through the immune system. When
fluorescent indocyanine green was injected into the uterine fundus that was affected by endometrial cancer cells in or‐
der to confirm the sentinel lymph nodes from the fundus lesion, rapid drainage into para-aortic lymph nodes, especial‐
ly around the proximal site of the branch of the inferior mesenteric artery was detected by the PDA camera system. A:
The retroperitoneal para-aortic region was opened. B: A magnified figure of the square area of A. Indocyanine green-
positive para-aortic lymph nodes and an afferent lymph vessel (arrowhead) were clearly detected. C: A figure from
after lymph node dissection. D: Para-aortic lymph nodes communicated by vessels and nerves (arrows). Pa-LN, para-
aortic lymph nodes; Ao, aorta; IVC, inferior vena cava; IMA, inferior mesenteric artery; l-RV, left renal vein.
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mated with vasectomized male mice, indicating that functional change of peripheral immune
cells has already occurred before embryo implantation [49, 50]. Importantly, since the immune
system of pseudopregnant recipient mice mated with vasectomized male mice was already
sensitized with seminal plasma component of seminal fluid, the changes in splenocyte function
were induced by the presence of developing embryos [56]. In addition, it was reported that
functional changes in the endometrium could be induced in pregnant mice even when the
uterotubal transition sites were ligated and entry of the developing embryos into the uterine
cavity was inhibited [57], indicating that the developing embryo in the fallopian tube can
influence maternal endometrial differentiation. Collectively, it is speculated that mothers can
recognize the developing embryo during this early phase through the para-aortic lymph
nodes.

The human para-aortic lymph nodes are rich in not only vascular but also automatic nerve
networks (Figure 6D). Importantly, all primary and secondary immune organs receive
substantial sympathetic innervation from sympathetic post-ganglionic neurons. This sympa‐
thetic nervous system either enhances or inhibits the activity of both acquired and adaptive
immune systems [58]. Adrenergic nerve fibers were found following both afferent and efferent
blood vessels as well as T areas, supporting a regulatory role of the sympathetic nervous system
in human lymph nodes [59]. Intriguingly, amputation of autonomic nerves innervating the
uterus was reported to cause on-time implantation failure in rats, increasing the population of
uterine mast cells and facilitating the release of histamine by mast cells [60]. These findings
support the concept that the neuro-immune network plays an important role in embryo
implantation.

6. Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting Unit
(FOSPa-IP unit)

On the basis of the above evidence, we suppose that there is a unique unilateral functional unit
to promote human embryo implantation among the fundus, the ovary, the fallopian tube, and
the para-aortic regions (Figure 7). From an anatomical viewpoint, we here propose naming
this novel functional unit as the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting
Unit, that is, the FOSPa-IP unit. This functional unit seems to be co-operatively regulated by
the endocrine, immune, and nerve systems.

Recently, increasing attention has been paid to patients with repeated implantation failures
under IVF-ET treatment. It should be noted that the process of maternal recognition by the
immune system in the FOSPa-IP unit is largely skipped in the treatment of IVF-ET. Considering
the intrinsic function of the FOSPa-IP unit, we developed a novel therapy for patients with
repeated implantation failures to complement the functions of the unit. Concretely speaking,
PBMC are isolated from patients and incubated for two days with HCG in order to activate
them. Thereafter, activated PBMC are administered into the uterine cavity to induce adequate
endometrial differentiation. Three days later, blastocysts are transferred into the uterine cavity.
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the endocrine, immune, and nerve systems.

Recently, increasing attention has been paid to patients with repeated implantation failures
under IVF-ET treatment. It should be noted that the process of maternal recognition by the
immune system in the FOSPa-IP unit is largely skipped in the treatment of IVF-ET. Considering
the intrinsic function of the FOSPa-IP unit, we developed a novel therapy for patients with
repeated implantation failures to complement the functions of the unit. Concretely speaking,
PBMC are isolated from patients and incubated for two days with HCG in order to activate
them. Thereafter, activated PBMC are administered into the uterine cavity to induce adequate
endometrial differentiation. Three days later, blastocysts are transferred into the uterine cavity.
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We applied this treatment to patients with 4 or more repeated failures in IVF therapy and it
effectively improved the clinical pregnancy and implantation rates [2, 61].

7. Conclusion

In humans, the TCL space at the top of the uterine cavity in the fundus may be the main
site of crosstalk between embryo and mother before implantation. Including this space, we
propose  the  presence  of  a  unique  unilateral  functional  unit,  named  the  FOSPa-IP  unit,
among  the  fundus,  the  ovary,  the  fallopian  tube,  and  the  para-aortic  regions,  which
promotes human embryo implantation. The local concentration of progesterone along the
implantation  pathway  of  the  human  embryo  is  considered  high,  regulating  uterine
contractility and influencing human embryo implantation. On the other hand, the immune-
endocrine interactions along the implantation pathway of the embryo generate an environ‐
ment that promotes embryo implantation, contributing to fetal survival within the maternal
uterus,  suppressing  adverse  maternal  immune  responses  and  promoting  immunotoler‐
ance  pathways.  In  addition,  circulating  immune  cells  were  shown to  contribute  to  em‐
bryo implantation in a very early stage, probably after being activated in para-aortic lymph
nodes. Furthermore, the influence of the sympathetic nerve response on the female genital

Figure 7. Proposal ofthe FOSPa-IP unit. We propose a unique unilateral functional unit that promotes human embryo
implantation among the fundus, the ovary, the fallopian tube, and the para-aortic regions. This functional unit seems
to be co-operatively regulated by the endocrine, immune, and nerve systems and can be named the Fundus-Ovary-
Salpinx-Paraaorta Implantation Promoting Unit, that is, FOSPa-IP unit.
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tract has been clinically noticed, based on the concept that the neuro-immune network plays
an important role in embryo implantation. Considering the intrinsic function of the FOSPa-
IP unit, we developed a novel therapy for patients with repeated implantation failures to
complement functions of this unit. Further understanding of reproductive organs from the
viewpoint  of  the  FOSPa-IP  unit  is  expected  to  contribute  to  the  development  of  new
therapies, especially in the field of reproductive medicine.
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Abstract

The study of human embryology has a very long history. Modern embryology owes
its initial development to the key embryo collections that began in the 19th century.
The first large collection was that of Carnegie, and this was followed later by the major
7 collections. The second role of the Carnegie collection was for researchers to establish
a defined set of Carnegie stages based on embryo morphological features. Today,
embryos are imaged three-dimensionally (3D) by a range of imaging modalities
including, magnetic resonance microscopy (MRM), episcopic fluorescence image
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1. Introduction

Human embryology in the 19th century began by using human embryo samples derived from
maternal deaths, abortion, or surgery. Nothing has been changed in the 21st century, because
animal experimental biology developed in the 20th century could not and should not apply to
human embryology on its ethical aspect. However, human embryology has progressed little
during the last 100 years, with only recently some limited molecular studies on small numbers
of human material. In contrast, recent studies using both nondestructive and destructive
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imaging techniques on existing collections have allowed many morphological measurements
of these embryos using these novel imaging techniques.

Here we summarize the historic collections of embryos used in the study of human develop‐
ment, explain the criteria used for developmental staging, show sectioned and reconstructed
images from newer three-dimensional (3D) imaging in high resolution, and discuss the future
directions for the analyses of the human embryo.

2. Human embryo collections

During the history of human embryology the establishment and study of key human embryo
collections has greatly contributed to our current understanding. In this section we briefly
summarize the history of some of these collections, such as the Carnegie Collection, the Kyoto
Collection, the Blechschmidt Collection, and the Madrid Collection (Table 1). More online
information can be found on existing historic human collections (http://tiny.cc/
Human_Embryo_Collections). The human embryo collections shown in Table 1, along with
other collections, form part of the Digital Embryology Consortium (http://human-embryolo‐
gy.org), formed to electronically preserve and make available for research and education these
irreplaceable historic collections.

Not included in this chapter will be descriptions of the smaller, less described human embryo
collections, species comparative embryo collections, or collections that are of nonembryonic
material, such as placenta. An example of one of the best and largest historic comparative
embryo collections is the embryological collection of the Natural History Museum in Berlin,
which includes many other species in the combined collections of Hubrecht, Hill, Dohrn, Bolk,
and Kückenthal. An example of a mainly human placenta and early implanted uterus is the
Hamilton-Boyd Collection in Cambridge. More recently, there are smaller collections of
embryos used mainly for molecular studies, such as the Human Developmental Studies
Network (HuDSeN) in Newcastle and London. Note that many anatomy departments hold
their own small collections of human material that are not covered here.

A key factor in understanding the developmental morphological changes is the possession of
human embryo samples at sequential developmental stages. The following are the major
historic collections used in most research and textbook publications that have aided our
understanding of human development.

Collection Place Number Characteristics Establishment
Carnegie Washington DC,

USA
About 10,000 Human fixed specimens and

histology
1887

Madrid Madrid, Spain 100+ Human histology 1935
Blechschmidt Göttingen,

Germany
About 120 Human histology 1950s

Kyoto Kyoto, Japan About 44,000 Human fixed specimens and
histology

1961

Table 1. Comparison among major human embryo collections
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2.1. Carnegie collection

Franklin P. Mall (1862–1917) began his human embryo at Johns Hopkins University in the early
1900s; these formed the beginnings of the Carnegie collection. He and Franz Keibel (1861–1929)
used these embryos in their textbook Manual of Human Embryology [1, 2] and also in the
Carnegie Institution of Washington Series Contributions to Embryology beginning in 1915.
Organizing some of these human embryos form the first 8 weeks into a developmental
sequence formed the basis of their “23 Carnegie Stages” staging criteria (see Figure 7),
described in detail later in this chapter. The same staging criteria have been subsequently
applied in the organizing of the other major human embryo collections. These stages will be
described in detail from the Kyoto Collection later in this chapter. Reconstructions from
histological sections of the collection embryos were the basis of the larger Carnegie models
(Figure 1) and this technique has also been used in the development of other collection models,
as in the Blechschmidt Collection.

Franklin P. Mall received his medical degree at the University of Michigan in 1883. He traveled
to Germany to receive a clinical training, where he met the German embryologist Wilhelm His
(1831–1904). This initiated his interest in studying human embryology, and he began collecting
human embryos in 1887. His collection had reached several hundreds of specimens by the time
he returned to the Anatomy department of the Johns Hopkins School of Medicine in Baltimore,
Maryland. He received a Carnegie research grant in 1914 and became the first director of the
Department of Embryology at the Carnegie Institution of Washington, in Baltimore, MD. The
embryo collection grew at a rate of about 400 specimens a year, donated by clinicians and
researchers, and the number of samples reached over 8,000 by the early 1940s. Researchers at
the institute then began the complex task of organizing these embryos into a developmental
sequence. Note that size alone was a difficult criterion due to the variable effects of fixation
shrinkage. The solution was a “staging” system, developed by Mall, based instead on devel‐
opmental ape embryo morphological features. Internal features were identified histologically
from embryos that were serially sectioned, and also formed the basis of hundreds of 3D models
and 700 wax-based reconstructions.

During Mall’s era, several department members became renowned scientists. George L.
Streeter (1873–1948) and Franz J. Keibel were also both former students of the important
German embryologist Wilhelm His; Osborne O. Heard worked as an embryo modeler; and
James D. Didusch as a scientific illustrator. Mall documented his research in a series of papers
compiled in the Contributions to Embryology of the Carnegie Institution of Washington,
published from 1915 to 1966. These articles even today are considered the core findings for
studying human embryology. Mall unexpectedly died in 1917 and was replaced as director by
Streeter. Streeter was then the first to define the 23 Carnegie Stages currently used to classify
the developmental stages of the human embryo (see Table 2). The collection continued to grow
by hundreds of specimens every year and included rare, very young normal specimens. At
the time, induced abortions were illegal in the United States and miscarriages usually resulted
from embryo abnormalities.

Streeter retired in 1940 and George W. Corner (1889–1981]) became the third departmental
director. Corner was a former Johns Hopkins researcher who studied the menstrual cycle and
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identified the ovarian hormone progesterone. During his direction until 1956, many advances
in human reproductive physiology were made and embryology research continued but came
to an end with the succeeding director. Relocation of the collection began in 1973 to the
University of California at Davis Medical School and was completed in 1976. Ronan O’Rahilly
was the new director of the collection for the next 15 years, publishing many studies, often
with Fabiola Müller, on human embryonic development. At the retirement of the director in
1991 the collection was relocated again to its current location at the Walter Reed Army Medical
Center in Washington, D.C., forming part of the Human Developmental Anatomy Center 20
historic embryology collections and remains available for researcher study. In 2014, prelimi‐
nary work began with the current curator on establishing a partnership with the Digital
Embryology Consortium to eventually digitize, preserve, and make more widely available this
collection. Further details of the embryo collection can be found in earlier publications [3, 4]
as well as on the web (http://tiny.cc/HDAC_Collections), see also (http://tiny.cc/Carne‐
gie_Collection).

Figure 1. Carnegie models located at the Carnegie Collection. (Embryos shown in the bottom left-hand corner were
laminated from individual layers and then painted.)
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2.2. Harvard collection

Originally collected by Charles Minot (1852–1914), sometimes referred to as the Minot
Collection, it now forms part of the larger Carnegie Collection. By 1905, the collection consisted
of 937 histologically sectioned embryos from human and other species (Figure 2).

Figure 2. Harvard Collection histology slide No. 839 E, showing 10 micron serial sections from human embryo (No.
318) 13.6 mm in length.

2.3. Blechschmidt collection (University of Göttingen, Germany)

The Blechschmidt Collection is located in the Department of Anatomy and Embryology, Center
of Anatomy, University of Göttingen. The University of Göttingen was founded in 1737, and
has a long history in research that includes producing 45 Nobel Prize winners.

The human embryo collection is named after Erich Blechschmidt (1904–1992), who directed
the Anatomical Institute from 1942 until 1973, and consists of two parts: firstly, a large histology
collection of serial sections and, secondly, a model collection based upon these sections.

The histology collection is made up of about 120 human embryos that have been cut in a range
of anatomical planes into some 200,000 serial sections. In 1972, some of the embryo serial
section sets were temporarily incorporated into the Carnegie Collection and assigned Carnegie
Nos. 10315 to 10434. These embryos have since been returned to their original home at the
University of Göttingen.

The model collection (Figure 3) "Human embryologische Dokumentations sammlung
Blechschmidt" forms a permanent exhibition housed at the Centre of Anatomy and consists of
64 large models, generated from 1946 to 1979. The models are available for viewing upon
request and are arranged in perspex cases that allow each model to be observed from all
directions. The models range from selected parts or systems of a specific embryo to whole
embryos in surface view. In addition, parts of the embryos have been selectively removed or
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“windows” generated to observe internal system structures including: circulatory, respiratory,
gastrointestinal, neural, and the musculoskeletal system.

The modeling method from the histological material used a technique based upon Blechsch‐
midt’s own method, described below. Each model illustrates whole embryo surfaces, some
organic systems (including a circulatory organ, respiratory organs, a digestive organ, central
nerve, and the skeletal system) in precision, in addition to the right-side out.

The embryo collection has probably the largest number of excellently preserved specimens of
the latter half of the embryonic period (covering weeks 5–8 post conception). Detailed
documentation on individual specimens of the collection is sparse and some of the specimens
are also depicted as color drawings in Blechschmidt [5]. The high quality and standard of the
histology material was achieved by a combination of a "state-of-the-art" embryo collection
gynecological practice (mechanical curettage or hysterectomy) from operations including
termination of pregnancy and development of a special fixation procedure. As a result, the
quality of paraffin histological sections mounted on large glass microscope slides is unsur‐
passed and reveals valuable morphological detail of early organ development in the human
embryo.

Figure 3. The Blechschmidt models and histology slides (photo by Saki Ueno).
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Like many historic collections, even with optimal storage conditions, the slide histology has
gradually deteriorated with evaporation of cover glass glue and bleaching of histological
stains. Secondly, the large glass microscope slides are delicate and easily damaged during use.
Both these issues highlight the pressing need for generating a “digital copy” of these historic
collections.

Photomicrographs of individual histological sections from several specimens were included
in Blechschmidt’s embryology textbook [5]. At that time, the only way to preserve for posterity
morphological information contained in these specimens consisted in building large-scale
polymer plastic reconstruction models. These models were made from camera-lucida draw‐
ings at an intermediate magnification of regularly spaced histological sections [6]. Using the
same series of serial sections several times over, Blechschmidt made reconstructions of the
surface anatomy and the morphology of several organ systems of the same embryo, thereby
enabling direct comparison of topographical characteristics and their dynamic changes during
development, even though the cellular detail detectable at high magnification remained
unexplored with this method. Currently, the way to preserve the collection in its current
condition lies with the scanning and digital preservation of the histological material with the
Digital Embryology Consortium.

Figure 4. The Orts-Llorca Madrid Collection. Slides of serially sectioned embryos are stored in individual box sets.
(Photo by Mark Hill)
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2.4. Madrid institute of embryology human embryo collection

The human embryo histology collection was started in 1935 by the Spanish embryologist
Francisco Orts-Llorca (1905–1993) and is located at the Embryology Institute of Complutense
University of Madrid [7]. The collection consists of histological serial sections of more than 100
human embryos in thousands of serial sections covering the embryonic and fetal periods
(Figure 4). The collection includes both normal and abnormal embryos. The sectioning is in a
number of different anatomical planes and includes both normal and abnormal embryonic
material. The collection has unfortunately suffered from the rigors of time, handling by many
researchers, and fading of histological stains. The collection though still contains many very
useful and unexplored embryos of a broad range of stages of development and the current
head of department Professor José F. Rodríguez-Vázquez is determined to return this collec‐
tion to a better condition and preserve this valuable research collection.

2.5. Hinrichsen collection (Bochum specimens)

Klaus V. Hinrichsen was a pupil of Blechschmidt and had the chair of Anatomy and Embry‐
ology at the Ruhr University Bochum in 1970. Many excellent specimens were collected by
Hinrichsen's team between 1969 and 1994 and are now housed in the Department of Anatomy
and Molecular Embryology at the Ruhr-Universität Bochum, Germany. The total number of
the Hinrichsen Collection reached 70, and details of many of these specimens were published
in Hinrichsen’s textbook on human embryology [8] and in many original publications [9]. The
reconstructions have not been attempted from these specimens and many specimens have
likewise remained unexplored, to date.

2.6. Kyoto collection

Hideo Nishimura began this collection in 1961 and currently has over 44,000 human embryo
specimens. It was further developed and managed by Kohei Shiota for a long period and is
currently managed by Shigehito Yamada and all professors in the Department of Anatomy at
Kyoto University School of Medicine.

Under the Maternity Protection Law of Japan, induced abortions were legal and in a great
majority of cases pregnancies were terminated for social reasons during the first trimester.
These provided Nishimura the beginning of the Kyoto collection. In 1975, he formed the
Congenital Anomaly Research Center and the collection had now reached over 36,000
specimens. Currently, this collection is the largest in the world with over 45,000 specimens
(Figure 5) and provides a key resource for international embryology researchers.

An important characteristic of the collection is inclusion of both normal and many abnormal
embryos with severe malformations [10], including holoprosencephaly. Holoprosencephaly
(HPE) is a rare newborn anomaly (1/10,000-20,000) occurring more frequently (1/250 or more)
in the embryo, being the most common structural malformation of the human embryonic
forebrain due to abnormal midline cleavage of the prosencephalon into cerebral hemispheres.
This in turn leads to the characteristically abnormal facial development. [11]. Note that the
estimation of embryonic frequency may be lower than the actual prevalence, as milder forms
of holoprosencephaly also exist, but are more difficult to diagnose [12, 13].
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Another unique feature of the Kyoto Collection is the associated maternal epidemiological data
and detailed clinical information on the pregnancies that were collected with each specimen.
The epidemiological data has been used for statistical analysis to determine potential causative
links between maternal factors and congenital anomalies [14].

The collection has more recently been analyzed using several new advanced imaging tech‐
nologies that allow 3D embryo imaging and subsequent generation of digital models. Firstly,
magnetic resonance microscopy (MRM, see 4.1 in this chapter) of embryos has been carried
out [15-18] and analyzed morphologically using 3D reconstruction [19-21]. Secondly, episcopic
fluorescence image capture (EFIC) and phase-contrast X-ray computed tomography (pCT)
techniques have also been applied to these embryos (18, 22, see 4.2 and 4.3 in this chapter). The
current curator, Shigehito Yamada, has now commenced the lengthy process of digitizing all
histological sections within this collection and is also a contributing partner in the new digital
consortium. The Kyoto Collection is currently one of the largest and best catalogued human
embryo collections, containing approximately equal numbers of both normal and abnormal
specimens. The collection is also divided into whole wet specimens (see sub-heading 4.4 OPT)
as well as about 1,000 serially, histological sectioned embryos (see 5.3, computer reconstruc‐
tions). More recently, the current curator has digitized and made available online sections from
some of the normal embryos in the collection (http://atlas.cac.med.kyoto-u.ac.jp).

Figure 5. Kyoto Collection of human embryos. (Image shows embryo storage, fixed wet whole embryos, histological
collection, and digitization process.)
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2.7. Hubrecht collection

Ambrosius A.W. Hubrecht (1853–1915) was a Dutch embryologist who held a chair in
comparative embryology at the University of Utrecht from 1910 and founded the “Institut
Inteniational d'Embryologie” in 1911. This huge collection of comparative embryonic material
from 600 vertebrate species consists of 3,000 wet specimens and 80,000 histological sections
from many species including human [23]. There is also a significant collection of photographic
material and documentation available. This collection along with the Hill Collection and other
German collections forms the Embryological Collection at the Museum für Naturkunde in
Berlin and is currently curated by Peter Giere (Figure 6). The collection is made available for
researchers upon request. (http://tiny.cc/MfN_Berlin_Embryo)

Figure 6. The Embryology Collection photomicroscopy setup at the Museum für Naturkunde. With permission, collec‐
tion slides can be photographed and used for research purposes. (Photo by Mark Hill)

2.8. HUDSEN collection

The Human Developmental Studies Network (HuDSeN) atlas is based on 12 optical projection
tomography (OPT) models covering the range of Carnegie stage 12–23 [24]. The Human
Developmental Biology Resource (http://www.hdbr.org/) was established in 1999 in line with
the ethical guidelines laid out in the Polkinghorne Report. There are also histological sections
(hematoxylin and eosin stained) from human embryos covering these stages of development.
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3. Human embryonic development

Classification into developmental stages is necessary to accurately describe prenatal growth.
Embryonic staging of animals was introduced at the end of the 19th century [25], and was first
applied to human embryology by Mall [26]. At first, human embryos were classified based on
their length like “3-mm stage,” but this approach was quickly obsolete because there are
individual variations between each embryo. Subsequently, Streeter developed a 23-stage
developmental scheme of human embryos in the 1940s called developmental “Horizons.”
Finally, stages 1–9 were established by O’Rahilly [1973], stage 10 was summarized by Heuser
and Corner in 1957 from Streeter’s note [27], and stages 11–23 were described in detail by
Streeter [28–31].

3.1. Carnegie stages

The Carnegie stage is commonly known as a staging scheme which remains widely used today.
Table 2 shows the relationship between embryonic ages from various researchers and the
equivalent Carnegie stages proposed by O’Rahilly and Müller [32]. It is important to note that
Streeter’s human series included pathological specimens obtained from spontaneous abortion
or ectopic implantation.

Carnegie stage
(CS)

Embryonic age
(days)

Streeter
(28-31)

Nishimura (33, 34) Jirásek (35)
O’Rahilly and

Müller (32)
O’Rahilly and

Müller (36)

11 24 27 23-26 23-25 28-30

12 26 30 26-30 25-27 29-31

13 28 32 28-32 28 30-33

14 29 34-35 31-35 32 33-35

15 31.5 36 35-38 33 35-37

16 33 38 37-42 37 37-40

17 35 40 42-44 41 39-42

18 37 42 44-48 44 42-45

19 39 44 48-51 47-48 45-47

20 41 46 51-53 50-51 47-50

21 43 48 53-54 52 49-52

22 45 50 54-56 54 52-55

23 47 52 56-60 56-57 53-58

Table 2. Embryonic age (days) based on developmental stages (CS) of human embryos, according to various authors.
Streeter [28-31], Nishimura [33, 34], Jirásek [35], and O’Rahilly and Müller [32] show the approximate ovulation age
(days); O’Rahilly and Müller [36] show embryonic ages calculated from the greater length of embryo and ultrasound
findings
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3.2. Image and summary of each Carnegie stage (Figure 7)

Carnegie stage 1: Zygote

1 day after fertilization, cell size 120–150 µm in diameter.

At fertilization, the oocyte completes meiosis II, forming the female pronucleus. The sperma‐
tozoa nucleus in the oocyte cytoplasm decompresses, forming the male pronuclei. These two
pronuclei fuse to form the first diploid cell, the zygote. The first mitosis occurs during the 24
h after zygote formation. The term “conceptus” is now used to describe all the cellular products
of the zygote.

Carnegie stage 2: Morula.

1.5–3 days after fertilization, conceptus 0.1–0.2 mm in diameter.

The zygote forms two blastomeres. Mitosis of these blastomeres forms a solid ball of 16 cells,
then 32 cells, still enclosed by the zona pellucida. This cleavage stage divides the large zygote
cytoplasm into sequentially smaller cells. The term “morula” means berry, referring to the
appearance of the solid ball of cells.

Figure 7. Examples of the Carnegie Collection embryos arranged into the classic Carnegie stages.

Carnegie stage 3: Free blastocyst

4 days after fertilization, conceptus 0.1–0.2 mm in diameter.

Cell division continues after the 32 cell stage occurring more rapidly at the surface and slower
in the center cells. This and directional fluid transfer leads to a cavity, the blastocoel, in the
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conceptus. The surface cells form an outer squamous trophoblast layer linked by both tight
and gap junctions. The larger inner cells form the inner cell mass or embryoblast.

Carnegie stage 4: Attaching blastocyst

5–6 days after fertilization, conceptus 0.1–0.2 mm in diameter.

The blastocyst hatches from the zone pellucida, still floating in uterine secretions of the
secretory phase of the menstrual cycle. The surface trophoblast cells can now initially adhere
to the endometrial epithelium at the site of implantation. The trophoblast cells proliferate and
differentiate into two layers. The outer cells fusing to form syncytiotrophoblasts, the inner
close remain as single cells, cytotrophoblasts.

Carnegie stage 5: Implanted but previllous

7–12 days after fertilization, conceptus 0.1–0.2 mm in diameter.

This stage was originally divided into three (a, b, and c) substages based on trophoblast
differentiation status before outgrowth (villi) appears. 5a is the initial solid trophoblast cell
layer; 5b, lacunar trophoblast with the appearance of spaces (lacunae) within the trophoblast
layer; 5c, maternal blood-filled lacuna as capillaries and uterine glands are opened into the
trophoblast spaces.

Carnegie stage 6: Chorionic villi and primitive streak

13 days after fertilization, conceptus 0.2 mm in size.

Trophoblast cells extend into the maternal uterine stroma (decidua) forming chorionic villi.
The extra-embryonic mesoderm arises, lining the conceptus cavity and forming the chorionic
cavity. Three separate cavities or extra-embryonic coeloms form outside the embryonic disc:
the chorionic, amniotic, and yolk sac cavities. Toward the end of this stage, the primitive streak
appears on the embryonic disc; this is the site of gastrulation.

Carnegie stage 7: Notochordal process

16 days after fertilization, embryonic disc 0.4 mm in length

The embryonic disc establishes axes and has an initial central primitive node (Hensen’s node,
primitive pit) with the primitive streak extending caudally to the disc edge where the con‐
necting stalk will later form. Gastrulation occurs here forming endoderm and mesoderm that
spread laterally and rostrally from the primitive streak. Above the primitive node, cranially,
the notochordal process develops in the mesodermal layer. The length of this process increases
from 0.03 to about 0.3 mm. The embryonic disc increases in size and the amniotic cavity
enlarges over the yolk sac.

Carnegie stage 8: Primitive pit, neuenteric canal

18 days after fertilization, embryonic disc 1.0 mm in length

The embryonic disc is pyriform, tapering caudally, and now has cranio-caudal axis, measured
from this stage onward by crown-rump length (CRL). The stage shows three key features: the
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primitive pit, the notochordal canal, and the neurenteric canal. The notochordal canal is
marked by the cavity extending from the primitive pit into the notochordal process. The floor
of the canal is lost to form a transient passage, neurenteric canal, between the amniotic cavity
and the yolk sac. The notochord process will differentiate into the notochord or axial meso‐
derm. The remainder of new mesoderm layer has not yet segmented and is called the preso‐
mitic stage.

Carnegie stage 9: 1–3 pairs of somites

20 days after fertilization, embryo 1.5 mm in crown-rump length (CRL)

The mesoderm either side of the notochord now segments into paired somites. Segmentation
of paraxial mesoderm only occurs at the level of the trunk, not the head, and proceeds in a
cranial-caudal direction. Note that the sequential appearance of somite pairs can also be used
as a criterion to stage the embryo. The embryonic disc resembles a shoe-sole, with the broad
neural plate in the ectoderm layer positioned in the cranial region. The mid-line neural plate
begins to fold forming a neural groove.

Carnegie stage 10: Neural folds begin to fuse, 4–12 pairs of somites

22 days after fertilization, embryo 1.8 mm in CRL

Somitogenesis continues increasing from 4 to 12 somite pairs. The neural groove continues to
fold bringing the neural plate edges together to commence fusing. This fusion occurs in both
cranial and caudal directions and at several sites. In the head region, the optic sulcus and first
pharyngeal (branchial) arch appear. In the underlying trunk region mesoderm the cardiac tube
appears.

Carnegie stage 11: Anterior neuropore closes

24 days after fertilization, 2.5–3 mm in CRL

Somitogenesis continues increasing from 13 to 20 somite pairs. The neural groove has formed
an open-ended neural tube, and the upper head end (anterior, cranial or rostral) opening
(neuropore) commences to close. Optic evagination is produced at the optic sulcus and the
optic ventricle is continuous with that of the forebrain. The cardiac tube has formed a loop,
with a sinus venosus region appearing. The second pharyngeal arch is visible. A ventral
indentation (stomodeum) is present at the level of the first arch. The floor of the stomodeum
forms the oral membrane (buccopharyngeal) that commences to degenerate. Dorsally at the
level of the second arch, paired otic placodes fold inward to form the otic vesicles.

Carnegie stage 12: Posterior neuropore closes

28 days after fertilization, 4 mm in CRL

Somitogenesis continues with 21–29 somite pairs. The posterior (caudal) neuropore is starting
to close or is closed. Three of the pharyngeal arches are now clearly visible. The upper limb
buds appear, initially as lateral swellings at the level of the heart. Internally, the heart inter‐
ventricular septum has begun to form, the liver is present and the lung buds appear.

Carnegie stage 13: Limb buds, optic vesicle
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32 days after fertilization, 5 mm in CRL

Somitogenesis continues with more than 30 somite pairs. The numbers of somite pairs are now
difficult to determine as staging criteria. Both upper and lower limb buds are visible. The optic
vesicle is present, and the lens placode begins to differentiate.

Carnegie stage 14: Lens pit and optic cup

34 days after fertilization, 6 mm in CRL

The upper limb buds elongate and become tapering. Upper limb bud features appear about 2
days before the lower limb. The embryo cephalic and cervical flexures are prominent. Within
the head, the future cerebral hemispheres and cerebellar plates are visible. On the head surface,
the lens pit invaginates into the optic cup but is not yet closed and the otic vesicle endolymphat‐
ic appendage emerges. Within the trunk, pancreatic buds (ventral and dorsal) are present, the
mesonephric duct forms the ureteric bud and at its tip is the metanephrogenic blastemal cap.

Carnegie stage 15: Lens vesicles, nasal pit and hand plates

36 days after fertilization, 8 mm in CRL

The upper limb hand plates are now visible. Lens vesicles are closed and covered by the surface
ectoderm. The nasal plate invaginates to form a nasal pit. The auricular hillocks on pharyngeal
arch 1 and 2 appear. Within the heart, the foramen secundum is present. Lung buds are now
branched into lobar buds and the primary urogenital sinus is formed.

Carnegie stage 16: Nasal pit faces ventrally, retinal pigment, foot plate

38 days after fertilization, 10 mm in CRL

The upper limb hand plates are distinct and the foot plate has begun to form. On the trunk
between the upper and lower limbs, a distinct mesonephric ridge is visible. On the head, the
nasal pits deepen and face ventrally and the eye retinal pigment is visible externally. The
nasolacrimal groove begins to form and lies between the frontal and maxillary processes.

Carnegie stage 17: Head relatively larger, nasofrontal groove, finger rays

40 days after fertilization, 11 mm in CRL

The upper limb hand plates have digital rays, and the foot has acquired a rounded digital plate.
The head is now larger than previously and the trunk has begun to straighten. On the first and
second pharyngeal arches the auricular hillocks are present and the nasolacrimal grooves are
distinct.

Carnegie stage 18: Elbows, toe rays, eyelid folds

42 days after fertilization, 13 mm in CRL

The upper limb elbows are discernible and in the hand plates interdigital notches appear. Toe
rays are observed in the foot plate. The trunk shape is more cuboidal and both cervical and
lumbar flexures are denoted. On the head, eyelid folds appear and auricular hillocks are fusing
to form specific parts of the external ear. Ossification commences in some skeletal structures.
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Carnegie stage 19: Trunk elongation and straightening

44 days after fertilization, 16 mm in CRL

The upper and lower limbs are parallel, with preaxial borders cranially and postaxial borders
caudally. On the head, eyes are now positioned in the front of the face, due to the growth of
the brain, and the external ears have their definitive shape. The trunk continues to elongate
and straighten. Within the trunk, the intestines have developed and herniated in the umbilical
region.

Carnegie stage 20: Longer upper limb bent at elbow

46 days after fertilization, 19 mm in CRL

The upper limbs have increased in length and flexed at the elbows and hand joints. Fingers
are curving slightly over the chest. The angle of cervical flexure becomes small, and the
direction of the head goes upward. The head has a superficial scalp vascular plexus. The
herniated intestines continue to elongate. Embryo spontaneous movements can occur at this
stage.

Carnegie stage 21: Fingers are longer, hands approach each other

48 days after fertilization, 21 mm in CRL

The hands are slightly flexed at the wrists and nearly come together over the cardiac promi‐
nence. The head becomes round and the superficial vascular plexus has spread and now
surrounds the head. The trunk tail now becomes rudimentary.

Carnegie stage 22: Eyelids and external ear are more developed

50 days after fertilization, 23 mm in CRL

The head vascular plexus is now very distinct. The eyelids have thickened and lie over the
eyes. The external ear position is higher on the head and the tragus and antitragus regions are
more definite. The trunk tail is almost lost.

Carnegie stage 23: End of embryonic period

52 days after fertilization, 30 mm in CRL

The head is now rounded out and the trunk has elongated to a more mature shape. The limbs
have increased in length and the forearm is level or above the level of the shoulder. The head
scalp vascular plexus is approaching the vertex of the head. The eyelids and ear auricles
become definite. The external genitalia are developed but not sex-differentiated. The trunk tail
has now gone.

4. Human embryo imaging

Rapid advances in medical imaging are facilitating the clinical assessment of first-trimester
human embryos at increasingly earlier stages. To obtain data on early human development,
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we have used some micro-imaging modalities such as magnetic resonance microscopy,
episcopic fluorescence capture, and phase-contrast X-ray computed tomography. The follow‐
ing sections describe and show the resulting embryo images from each of these imaging
techniques.

4.1. Magnetic Resonance Microscopy (MRM)

Magnetic resonance (MR) imaging is now widely used as a tool for diagnostic medical imaging.
In research, when scanning small samples this technique is called magnetic resonance
microscopy (MRM). MRM was first applied to studying the human embryo in the 1990s [37,
38], and has now become a very powerful tool for 3D measurement of chemically fixed human
embryos [15]. This research technique is still being developed and MRM images in higher
resolution have been obtained using human embryos and a range of contrast agents [39]. The
images shown in Table 3 were obtained using MRM equipped with a 2.34T magnet [15].

4.2. Episcopic Fluorescence Image Capture (EFIC)

Episcopic fluorescence image capture (EFIC) was devised and developed in the early 2000s
[40, 41]. With EFIC imaging, tissue autofluorescence is used to image the whole embryo block
face prior to histologically cutting each section. These individual sections can then be viewed
or reconstructed into a 3D image [18], Figure 8. This technique has now been applied to staged
human embryos from the Kyoto Collection. The first and only human embryo atlas developed
from Kyoto embryos using EFIC can be accessed at website in University of Pittsburgh (http://
apps.devbio.pitt.edu/HumanAtlas/; login ID and password are shown in [18]; the atlas also
includes MRM images from similar staged embryos.

4.3. Phase-Contrast X-ray Computed Tomography (pCT)

Phase-contrast X-ray computed tomography (pCT) is a relatively newer technique of imaging.
In this technique, the X-rays are used as electric waves characterized by amplitude and phase.
Conventional X-ray imaging (radiography) is based on absorption-contrast (i.e., amplitude
imaging) and represents the mass-density distribution of X-ray inside the sample.

In comparison, pCT uses the phase-shift, occurring when X-rays pass through samples [42].
The phase shift is converted into a change in X-ray intensity that is collected by a current-
detecting device. There are some conversion methods such as interferometry with an X-ray
crystal interferometer [42, 43], diffractometry with a perfect analyzer crystal [44-46], a propa‐
gation-based method with a Fresnel pattern [47, 48], and Talbot interferometry with a Talbot
grating interferometer [49, 50]. Devices based on this principle have been developed [51, 52],
and an image of human embryo at CS 17 obtained using a two-crystal X-ray interferometer
(Yoneyama et al., 2011) is featured in Figure 9.

4.4. Optical Projection Tomography (OPT)

Optical projection tomography (OPT) was devised in 2002, using the principle of projection
tomography [53, 54]. During the embedding process, the samples are dehydrated and cleared
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with a mixture of benzyl alcohol and benzyl benzoate, allowing the light to pass through the
specimen. This technique has also been applied into human embryo [55, 56], and the atlas
regarding gene expression in the developing human brain has been established using OPT [24].

Figure 8. Comparison between imaging of the same stage embryo using two different techniques of EFIC (left) and
MRM (right).

Table 3. Result of MRM scanning using human embryos
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Figure 9. Comparison of human embryos (CS 17) imaged by pCT (A,C) and MRM (B,D). Note that Rathke’s pouch can
be seen in the embryo by pCT (C) but not detected by MRM (D).

5. Three-dimensional models and analyses of human embryos

In the 19th century, human embryo models were made manually based on macroscopic and
microscopic observation. Wax plate technique was introduced into embryology in 1887, and
the principle was used continuously until the computer era, although the material of the model
has been changed from wax to plastics. Computer-assisted reconstruction started at the end
of the 20th century. The reconstruction was made from the histological sections at first,
followed by reconstruction from 3D image dataset. Recently, as 3D printers become cheaper
and widespread, they are being applied in human embryology.

5.1. Ziegler models

By the middle of the 19th century, there had already been 2D illustrations of embryos and 3D
embryo models were eagerly awaited, due to the difficulty of obtaining embryos, their fragility
and size. Louis Auzoux, a French anatomist, made papier-mâché models in his Normandy
workshop (Figure 10A). Later Adolf Ziegler started to render hand-shaped models after he
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returned to the University of Freiburg in 1854, and completed his first model series “The
Development of the Frog.” His modeling was applied in developmental biology, including
human embryos. Adolf Ziegler retired in 1883 and his son Friedrich Ziegler took over the
modeling operations. The “Ziegler models,” including trout, sea urchin, beetle, frog, chick,
and human embryos (Figure 10B) were displayed at the 1893 World’s Columbian Exposition
in Chicago, and there they attracted much attention.

Figure 10. Examples of historic embryo models. Modeling workshop of Louis Auzoux (A), Ziegler human embryo
models (B) and Carnegie Laboratory models and Osborne O. Heard (C).

New Discoveries in Embryology116



returned to the University of Freiburg in 1854, and completed his first model series “The
Development of the Frog.” His modeling was applied in developmental biology, including
human embryos. Adolf Ziegler retired in 1883 and his son Friedrich Ziegler took over the
modeling operations. The “Ziegler models,” including trout, sea urchin, beetle, frog, chick,
and human embryos (Figure 10B) were displayed at the 1893 World’s Columbian Exposition
in Chicago, and there they attracted much attention.

Figure 10. Examples of historic embryo models. Modeling workshop of Louis Auzoux (A), Ziegler human embryo
models (B) and Carnegie Laboratory models and Osborne O. Heard (C).

New Discoveries in Embryology116

5.2. Wax-plate model and its derivatives

In 1865, Wilhelm His Sr. invented the microtome [57], and he applied it to embryology. In 1883,
Gustav Born devised the wax plate technique; 3D reconstruction from serial histological
sections was made by wax plate [58]. This technique was applied to embryology [59] and later
modified in the Carnegie Laboratory in Baltimore [60]. The material of model originally used
was mainly wax (Figure 10C), and changed into plastic or its derivatives [61] in the 20th
century. These new models were a significant improvement in detail and accuracy over the
earlier Ziegler models. The technique was later further developed, with larger scale and detail,
by Blechschmidt in his model series (see above, section 2.3].

5.3. Computer graphics from serial sections

Recent advancement in image technology and computer science has made computer-assisted
reconstruction of embryonic structures more effectively, and the reconstructed images can be
manipulated as desired on the viewing screen. This technique has been applied to human
embryos in 1994, using the Madrid Collection [62], and 3D reconstruction of human embryo
has also been established using the Kyoto Collection [62]. In the 21st century, the 3D models
were colorized and elaborated [63, and see Figure 11]. In combination with the advance of web
technique, some attractive web-based human embryo atlases have been constructed using the
Kyoto Collection [18], http://apps.devbio.pitt.edu/HumanAtlas/), and the Carnegie Collection
has been established and available freely [64], (http://www.ehd.org/virtual-human-embryo/).

5.4. 3D printer and scanner

A 3D printer is a tool for making 3D solid objects from digital data. Stereolithography was a
technique developed at the end of the 20th century; in recent years, it has enabled the creation
of inexpensive 3D models in engineering, medical and dental fields, as well as the academic
area [65] and has been applied to human embryology [66], (see Figure 12).

Figure 11. Histological section (left), embryo surface reconstruction (center) and a 3D reconstruction labeling of the
gastrointestinal system (right) from a human embryo.
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Figure 12. Images related with 3D printer and scanner. (A) The brain ventricle of human embryo ranging from CS13 to
23. (B) Solid reconstruction in the Blechschmidt Collection. (C) Drawing derived from B. (D) Image data of B converted
by a commercially available 3D scanner (http://cubify.com/en/Products/Sense).

A 3D scanner is a tool for digitizing the surface of an object as data. Several groups are currently
investigating its application to human embryology.
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Abstract

The embryonic development of the limbs is widely used as a paradigm for the
comprehension of the cellular processes and molecular mechanisms underlying
organogenesis and pattern formation. The chick, mouse and (recently), zebrafish
embryos are excellent models, for the ease of experimental manipulation and the
availability of several mutant strains with limb malformation defects.

Knowledge on the molecular circuits that control cell expansion and position-
dependent cell differentiation in the developing limb bud is rapidly expanding.
Recently, a set of human congenital malformations known as split hand foot
malformations (SHFM) together with the corresponding animal models have revealed
novel molecular players and regulations, important for the function and maintenance
of the apical ectodermal ridge, the structure that coordinates limb outgrowth with
digit pattern.

In this chapter we illustrate the pathways centred on the master transcription factor
p63, and discuss the mechanisms by which these pathways impact on the regulation
of signalling molecule controlling growth and shape of the normal limb. Finally we
indicate how the signalling networks are misregulated in SHFM, and point to
emerging functions of the FGF8 and Wnt5a signalling molecules.

Keywords: Limb, Embryonic ectoderm, AER, SHFM, EEC, p63, Dlx5, Wnt5a, FGF8
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1. Introduction

The limbs are projecting paired appendages of an animal body used especially for movement
and grasping, for example, wings, arms, and legs. The development of the limb bud is often
taken as a paradigm for a cellular and molecular comprehension of the common principles of
organogenesis and pattern formation. Embryonic patterning implies that cells acquire
positional information, usually by interpreting concentration gradient of signalling molecules.
Accordingly, limb pattern is specified along three principal axes: anterior-posterior (A-P) (e.g.,
thumb to little finger), dorsal-ventral (D-V) (e.g., back of hand to palm) and proximal-distal
(P-D) (e.g., shoulder to nails). Digit pattern across the A-P axis is a classic example of a
signalling gradient that specifies positional values, linked to a gradient of Sonic-Hedgehog
(SHH). D-V patterning is less studied and involves signals from dorsal and ventral ectoderm.
The specification of P-D positional values has long been considered to involve a timing
mechanism, under the control of ligands of the fibroblast growth factor (FGF) family. A
concentration gradient of molecules can also give cells polarity information, recently shown
to be critical for patterning and morphogenesis.

The limbs are not essential for life, thus a large number of mutant strains are available for
studies on the genetic determinants of limb development, in normal and pathological condi‐
tions. Manipulation of chicken limb buds has been widely used in the past, mainly because of
the ease of examination and manipulation, to postulate the first models of limb bud develop‐
ment leading to the identification of important regulatory genes and interactions. In addition
to the chicken model, functional genetics has made great advances thanks to spontaneous and
engineered loss- and gain-of-function mutant mouse strains, and recently with the advent of
the zebrafish embryos as animal models.

In this chapter, we illustrate the pathways centred on the master transcription factor p63, and
discuss the mechanisms by which these pathways impact on the regulation of signalling
molecules controlling growth and patterning of the normal limb bud. Based on available
knowledge, we propose how signalling networks are misregulated in the split hand foot
malformation (SHFM) and related developmental conditions, and indicate emerging functions
of the FGF8 and Wnt5a diffusible molecules.

1.1. Limb initiation

Around the embryonic age E8.0 in the mouse, limb buds are initiated as four lumps of
mesenchymal cells covered by ectoderm, protruding from the main body axis at approximately
the position of somites 6–11 (the forelimbs, FL) and somites 24–27 (the hindlimbs, HL). The
limb buds are paired along the cephalo-caudal axis and develop at the same fixed locations on
this body axis (Figure 1A). How are their positions defined?

It has been proposed that the position of several dorsal organs along the cephalo-caudal axis,
their identity and timing of appearance depend on the expression of specific sets of Hox genes.
The 39 vertebrate Hox genes code for homeodomain transcription factors, homologous with
the genes of the Drosophila HOM-C complex, and are combinatorially expressed along the
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Figure 1. Schematic representation of limb development with embryonic timeline for chick wing and mouse forelimb.
A) Representation of the prospective limb territories in a stage 14/8 chick (Hamburger-Hamilton stages, HH))/mouse
embryo. The forelimbs (FL) and hindlimbs (HL) derive from discrete regions of the lateral plate mesoderm (LPM).
Tbx5 (red) is expressed in the prospective FL, whereas Tbx4 (red) is expressed in the prospective HL. In this stage, Pitx1
(yellow) is expressed in a caudal domain that overlaps with Tbx4. The somites (blue) are numbered and serve as refer‐
ence for the axial position of the FL and HL fields. B) Model of initiation of FL bud. Hox protein gradients establish the
condition for the synthesis of retinoic acid (RA) in the LPM. RA causes induction of the transcription factors Tbx5 (or
Tbx4 for the HL). Tbx5-expressing mesechymal cells express FGF10 and induce the ectodermal cells of the surface (yel‐
low square) to activate epithelial-mesenchymal transition (EMT). C) Newly generated mesenchymal cells express
FGF10 that induces the overlaying ectodermal cells to express FGF8 giving rise to the apical ectodermal ridge (AER).
Expression of FGF8 by the AER induces the mesenchymal cells to express FGF10, thus establishing a positive feedback
loop for the initial phases of limb outgrowth. D) Schematic representation of the progress zone (PZ) model. The AER
maintains cells of the PZ in an unspecified state. For a detailed description of the proposed models of P-D patterning
see the text. E) AER-derived FGF8 maintain the expression of SHH in the ZPA cells, which in turn gives feedback on
the AER cells to maintain FGFs expression, via Grem1 and BMP inhibition. This signalling between the AER and ZPA
contributes to co ordinate the patterning along the P-D and A-P axes.
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main body axis. Hox genes are serially organized in four clusters (a, b, c, and d), each located
on a different chromosome. Within each cluster, Hox genes are organized in a physical order
collinear with the cephalo-caudal axis of the growing organism so that the genes lying at the
3’ end are expressed earlier and are localized in the most anterior domains. Moving toward
the 5’ direction, each next gene is expressed in a progressively more posterior territory. Thus,
each Hox gene has a specific anterior limit of expression, and each A-P embryonic territory
expresses a specific combination of Hox genes, utilized as positional information.

A key signalling molecule for limb initiation is FGF10, a member of the FGF family of diffusible
peptides. The FGF10 mRNA is detected quite early in the presumptive limb mesenchyme and
promotes AER induction (a key organizer and regulator of the P-D limb extension; see below)
and initiation of ectopic limb development when applied exogenously [1]. Conversely, in
FGF10-null mice, limb buds are initiated but the AER does not form, resulting in complete
truncation of all four limbs [2 - 4].

The expression of FGF10 coincides with the time when the trunk is only competent to form an
ectopic limb, for example, the time at which the trunk mesenchyme becomes determined and
can no longer be redirected to a limb fate (the HH stage 16–17 of the chick embryo) [5, 6]. The
initial assumption was that limbs originate from a pre-existing mesenchymal population
undergoing a localized regulation of proliferation. In fact, at the HH stage 17–18, there is a
substantial decrease in proliferation of the flank mesoderm, while instead higher rates are
maintained within the emerging limb buds.

The current model considers that, shortly after gastrulation, a re-epithelization of mesodermal
cells occurs so that the entire embryo is essentially epithelial, including also the notochord, the
somites, the intermediate mesoderm and the lateral plate mesoderm (LPM). At stage HH 13
in the chick, before limb initiation, the somatopleure displays epithelial rather than mesen‐
chymal features. The LPM of the limb field starts out as an epithelium and ultimately generates
limb-bud mesenchyme through a process termed epithelial-mesenchymal transition (EMT) [7]
(Figure 1B). In embryos null for FGF10 and Tbx5 the proportion of mesenchymal cells com‐
pared to the proportion of epithelial cells was significantly lower than that of wild-type (WT).
These mutants show hyperplasia of the somatopleure epithelium, in support of failure of these
cells to undergo EMT. These new data show the time in which the trunk is competent to form
an ectopic limb, is precisely the time at which the trunk mesenchyme is initially generated.
The old experiments of ectopic application of FGF10 need to be re-interpreted, as induction of
limb-bud formation from epithelial trunk somatopleure cells and not from mesenchymal cells
of the same A-P level.

1.2. T-box genes and limb-type specification

The FL and HL of all vertebrate species are evidently different (e.g., wing vs. leg in the chick
embryo, pectoral vs. pelvic fins in fish embryos, arms vs. legs in primates, etc.). The specifi‐
cation of limb-type identity and morphology is established before overt limb initiation. A large
body of evidence indicates that two transcription factors of the T-box family participate in the
early definition of limb-type identity: Tbx5 for the presumptive territories of the mouse FL
(wing of the chick, pectoral fins of fishes) and of Tbx4 in the presumptive territory of the mouse
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HL (leg of the chick, pelvic fins of fishes) (Figure 1A). These genes are expressed very early in
the prospective limb mesoderm and, in addition to define limb-type identity, also appear to
be necessary and sufficient for early limb induction [8 - 15].

However, although only expressed in FL and HL, respectively, Tbx5 and Tbx4 appear not to
be the master directors of limb-bud identity/morphology design. Instead, the Pitx1 gene, which
codes for a paired-type homeodomain transcription factor and which is expressed in the HL
bud, is the upstream regulator of Tbx4, and is directly implicated in HL specification. Multiple
independent cis-regulatory elements of Tbx4 expression have been identified, including the
HL-specific enhancers [16]. Both may be targets of Pitx1 and other unknown upstream factors.
Structural changes of these regulators might be some of the multiple factors responsible for
the hind/lower limb morphology specification. However, limb-bud identity/morphology
determination remains to a large extent unexplained.

1.3. Role of retinoic acid

A signalling molecule known to act upstream of Tbx5 during forelimb/pectoral fin develop‐
ment is retinoic acid (RA) [17 - 21]. According to old observations, patterning along the
proximal-distal axis of the vertebrate limb is controlled by opposing diffusible signals, in which
RA functions as the proximal signal and FGF as the distal one [22, 23].

The mechanism through which RA controls limb development has been widely debated [21],
but clear results have only been produced in recent years [17, 19, 22, 24 - 27]. Mouse and
zebrafish embryos null for the gene aldehyde dehydrogenase-1a2 (aldh1a2) fail to synthesize RA
and do not develop limbs/fins. These mutants fail to express Tbx5, and the exogenous appli‐
cation of RA can rescue both limb/fin development and Tbx5 expression [18, 19, 25, 27, 28].
However, a recent paper shows that RA signalling is not required for P-D limb patterning, and
instead provides genetic evidence that RA-FGF antagonism occur only along the trunk lateral
plate mesoderm, prior to FL budding, to permit induction of Tbx5 [29]. This study shows that
RA controls limb development in a manner much different than that originally envisioned (see
below).

1.4. Proximal-distal axis

The limb skeleton is laid down as five cartilage skeletal elements, not just the three referred to
as stylopod (humerus/femur), zeugopod (radius-ulna/tibia-fibula), and autopod (digits); in
fact two carpal regions between zeugopod and autopod are present, that initially have the
same size as the other segments but then grow substantially less.

P-D  extension  and  patterning  is  strictly  linked  to  the  signalling  activity  of  the  apical
ectodermal ridge (AER), a morphologically distinct ectodermal thickening, extending along
the entire A-P length, and lining the D-V border. The AER is present between E9 and E11
in the  mouse embryo,  consists  of  a  pseudo-stratified epithelium in the chick and pluri-
stratified  epithelium  in  the  mouse,  and  is  a  dynamic  structure  constantly  undergoing
morphogenetic changes [30 - 32].
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The AER plays a fundamental role in promoting and regulating the outgrowth and patterning
of the P-D limb axis. Experimental removal of the AER in chicken limb buds, causes a devel‐
opmental arrest, and truncation of wing skeleton [33], meanwhile grafts of an AER to a
recipient limb bud induces ectopic P-D outgrowth [34]. In 1993, Niswander identified FGFs as
the relevant signals produced by the AER to induce P-D limb axis formation and extension. P-
D extension and outgrowth is rescued by exogenous application of FGFs on AER removal [35].
This study provided the first molecular insights into how AER-FGF signalling controls in P–
D extension and patterning. Four FGF ligands (4, -8, -9 and -17), are expressed by the AER cells
with redundant functions during P–D patterning of mouse limb buds. Inactivation of the three
FGFs expressed predominantly by the posterior AER (FGF4, -9, -17) does not alter limb-bud
development [36]. In contrast, loss of FGF8, which is the first and only FGF ligand expressed
by the entire AER from early stages onward, disrupts formation of the proximal-most limb
skeletal element [37 - 40]. This early and transient disruption of P-D extension is rescued by
the activation of FGF4 in the FGF8-deficient AER, which results in almost normal development
of the more distal limb skeleton [41, 42]. Combined inactivation of both FGF8 and FGF4 causes
a complete arrest of limb-bud development and limb agenesis [39, 42]. In addition, transient
expression of FGF8 and FGF4 during initiation of limb-bud outgrowth is sufficient for
specification of the entire PD axis, but the progressive proliferative expansion of such specified
limb segments is disrupted [42].

Other AER-expressed FGFs, in particular FGF9, contribute to the proliferative expansion of
the limb mesenchymal progenitors in a P-D sequential order, so that higher AER-expressed
FGF levels are required for formation of more distal limb structures [36]. Taken together, this
genetic analysis reveals an instructive role of AER-FGF signalling in the specification and
proliferative expansion along the P–D axis.

The AER is first induced by the expression of FGF10 in the prospective limb-bud mesenchyme.
FGF10 is expressed in the same territories as Tbx4 and Tbx5 and interestingly, FGF10 is a direct
transcriptional target of these transcription factors. The expression of FGF10 is essential to
establish AER-expressed FGF signalling, which in turn is required to maintain Ffg10 expression
[1, 42]. The reciprocal induction of FGF10-FGF8 requires the expression of Wnt3a, coding for
a ligand of the Wnt family acting through the β-catenin pathway (described in the following
sections). The activation of Wnt3 expression couples FGF8 and FGF4 expression from cells of
the AER with FGF10 expression [43, 44]. Thus, in these early phases, a positive feedback loop
between FGF10 and FGF8 is established in adjacent territories, and is required for reciprocal
maintenance (Figure 1A-C).

1.5. Limb extension: The progress zone

Old experiments showed that removing the AER at progressively earlier stages resulted in
truncations of the limb skeleton at progressively more proximal levels [33]. Thus, the acquis‐
ition of a P-D positional identity seemed to depend on the time that proliferating/unspecified
cells spend near the AER (the progress zone, PZ) under the influence of AER signals. According
to the model proposed by Summerbell and Wolpert [45] the mesenchymal progenitor cells
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leaving the PZ early would acquire proximal identities, whereas the same cells leaving the PZ
later would acquire progressively more distal identities (Figure 1D).

The great merit of this model has been to introduce the notion of time as an important factor
in morphogenetic signalling; however, as a result of extensive molecular and cellular analyses,
the original PZ model has been largely abandoned. First, the loss of proximal but not distal
skeletal elements in FGF8-deficient mouse limb buds [40] are difficult to reconcile. Second, fate
mapping studies in chicken embryos provide good evidence for the presence of pools of
progenitor cells with distinct P-D identities, specified very early and then expanded sequen‐
tially by proliferation [46]. Removal of the AER at progressively later stages simply eliminates
the distal mesenchyme containing the specified but not yet expanded progenitor pools. These
studies provide a straightforward alternative explanation for the loss of distal skeletal elements
following AER removal [46]. These and other results led to the proposal of the early specifi‐
cation/expansion model as an alternative to the PZ model [42, 46]. This model proposes that
AER-expressed FGF signalling controls survival and sequential proliferative expansion of a
pool of progenitor/stem cells in P-D territories, in a dose- and time-dependent highly regulated
fashion.

A third model has been proposed, in which P-D patterning is controlled by opposing diffusible
signals, with RA functioning as a proximal signal and FGF acting as a distal signal [26]. Chick
FL or HL ectopically exposed to RA or FGF8, or to antagonists of RAR or FGF receptor, display
P-D fate changes that either expand or contract expression of proximal limb markers [23].
Further evidence has been recently provided, indicating that RA is needed for P–D patterning
of both FL and HL [47, 48]. Using recombinant heterotopic chick limb transplantations they
propose that the exposure to the activities of Wnt3a, FGF8 (distal molecule), and RA (proximal
molecule) maintains the potential to form both proximal and distal structures. While these
studies report the ability of RA treatment to reprogram distal limb mesenchyme to a proximal
fate and to maintain early limb mesenchyme in a Meis1-expressing proximal fate alongside
Wnt and FGF treatment [47], they do not address a requirement for endogenous RA in proximal
limb mesenchyme. The ability of RA to increase Meis1/2 (a proximal marker) could be a
consequence of loss of FGF signalling, known to repress Meis1/2 distally [36].

Recently, Cunningham and colleagues [29] provide convincing evidence that RA is not
required for limb patterning and that RA-FGF antagonism does not occur along the limb P-D
axis, as originally proposed [26]. They suggest that both the initial expression of Meis1/2 in the
LPM and later in the proximal limb bud do not require RA signalling, while the downregula‐
tion of Meis1/2 expression in the distal limb requires AER-derived FGF8. They suggest that
since FGF8 expression in the AER appears after limb-bud formation [37], the proximal most
limb domain is out of range of early AER-derived FGF signals, leading to maintenance of
proximal Meis1/2 expression and restricted distal Meis1/2 expression (Figure 1D).

1.6. Anterior-posterior pattern

The mammalian limb bud is typically pentadactylous, for example, the autopodium gives rise
to five skeletal elements. The digit organization, from anterior (pre-axial, the thumbs) to
posterior (post-axial, the little finger) is referred to as the A-P pattern. It has long been
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recognized that the embryonic tissue mainly implicated in the regulation of the A-P pattern is
the zone of polarizing activity (ZPA) (Figure 1E). In 1956, a region within the posterior-
proximal limb mesenchyme was identified, that when grafted in the anterior margin of host
chicken wing buds results in mirror image duplications of all digits [49, 50]. The ZPA acts as
a signalling centre and specifies positional information in the limb-bud mesenchyme by
secreting the diffusible molecule Sonic Hedgehog (SHH). Within the limb bud mesenchyme,
SHH is present in a posterior (high) to anterior (low) gradient [51, 52]. Genetic studies indicate
that the time spent expressing SHH provides cells with a kinetic memory relevant to specifi‐
cation of their A-P identities [53 - 56].

SHH signalling is translated into an intracellular, anterior (high) to posterior (low), gradient
of the transcriptional repressor Gli3R within the limb mesenchyme [67]. Upon binding to the
receptor Patched, SHH counteracts the conversion of Gli3 full-length into its cleaved repressor
form. The Gli3R gradient is then required to establish the polarized expression of other genes
involved in A-P patterning, and ultimately is translated into digit pattern, in ways not fully
clarified [24, 57 - 61].

Further genetic studies in mouse and zebrafish embryos have implicated also HAND2 in the
activation of SHH expression in both limb and fin buds [62]. Moreover, in the mouse embryo
a mutual antagonistic interaction between Hand2 and Gli3, prior to SHH expression, estab‐
lishes a A-P pre-pattern [60, 61, 63]. Finally, at later stages of development, the expression of
the 5’ most members of the Hoxd gene cluster is activated within the posterior limb-bud
mesenchyme. Cell biochemical studies have revealed a direct interaction of Hoxd proteins with
the cis-regulatory limb-bud enhancer region of the SHH gene [64].

1.7. Hox genes and digit identity

An exhaustive illustration of this topic is beyond the scope of this chapter. Digit patterning
has commonly been interpreted in the context of a gradient of expression of SHH preventing
the processing of Gli3 to its repressor form (Gli3R) [65, 66].

Thus, a SHH gradient is translated into an inverse Gli3R gradient [24, 67]. However, between
Gli3 and SHH;Gli3 null mutant mice display identical polydactylous limb phenotypes,
indicating that an iterative series of (non-patterned) digits can form in the absence of SHH [24,
60], suggesting the existence of a SHH-independent prepatterning.

This observation, rather than supporting the SHH gradient model, is consistent with a Turing-
type model of digit patterning [68 - 70]. According to this model, dynamic interactions between
activator and inhibitor molecules produce periodic patterns of spots or stripes, serving as a
molecular pre-pattern for chondrogenesis. Although the core molecules of a self-organizing
mechanism remain poorly known, potential candidates for molecular modulators of the
system include the Hox genes [70]. Distal Hoxa and Hoxd genes have a well-known impact on
digit number, though their specific role remains unclear. Hoxd genes interact with the SHH-
Gli3 pathway; these include the mutual transcriptional regulation between Hox genes and
SHH and the binding of Hoxd12 to Gli3R, resulting in a blockage of Gli3R repressor activity
[71 - 73]. In general, gain- and loss-of-function experiments suggest a positive relation between
Hox genes and digit number [72, 74] that is also indicated by the ectopic anterior up-regulation
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of distal Hoxd genes in the Gli3-dependent polydactyly [24, 61]. Interestingly the disruption of
various Hox genes combined with loss of Gli3 results in polydactyly; more Hox genes are
removed – more digits are formed [75]. Thus, losing Hox genes seemed to shorten the spacing
between digits – the wavelength in Turing’s mathematical language.

The Turing’s model implies the activity of two diffusing and interacting molecules; however,
Hox genes code for non-diffusible transcription factors, for example, they cannot directly
participate. However, evidence that distal Hox genes are necessary for correct limb develop‐
ment is overwhelming. Indeed, in addition to a correct digit formation via a Turing-type
regulation of SHH signalling, a second role of Hox genes in limb P-D patterning has been
studied in depth. Caudal, late-expressed paralogs of the Hox gene clusters display a P-D as
well as A-P gradient of expression within the limb mesenchyme [76, 77] suggesting a combi‐
natorial role of these genes in patterning the limb skeletal elements. Experimental evidence
leads to the conclusion that the paralogs 9–13 of the Hox gene clusters -a and -d specify
individual limb segments [78]. Indeed Hoxa11 -/-;Hoxd11 -/- double mutant embryos lack radius
and ulna [79] while Hoxa13 -/-;Hoxd13 -/- double mutants lack digits [80].

Finally, in spite of the major role played by posterior Hox genes, little is known about the
cellular and/or molecular bases for the observed developmental defects. Attempts in this
directions [81] show that malformation of the FL zeugopod in Hoxa11/Hoxd11 double mutant
mice results from multiple defects during the formation of the zeugopod, including reduced
FGF8 and FGF10 expression, formation of smaller mesenchymal condensations, and failure to
form normal growth plates at the proximal and distal ends of the zeugopod bones. As a
consequence, growth and maturation of these bones is highly disorganized.

1.8. AER and ZPA interaction

The maintenance and propagation of SHH expression requires AER-derived FGF signalling
as part of a positive epithelial-mesenchymal (E-M) feedback loop operating between the ZPA
and the AER [82, 83] (Figure 1E). The BMP antagonist Gremlin1 (Grem1) was identified as a
crucial mesenchymal component in this E-M feedback signalling system [59, 66, 84]. Grem1 is
required to up-regulate AER-FGF signalling and to establish SHH/Grem1/FGF E-M feedback
signalling. In Grem1-null limb buds, the establishment of this E-M feedback signalling loop is
interrupted, and this in turn interferes with specification and expansion of the distal compart‐
ment (zeugopod and autopod) [59, 84].

1.9. Dorsal-ventral axis

Dorsal-ventral (D-V) patterning is mainly organized via signalling by Wnt7a, a diffusible
molecule of the Wnt-family expressed in the dorsal ectoderm. Wnt7a is both necessary and
sufficient to dorsalize the limb, indeed the loss of Wnt7a causes the dorsal side of limbs to
acquire a ventral side identity, accompanied by missing posterior digits. Wnt7a is required to
maintain expression of SHH, explaining the digit loss. Restoring the Wnt7a signal rescues both
of these defects [85, 86].

Wnt7a induces the expression of Lmx1, coding for a Lim-family homeodomain-containing
transcription factor. Lmx-1 is involved in dorsalization of the limb, which was shown by
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deleting Lmx1 in mice: Lmx1 null embryos produced ventral skin on both sides of their paws
[87, 88]. There are other factors known to control the D-V patterning; on the ventral side the
transcription factor-coding Engrailed-1 gene, exclusively expressed in the ventral ectoderm,
has been shown to repress the dorsalizing effect of Wnt7a in this territory [89] (Figure 1E).

2. Distal Limb Malformations in Human

Congenital limb malformations are relatively common, and are genetically and clinically
heterogeneous, with a diverse spectrum in their epidemiology, aetiology and anatomy. They
are often difficult to diagnose and categorize, because of their complex phenotypes and their
association with other malformations and clinical symptoms. Many etiological factors have
been suggested for limb anomalies, including inheritance of mutated genes, teratogenic drugs,
environmental chemicals, ionizing radiation (atomic weapons, radioiodine and radiation
therapy), infections, metabolic imbalance (e.g., maternal diabetes), or mechanical factors like
amniotic band syndrome. With the advent of functional genetics, molecular pathways centred
on disease genes are being unravelled.

A wide set of human congenital limb malformations can be attributed to defects in P-D
development. In this chapter, we will attempt to link known disease-causing genes with their
known or presumed function in the maintenance of the AER. We will focus on the genes for
which more functional data are available: namely Dlx5, FGF8, p63 and Wnts. These genes are
co-expressed in the AER cells of the mouse limb [90] as well as in the fins of the zebrafish
embryos [91, 92] and are known or proposed diseases-genes for the SHFM and EEC congenital
limb malformations.

P-D defect refer to absence or hypoplasia of distal structure of the limb with more or less normal
proximal structures. The spectrum of P-D limb reduction anomalies ranges from very mild
disorders, such as syndactyly, to very severe forms, such as phocomelia or amelia. The most
frequent congenital limb malformations are syndactylies, characterized by the fusion of the
soft tissues of fingers and toes with or without bone fusion. Syndactylies are due to the lack of
apoptosis in the interdigital mesenchyme and may also occur isolated or with other symptoms
in a syndrome [93].

Polydactylies are distinguished by the appearance of supernumerary digits or parts of them,
which may be present as a complete duplication of a whole limb or as a duplication of single
digits [94]. Pre-axial polydactyly with extra digits located on the side of the hand or of the
thumb or postaxial polydactyly where the extra digit is found on the side of the hand or foot
of the fifth digit are common isolated limb malformation traits. On molecular level, many forms
of polydactyly have been shown to be more or less directly linked to the SHH signal trans‐
duction pathway, which play a major role in A-P patterning of the limb [95, 96].

Brachydactylies are defined by shortened digits and are classified on an anatomic and genetic
background into five groups from A to E [93]. Isolated brachydactylies are often inherited in
an autosomal dominant manner and are characterized by a high degree of phenotypic
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deleting Lmx1 in mice: Lmx1 null embryos produced ventral skin on both sides of their paws
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variability. Type-B brachydactylies are associated to mutation in the Ror2 gene, and Ror2
mutations are also associated with the Robinow syndrome in which brachydactyly is a
common feature [97 - 101].

A severe P-D arrest of the developing limb bud gives rise to phocomelia, characterized by
undeveloped limbs [102]. Usually the upper limbs are not fully formed and sections of the
“hands and arms may be missing”. Short arm bones, fused fingers and missing thumbs will
often occur. Legs and feet are also affected. Individuals with phocomelia will often lack thigh
bones, and the hands or feet may be abnormally small or appear as stumps due to their close
attachment to the body. Phocomelia is a known negative effect of the administration of
thalidomide to pregnant women, in use in the late 1950s/early 1960s, to treat morning sickness,
although the mechanism of action of this teratogen remains controversial [103, 104].

Failure of formation of limb buds gives rise to amelia, the complete absence of one or more
limbs. The most severe form of amelia is the tetra-amelia, characterized by the absence of all
four limbs, associated with craniofacial, pulmonary and urogenital defects. This autosomal
recessive disorder has been linked to mutations of the WNT3 gene (see the following section).

2.1. SHFM and EEC

SHFM, also known as ectrodactyly or lobster-claw malformation, is a congenital defect
affecting predominantly the central rays of hands and/or feet. It may manifest either as an
isolated trait or as part of syndromic conditions comprising other developmental disorders
[105]. SHFM occurs with the incidence of about 1 in 18,000 live born infants and accounts for
8–17% of all limb malformations [106, 107]. SHFM is clinically heterogeneous, ranging from a
relatively mild defect, such as hypoplasia of a single phalanx or syndactyly, to aplasia of one
or more central digits (i.e., classical cleft, also known as lobster-claw anomaly).

Inter-individual and intra-familial variability of the SHFM is very high. Furthermore, variable
expressivity of this feature can be so significant, that a different pattern of anomaly is seen in
each limb of the same individual patient [93]. SHFM is mostly sporadic, although familial forms
are known: in these cases an autosomal dominant transmission with reduced penetrance is the
most common mode, but autosomal recessive and X-linked forms have been reported.

SHFM has been linked to (at least) six distinct loci [106] (Table 1). SHFM-I (MIM #183600) is the
most  frequent  type  and  is  linked  to  mutations  and/or  deletions/rearrangements  of  the
DLX5;DLX6 bigenic locus. Deletions, inversions and rearrangements affecting chromosome
7q21 have long been reported [108  -  112].  The smallest  region of  overlapping deletions
encompasses several other genes in addition to DLX5, and DLX6: as DYNC1l1, SLC25A13, DSS1,
but only Dlx5 and Dlx6 have been shown to be specifically expressed in the AER of the developing
mouse limbs [113 - 115]. Recently, a point mutation in the DNA-binding domain of DLX5 (Q178P)
has been reported in a SHFM-I family with a recessive transmission, co-segregating with the
limb malformations [116]. In the mouse, the combined disruption of Dlx5;Dlx6 leads to an
ectrodactyly phenotype affecting the HLs [114, 115], fully confirming that the human ortho‐
logs DLX5 (and presumably DLX6) are the disease genes for this malformation. Interestingly,
SHFM type-V (MIM #606708) is linked to deletions of a region on chromosome 2 encompass‐
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ing the HOXD gene cluster, near DLX1 and DLX2 [117 - 119]. Although no clear evidence for
the involvement of DLX1 and DLX2 in this malformation is available, it is tempting to imag‐
ine that similar to DLX5, misregulated expression of DLX1/2 in the human embryonic limb bud
could be the molecular mechanism leading to SHFM type-V.

SHFM type-III (MIM# 600095) is associated with duplications/rearrangements around the
DACTYLIN (FBXW4) locus on chromosome 10q and the synthetic one in mice [120, 121]. The
genomic lesion involves the DACTYLIN, LBX1, βTRCP and other more distant genes, but none
of these is directly disrupted by the rearrangement and no point mutation has been reported.
Interestingly, the FGF8 locus is located in the proximity of the rearrangement breakpoints
[122], and considering its importance for P-D limb development, it represents a valid candidate
SHFM type-III disease gene.

Mutations of p63 are associated to SHFM type-IV (MIM #605289), a condition in which
ectrodactyly appears as an isolated non-syndromic disorder linked to mutations or chromo‐
somal anomalies in the DBD or in the C-terminal domain of p63α [123 - 125]. The α tail of p63
contains a sumoylation site, inactivated by p63 mutations found in SHFM-IV (E639X). Sumoy‐
lation can modulate p63 half-life [126] and naturally occurring mutated p63 proteins often
display altered stability, suggesting that the final effect of the mutations could be the persis‐
tence of the mutated protein and consequent misexpression of p63 targets [125, 127, 128]. p63
mutations also cause the ectodermal dysplasia-ectrodactyly-cleft lip/palate syndrome type-III
(EEC-3) syndrome (MIM #604292) [129] in which ectrodactyly is a common feature.

SHFM type-VI (MIM #225300) is the only autosomal recessive form of this malformation, and
is due to homozygous point mutations of the WNT10B gene [130 - 133]. Finally, the X-linked
SHFM type-II form (MIM #313350) has been mapped to chromosome Xq26.3 [134] but no
disease gene has yet been identified.

SHFM
locus

Chromosome/gene
affected

Case reported Inheritancepattern Limb
phenotypes

Additional
phenotypes

References

SHFM-I Rearrangements
7q21.3-q22.1DLX5

mutation

1 family Autosomal
dominant

Autosomal
recessive

SHFM EEC, mental
retardation,

sensorineural
deafness

Crackower et al.
(1996)

Marinoni et al.
(1995)

Shamseldin et al.
(2012)

SHFM-II Xq26 1 family X-linked recessive SHFM,
syndactyly,

metacarpalhypo
plasia,

phalangeal
hypoplasia

Faiyaz ul
Haque et al.

(2005)
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SHFM
locus

Chromosome/gene
affected

Case reported Inheritancepattern Limb
phenotypes

Additional
phenotypes

References

SHFM-III Duplication 10q24 20% Autosomal
dominant

SHFM,
triphalangeal

and/
orduplicated

thumbs

de Mollerat et al.
(2003)

SHFM-IV TP63 mutations 10% non
syndromic93%

EEC syndromes
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dominant

SHFM EEC, ADULT,
LADD,

CHARGE,VATE
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van Bokhoven et
al. (2001)

Ianakiev et al.
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SHFM-V Deletion 2q31 Autosomal
dominant

SHFM Mental
retardation,

ectodermal and
craniofacialfindi

ngs, orofacial
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Goodman et al.
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Del Campo et al.
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SHFM-VI WNT10B mutation 3 family1
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recessive

SHFM, tibial
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Ugur and Tolun
(2008)

Blattner et al.
(2012)

Khan et al. (2012)

SHFM – Split Hand/Foot Malformation, EEC – Ectrodactyly-Ectodermal dysplasia-Cleft lip/palate, ADULT – Acro-
Dermato-Ungual-Lacrimal-Tooth syndrome, LADD – Lacrimo-Auriculo-Dento-Digital syndrome,

CHARGE syndrome (Coloboma of the eye, Heart defects, atresia of the nasal choanae, Retardation of growth and/or
development, Genital and/or urinary abnormalities, Ear abnormalities and deafness), VATER association - vertebral
anomalies, anal atresia, cardiovascular anomalies, tracheoesophageal fistula, renal and/or radial anomalies, limb defects.

Table 1. Genetic alterations and SHFM-related phenotypes

2.2. p63-Dlx5;Dlx6 Regulation

SHFM type-IV and EEC are caused by mutations in the p63 gene, which codes for a highly
conserved transcription factor related to the p53 and p73 tumour-suppressor genes [129, 135 -
137]. A common feature of these disorders is ectodermal dysplasia, consisting in abnormal
maturation and stratification of the skin and abnormal development of hairs, teeth, nails,
exocrine glands and cornea. The other two consistent features of p63-linked disorders are cleft
lip/palate and ectrodactyly.

p63 is expressed in the basal or progenitor layers of many epithelial tissues [138, 139], and is
able to promote the epithelial stratification program typical of the mammalian skin, as well as
to control proliferation and exit from the cell cycle of epidermal stem cells. For these activities
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p63 has been proposed as a master regulator of epidermal stem cell maintenance, proliferation
and stratification [140]. The TP63 gene is translated into ten protein isoforms [141]: the trans-
activating (TA) isoforms, closely resembling p53, and the delta-N (ΔN) isoforms, devoid of the
TA-domain-1 (TA1). Although the TA isoforms were initially thought to be the ones to possess
transcriptional regulatory functions, it has well been established that the ΔN isoforms can
activate transcription of a distinct set of target genes via a second TA-domain-2 (TA2) [142].
Five TA and ΔN isoforms are generated by two transcripts which are subjected to alternative
splicing, thus the final protein products differ at the carboxyl termini (α, β, γ, δ and ε). In
addition to TA1 or TA2 domain, the p63 proteins contain a DNA-binding domain (DBD) and
an oligomerization domain (OD). The α-isoforms (either TA or ∆N) also contain a sterile alpha
motif (SAM) domain, a protein-protein interaction module found in developmentally relevant
proteins [143, 144]. Recent studies have identified a transcriptional inhibitory (TI) domain
located between the SAM domain and the C-terminus of p63α; this domain is believed to be
responsible for the lower transcriptional activity of TAp63α compared to the -β and the -γ
isoforms [145]. ∆Np63α is the most expressed isoform in the embryonic ectoderm.

Attempts to establish genotype–phenotype correlations are hampered by the variable clinical
expressivity observed within families: SHFM type-IV and the EEC syndromes are due to
mutations in the DNA-binding domain of p63 [129]. In these cases, all p63 isoforms are affected
by the mutations. DBD mutants usually act as dominant-negative effectors and render the WT
protein unable to bind DNA [129], explaining the dominant transmission of EEC. In contrast,
the Hay Wells or ankyloblepharon-ectodermal dysplasia-cleft palate syndrome (AEC, MIM
#106260) manifests with normal limbs but severe skin defects, and is typically associated with
heterozygous missense mutations in the SAM domain of p63. The acro-dermato-ungual
lacrimal tooth (ADULT, MIM #103285) syndrome is associated with a specific gain-of-function
mutation R298Q/G in exon 8, affecting the DNA-binding domain of p63. Finally, both limb-
mammary syndrome (LMS, MIM #603543), very similar to ADULT and EEC syndromes, and
Rapp-Hodgkin syndrome (RHS, MIM #129400), resembling AEC, are due to p63 mutations.
p63 mutations causing EEC are usually not found in AEC, LMS and SHFM [146 - 148].

Mice null for p63 have been generated by two groups independently [136, 137]; at birth these
mice show severe defects affecting their skin, limb and craniofacial skeleton, teeth, hair, and
mammary glands. Specifically, the skin appears thin, mostly single layered and translucent,
unable to prevent water loss. The HLs fail to form altogether, while the FLs are severely
truncated and lack most of their distal skeletal elements. The altered phenotypes observed in
these mutant mice are a direct consequence of altered cellular properties affecting the same
tissues and organs as in EEC patients [90, 136, 137, 149, 150]. While in the null embryos the p63
protein is missing altogether (i.e., both the TA and ΔN isoforms), in EEC, AEC, LMS, and
SHFM-IV patients the mutated p63 protein coexists with half of the normal dose of the wild-
type protein. To better model the disease, the group of Dr. A. Mills (CSHL, USA) has generated
mice bearing the R279H mutation (found in EEC patients). Homozygous embryos and
newborn animals show a global phenotype similar, but not identical, to that of p63-/- [90],
consisting in the absence of the HL, severely truncated FL, a thin translucent skin and cranio‐
facial and palatal defects. The HL defects in both the p63 null and in the p63-R279H homozy‐
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gous embryos are evident as early as E9.5, and are accompanied by loss of AER stratification
and FGF8 expression [90, 136, 137]. Interestingly, mild limb defects are observed in heterozy‐
gous p63-R279H mice, the mouse model closer to EEC.

Mouse models of the AEC syndrome have also been generated. Compared to EEC patients,
AEC patients suffer of extreme skin fragility but have normal limbs. The AEC-mutant p63
proteins appear to act in a dominant-negative fashion. Mice were generated in which either
∆Np63a is down regulated in the skin, as a way to mimic the dominant negative action of
mutant p63 in the AEC patients, or an AEC-mutant p63 was introduced [151 - 153]. These
mice show severe skin erosion resembling the AEC phenotype, characterized by suprabas‐
al  epidermal  proliferation,  delayed  terminal  differentiation  and  altered  basement  mem‐
brane.

p63 mutations cause limb congenital phenotypes due to their impact on the AER Animal
models show p63 is essential for epidermal stratification [90, 139, 154 - 156]. Considering
that  the  AER is  one  of  the  earliest  attempt  of  the  embryonic  (non-neural)  ectoderm to
organize into a multilayered epithelial tissue [157], it is not surprising that in p63 null or
p63 R279H  homozygous mice the AER is  thinner and poorly stratified.  Failure to main‐
tain AER stratification and FGF8 expression is a common feature of various ectrodactyly
phenotypes [90, 157 - 159].

p63 is expected to control AER functions via transcriptional regulation of AER-restricted target
genes [122, 154 - 156], indeed failure of AER stratification has also been associated with loss of
expression of key morphogens for limb development, such as FGF8 and Dlx5;Dlx6 [122]. Dlx
genes are the vertebrate homologs of Drosophila Dll, a homeodomain transcription factors
required for the specification of distal limb elements in the fly embryo. In Dll hypomorphic
mutant flies, a variable set of phenotypes is observed depending on the mutation, ranging from
fusion of the distal segments (weak mutants) to complete loss of distal and medial leg segments
(severe mutants) [160, 161]. In mice Dlx genes have a prominent role in specifying the mandible
and maxillary skeletal structures [162, 163], as well as controlling normal limb development
[114, 115]. Point mutations of DLX5 have been found to co-segregate in familiar cases of SHFM
[116] and the combined deletion of Dlx5 and Dlx6 leads to ectrodactyly of the HLs, that is, a
true mouse model of SHFM type-I. There is evidence that until E11.5 the AER appears and
functions normally, including a normal morphology and normal expression of AER markers
(FGF4, FGF8, Msx2). On the contrary, at E11.5-E12 the expression of AER markers indicate that
the central wedge of the AER fails to function. At about the same time the first signs of
dysmorphology are visible. The expression of FGF8 and other markers declines in the central
sector of the limb bud, accompanied by loss of stratification in the same territory [158], while
the expression of SHH, Hand2 and Tbx4 in the mutant limbs is unchanged. Considering the
expression pattern of Dlx genes in the limb, the Dlx5;Dlx6 null defect can be summarized as a
cell-autonomous failure of the central AER to maintain and express morphogenetic molecules.

p63 and Dlx proteins are co-expressed in the AER cells [90] as well as in the fins of the zebrafish
embryos [91, 92]. In homozygous p63 null and p63EEC (R279H) mutant limbs, the expression
of four Dlx genes is strongly reduced. Functionally, when the p63+/EEC (heterozygous)
mutation is combined with an incomplete loss of Dlx5 and Dlx6 alleles, severe limb phenotypes
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are observed, not present in mice with either mutation alone [90]. Together, there is a clear
evidence for p63-Dlx regulatory cascade that is functional for distal limb development.

In vitro, ∆Np63α induces transcription from the Dlx5 and Dlx6 promoters, an activity abolished
by EEC and SHFM-IV mutations, but not by AEC-associated mutations. ChIP analysis shows
that p63 occupies the Dlx5 and Dlx6 promoters. This regulation takes place both at the proximal
promoter level [90] and via a conserved cis-acting genomic element, located 250 kb centromeric
to DLX5, an element that is specifically deleted in few SHFM patients [164]. Recent studies
have identified a tissue-specific enhancer located within the coding exons 15 and 17 of the
Dync1/1 gene (near the Dlx5;Dlx6 locus). This genomic element is characterized by an enhanc‐
er-type chromatin signature and physically interacts with a DLX5/6 promoter region 900 kb
distal to DYNC1/1, specifically in the limb [165, 166]. Using copy number variation (CNV)
analyses in SHFM patients, combined with whole genome sequencing to map deletion and
translocation breakpoints, a recent study shows that the DYNC1I1 enhancers are also critical
for limb development in humans [167]. An additional enhancer was identified in an intron of
the Slc25a13 locus, close to Dlx5;Dlx6, and was shown to drive Dlx gene expression in the otic
vesicle, forebrain, branchial arch and limbs of the developing embryo [165, 166]. It is plausible
that the SHFM phenotype linked with mutations in these enhancers is caused by an altered
regulation of Dlx5/6 transcription.

2.3. Downstream of Dlx5;Dlx6

Sp8 is a transcription factor of the Sp1 zinc-finger family [168, 169], homologous to the
Drosophila D-Sp1 gene that has been implicated in appendage development [170]. In the
developing limbs Sp8 shows restricted expression in the ectoderm, including the AER cells
[168]. Mouse embryos null for Sp8 show severe developmental defects affecting the distal
portion of the limbs, associated with a strongly reduced expression of FGF8 [168, 169, 171], Sp8
is co-expressed with Dlx genes in the murine AER and forebrain [172] and appears in the top
1% of a list of conserved/co-expressed genes in microarray data [173]. Furthermore, conserved
Dlx5 DNA-binding sites are predicted near the Sp8 locus, thus Sp8 is a likely direct Dlx5
transcriptional target. A Dlx5-Sp8 transcriptional cascade could be upstream of FGF8 expres‐
sion, which in turn maintains p63 protein stability.

A number of observations suggest that p63 and Dlx proteins may regulate FGF8 expression
by acting directly on the genomic region corresponding to the SHFM type-III critical region
[120, 121]: indeed p63-binding sites are present within the region, as demonstrated by ChIP-
seq screening [164], and several predicted Dlx5 binding sites cluster around the FGF8 locus, in
genomic regions conserved across mammalian species [158] (unpublished data).

Considering that the AER of Dac heterozygous embryos shows reduced FGF8 expression and
defective cell layering [159], and considering that rearrangements/duplications around
Dactylin do not disrupt or interrupt the gene, and since Dactylin is ubiquitously expressed in
mouse tissues, the role of Dactylin as disease-gene is doubtful [122]. In alternative, FGF8 and
components of the NFkB pathway might be the disease-genes. It is tempting to speculate that
the complex duplication rearrangement modifies the position/organization of cis-acting
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control elements, which in turn affect expression of FGF8 and components of the NFkB
pathway. Thus SHFM type-III could be a genome-misorganization type of genetic disease.

In further support of this, genome-wide CNV analyses on a Chinese family with SHFM type-
III revealed a micro-duplication on chromosome 10q24 co-segregating with the SHFM
phenotype [174]. This novel duplication contains two discontinuous DNA fragments: the
minimal centromeric duplicated segment involves LBX1, POLL and a disrupted BTRC; the
telomeric duplication encompasses DPCD and part of FBXW4. No coding and splice-site
mutations of candidate genes in the region were found. Interestingly, the second duplicated
fragment comprises Dlx5 and p63 DNA binding sites [164].

Another pathway that links p63 and Dlx5 in the regulation of the FGF8 locus implicates the
gene IKKα, a direct transcriptional target of p63 relevant for ectoderm development and limb
morphogenesis [175 - 177]. Interestingly, while mutations of p63 and loss of Dlx5;6 lead to a
reduced FGF8 expression in the AER, in IKKα mutant embryos the AER shows an increased
FGF8 expression [178], which nevertheless results in distal limb truncations and severe
malformations.

From the above considerations, it appears that numerous players in the p63-Dlx5 cascade may
contribute to regulate FGF8 expression in the AER. The possibility that the FGF8 locus is a
common target of the p63 and the Dlx5 networks during limb development is in agreement
with the well-known functions of FGF8 to sustain epithelial mesenchymal signalling and
assure the timely generation of mesenchymal progenitors [36].

2.4. Post-translational p63 protein regulations

Several biochemical observations indicate that the ∆N- and TAp63 proteins are tightly
regulated at post-translational level, via protein modification (phosphorylation, sumoylation
and ubiquitination) and protein-protein interactions [126, 158, 179, 180]. Such modifications
modulate the stability of the p63 protein, regulate its transcriptional activity and ultimately
modulate its ability to orchestrate the timing of exit from the cell cycle and the dynamic of
stratification of mammalian ectoderm [156, 181, 182].

Among the interacting or modifying proteins, MDM2 and p53 have been previously recog‐
nized [179, 180]. Recently we have shown that the peptidyl-prolyl cis/trans isomerase NIMA-
interacting-1, Pin1, is a regulator of ∆Np63α protein stability, inducing its proteasome-
mediated degradation [158] resulting in diminished transcription of two p63 targets [183]
(Figure 2).

Another modification is acetylation, catalyzed by histone acetyl-transferase on lysine residues,
and known to finely regulate p53 and p73 stability and transcriptional activity [184 - 189]. p73
is acetylated by p300 on lysine residues in the DBD and Oligomerization Domain [190]
enhancing p73 ability to bind and activate proapototic target genes [191]. The p73-p300
interaction requires the prolyl-isomerase Pin1, which induces conformational changes
following phosphorylation by the tyrosine kinase c-Abl [192]. Acetylation of p53 correlates
with its stabilization and activation by antagonizing the activity of the MDM2 ubiquitin-ligase.
It is interesting to note that a naturally occurring p63 mutation found in SHFM type-IV patients
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changes lysine 193 into glutamic acid (K193E) [125, 146, 147, 193]. Our unpublished data show
that ∆Np63α is acetylated by p300 on the K193 residue, and that the K193E mutation prevents
this modification (Guerrini and Restelli, unpublished) (Figure 2).

2.5. Emerging roles of FGF8

Expression of FGF8 is strongly reduced in the AER of the p63 null, R279H p63 mutant, and
Dlx5;Dlx6 mutant embryos [90, 115] as well as several other mouse strains with distal limb
defects. The AER of these mutants appears poorly stratified. Thus, loss of AER stratification
and reduced FGF8 expression are a common theme during the onset of this specific class of
malformations. The link between FGF8 expression and AER stratification is not totally clear.
When FGFR2 gene is deleted in the AER cells, via conditional genetics, the AER loses stratifi‐
cation as well as Fgf8 expression. In this case, the AER cells cannot respond to (AER-derived?)
FGFs [194] and it can be concluded that AER-expressed FGFs are needed for AER maintenance,
apparently in an autocrine fashion.

Conte et al.

Figure 2. Schematic representation of the molecules and their interactions that regulate the stability of ΔNp63 during
the AER stratification. p63 regulates its own stability via to the expression of FGF8; this pathway includes the Dlx5/
Dlx6 disease genes. Fgf8 stabilizes p63 by counteracting the activity of Pin1 to induce proteasome-mediated degrada‐
tion of ΔNp63α. Novel results indicate that FGF8 activates a signalling cascade leading to activation of c-Abl that pro‐
motes phosphorylation of ΔNp63α on tyrosine residues. This phosphorylation event is required for the interaction of
ΔNp63α with the p300 acetyl-transferase, which modulated ΔNp63α stabilization and transcriptional activity. Al‐
though only shown in vitro, we speculate that regulation may also occur in the AER cells (dotted line).
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An emerging role of FGF8 is the control of p63 stability in the AER cells. The AER of Dlx5/
Dlx6 null mice shows poor stratification as well as reduced FGF8 expression, similar to what
is seen in p63 mutant mice. We have documented that Dlx5;Dlx6 are transcriptional targets of
p63, and that in turn FGF8 is a target of Dlx5. As already said, ∆Np63α protein stability is
negatively regulated by the interaction with Pin1, via proteasome-mediated degradation.
Recently we have shown that FGF8 counteracts Pin1-∆Np63α interaction, thus indicating that
FGF8 participates in a feedback loop which involves the p63-Dlx5 cascade [158] (Figure 2).

p63 stability might also be regulated by another post-translational modification, namely
acetylation by the p300 histone acetylase. c-Abl is a key regulator of the p53 family members
and is known to be activated by treatment with FGF2 [192, 195 - 198]. Recently we have
collected new data showing that FGF8 is able to stabilize ∆Np63α also via a novel pathway
that requires the c-Abl tyrosine kinase and the protein acetylation by p300 (Guerrini and
Restelli, unpublished). Thus, Dlx5, p63, Pin1, p300 and FGF8 participate in a time- and location-
restricted regulatory loop that seems to be able to self-maintain and whose normal functioning
is necessary for AER stratification, hence for normal extension and patterning of the limb buds.
These results shed new light on the general molecular mechanisms at the basis of the SHFM
and EEC limb malformations (Figure 2).

In an interesting set of experiments using cultured embryonic limbs, it was recently shown
that the FGF/MAPK pathway establishes a high-distal to low-proximal gradient that controls
the migration velocity of mesenchymal cells [199]. These cell movements enable continuous
rearrangement of the cells at the distal tip of the limb bud. The effect of FGF/MAPK signalling
emanating from the AER is different than the effect induced by Wnt5a in the limb bud. While
Wnt5a induces directional movement of cells, FGF8 acts to induce rapid, yet disorganized,
movements. Ultimately, the activity of both Wnt5a and FGF results in distal elongation (Figure
3). These observations suggest that FGF8 acts by inducing random movements, but with a
higher velocity as cells move close to the source. A study proposes that the FGF pathway drives
tail-bud elongation in the chick embryo by promoting random cell movements [200]. Accord‐
ing to these authors FGF creates a gradient of cell motility and that the tail bud elongates by
mass action of random cell movement at the posterior end of the embryo. Although this data
indicate a similar mode of FGF action, cells in the limb bud additionally undergo oriented
processes of cell division and directional movements under the influence of Wnt5a. This study
indicates that it is the combined action of non-canonical WNT and FGF that integrates
orientation and movement, consequently driving limb-bud elongation and thereby establish‐
ing a progenitor field of the proper dimensions for the subsequent patterning and morpho‐
genesis of limb anatomy.

2.6. Wnt signalling and limb development

Wnt molecules are the vertebrate homologs of the Drosophila wingless gene, required for wing
development. Wnt molecules are involved in all aspects of embryonic development, from
patterning to morphogenesis and cell-tissue interactions [201 - 203].

Several members of the Wnt family of ligands are expressed in the ectoderm and mesenchyme
of the developing limbs. At early stages, Wnt8c and Wnt2b are transiently expressed in the
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LPM and participate in the initiation of HL and FL outgrowth, respectively [43]. At later stages,
Wnt3/Wnt3a and Wnt5a are expressed by the AER cells while Wnt7a is expressed in the dorsal
ectoderm.

Wnt ligands signal through the Frizzled (Fz) seven-pass trans-membrane receptors. In the
“canonical” pathway, binding of Wnt ligands to Fz receptors represses the axin/glycogen
synthase kinase-3β (GSK3β) complex, which in the absence of the ligand promotes the
degradation of β-catenin via the ubiquitin pathway (reviewed in reference [204]). In Wnt-
activated cells, cytoplasmic β-catenin accumulates and translocates to the nucleus where, in
conjunction with T cell-specific factor/lymphoid enhancer binding factor-1 (Tcf/Lef1) tran‐
scription factors, activates transcription of target genes.

A role of “canonical” Wnt signalling in limb development has long been recognized [205]. In
the chick limb bud, the Wnt/β-catenin pathway is essential for the induction and maintenance
of the AER. Indeed, ectopic expression of Wnts in the interflank region prior to limb outgrowth
induces ectopic FGF10 expression and limb formation. FGF10 subsequently induces Wnt3a
expression in the AER, which in turn switches on the expression of Fgf8, again via the β-catenin
pathway, and promotes AER formation [43, 44, 206].

In the chick embryo Wnt3a mediates the Wnt/β-catenin signalling required for establishment
of the AER. In the mouse, old data indicate that mouse embryos lacking the Wnt/β-catenin
pathway component LRP6, or simultaneously lacking Lef1 and Tcf1, exhibit defective AER
formation and limb defects, indicating that his pathway is indeed essential for AER formation
[207, 208]. However, Wnt3a is not expressed in the limb ectoderm of the mouse embryo, and
Wnt3a null embryos do not show limb defects [209, 210]. Instead, the closely related Wnt3 gene

Conte et al.

Figure 3. Schematic representation of the mesenchymal cells orientation and organization in the early limb bud. These
cellular events are regulated by the combined activities of the WNT and FGF pathways. Wnt5A/Jnk/PCP pathway is
necessary for the proper orientation of cell movements and cell division. In contrast, the FGF/MAPK signaling path‐
way, emanating from the AER establishes a gradient of cell velocity. The combination of oriented cell divisions and
movements drives the P-D extension of the limb bud necessary for subsequent morphogenesis.
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is expressed in the limb ectoderm [210] and the conditional removal of Wnt3 in the limb
ectoderm leads to severe distal limb truncations and AER malfunction. Similar results were
obtained by the conditional removal of β-catenin in the limb ectoderm [211], strongly sug‐
gesting that the murine Wnt3 is functionally homologous to chick Wnt3a, and that a pre-AER
active Wnt3/β-catenin pathway in the embryonic ectoderm is essential for AER formation and
maintenance. Notably, homozygous mutations of WNT3 in human are associated with a rare
autosomal recessive congenital disorder known as tetra-amelia [212] characterized by the
absence of all four limbs.

Wnt signalling has been implicated in removing “excess” tissue by programmed cell death
and sculpting the limb shape. Indeed, the ability of BMP4 to induce cell death in the developing
limb appears to be mediated by Dkk1 [213]. Loss of function of Dkk1 in mice results in the
downregulation of Msx1, a component of the cell death pathway, in the anterior and posterior
necrotic zones and the interdigital mesenchyme, whilst gain of Dkk1 function in chicks causes
excessive cell death via activation of the c-jun pathway [213, 214]. The decrease in cell death
in the mouse mutants contributes to the polydactyly and fusion of digits that occur in Dkk1
mutant mice [214]. In addition, Fz2, –3 and –4, and Dkk2, and –3, are expressed in the interdigit
mesenchyme, suggesting that a fine balance of Wnt signalling controls cell death/survival in
this region [215, 216].

2.7. Emerging role of Wnt5a and non-canonical signalling

Wnt ligands can also activate two other branches of “non-canonical” pathways; one of these
is known as the planar cell polarity (PCP) pathway, involves Fz receptors and dishevelled
(Dvl), which interact with a distinct set of “PCP proteins” such as Van Gogh (Vang) and Prickle
[217]. The PCP pathway recruits the small GTPases Rho and Cdc42 and the c-Jun N-terminal
kinase (JNK) [218 - 220]. Initially identified in Drosophila, PCP establishes cellular polarity in
the plane of an epithelium, perpendicular to the apical-basal orientation [217]. Studies in
vertebrate model systems, including Xenopus and zebrafish, indicate that the PCP pathway
also regulates a morphogenetic process known as convergent extension (CE). CE was first
demonstrated in gastrulating Xenopus embryos in which mesodermal cells underwent medio-
laterally oriented intercalation, leading to concomitant tissue lengthening and narrowing [221].
Imaging experiments in zebrafish indicate that, in addition to polarized cell intercalation, the
PCP pathway also regulates directional cell migration and oriented cell division underlying
CE [222 - 225]. A second branch of “non-canonical” Wnt transduction pathways leads to the
release of intracellular Ca2+ and the activation of protein kinase C (PKC) and Ca2+/Calmodu‐
lin-dependent Kinase-II (CamKII) [226 - 229]. The choice of the pathway being activated by a
Wnt ligand appears to depend mostly on the receptor profile and on the intracellular signalling
molecules available in a given cell type, and little on the Wnt ligand itself.

A role of “non-canonical” Wnt signalling during limb development has been recognized,
although the cellular and molecular mechanisms are not fully clarified. The vertebrate Wnt5a
gene, the homolog to Drosophila Dwnt-5 gene essential for limb and appendage development,
is considered the typical non-canonical Wnt, involved in the establishment of PCP [230 - 232].
Wnt5a together with Wnt11 mediates the activation of PCP during the CE in frogs and
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zebrafish [223, 233, 234], and during mouse limb development Wnt5a is expressed in a gradient
from the AER to the proximal mesechymal cells, is regulated by FGF signalling from the AER
and has been shown to inhibit β-catenin degradation [235, 236].

In addition to the PCP pathway, Wnt5a has been shown to activate at least two other non-
canonical pathways. The first is known as the Wnt–Ca2+ pathway, in which Wnt5a stimulation
induces Ca2+ release and subsequent activation of the Ca2+-sensitive kinases protein kinase
C and Ca2+/calmodulin-dependent kinase [226, 227, 237, 238]. Over-expression of the core PCP
proteins, Dvl and Pk, can also activate the Wnt–Ca2+ cascade in zebrafish and Xenopus,
suggesting that the Wnt–Ca2+ and PCP pathways either overlap substantially or are compo‐
nents of the same signalling network [229, 239, 240]. Second, in mammalian cells Wnt5a has
been shown to antagonize the canonical Wnt pathway by either promoting GSK3β-independ‐
ent β-catenin degradation [236] or by inhibiting β-catenin-dependent transcription [241].

Wnt5a  can  signal  through  different  Fz  receptors  and  co-receptors,  but  also  via  non-
conventional  tyrosine-kinase  like  receptors  (Ror2  and  Ryk)  and  can  activate  both  the
canonical  and  the  non-canonical  Wnt  pathways  [241,  242].  Activation  of  the  canonical
pathway entails the Lrp5 and Lrp6 co-receptors, which through cytoplasmic Dvl promote
stabilization of β-catenin, its nuclear translocation and the activation of gene transcription
[243, 244]. However, the distinct phenotypes observed between Wnt3, β-catenin, Lrp5/Lrp6
and Wnt5a mutant mice [245] argues that during limb development Wnt5a does not signal
through the β-catenin pathway [246].

In human, missense mutations in WNT5A have been documented in an autosomal dominant
form of RRS (MIM #180700) [247 - 249] implying that a disruption of Wnt5a signalling may
underlie both RRS and BDB1. Homozygous ROR2 mutations have been linked to the autoso‐
mal recessive form of Robinow syndrome (or COVESDEM syndrome) (MIM #268310), while
heterozygous ROR2 mutations lead to type brachydactyly (MIM #113000) [250] and autosomal
Dominant Brachydactyly type-B (BDB1, MIM #113000). BDB1 is the most severe form of
brachydactyly and is characterized by loss of nails and varying number of phalanges [100,
251]. In contrast, RRS patients display broader skeletal dysplasia including mesomelic limb
shortening and dwarfism, and may or may not display brachydactyly [97, 98, 101].

In mice, the disruption of Wnt5a results in short metacarpal elements, absence of phalanges
and truncations of proximal elements [236, 252, 253]. The remaining limb skeletal elements are
significantly shortened and the severity of the phenotype follows a gradient, with distal bones
more affected than proximal ones, reminiscent of mesomelic limb shortening in RRS patients.
Interestingly, the AER appears normally stratified and expresses FGF8 [252]. Strong evidence
of the involvement of the Wnt5-dependent pathways in limb development is derived from
phenotypes of mice with loss of Wnt5a receptors. In addition to Fz receptors, Wnt5a binds to
both Ryk and Ror2 receptors and regulates PCP by promoting Vangl2 stability during limb
extension [242, 254]. Ryk and Ror2 are single-pass tyrosine-kinase type of receptors [241, 255].
Ror2 (an orphan tyrosine kinase receptor) activates JNK [256] and in Xenopus has been shown
to interact with Wnt11 and Fz7 to regulate CE, suggesting that it may be part of the PCP
pathway [257]. Upon binding with Wnt5a, Ror2 inhibits the canonical Wnt signalling. Fur‐
thermore, Ror2 also plays an important role in chondrogenesis. Ror2 is selectively expressed
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in chondrocytes of cartilage anlagen, and is thus probably important in their initial growth
and patterning. Mice mutant for Ror2 and double mutants for Ror1;Ror2 exhibit phenotypes
that correspond to human RRS malformation, and bear similarities with the Wnt5a mutant
mice [258, 259]. Ryk is another unconventional Wnt5a receptor, consisting in a single trans‐
membrane pass, catalytically-inactive, tyrosine kinase molecule. Ryk mutant mice show limb
truncation similar to those of Wnt5a null embryos [260]. Finally, disruption of PCP signalling
as Vangl2 in mice causes limb morphogenesis and skeletal defects and may underlie the
Robinow syndrome and brachydactyly type B [261]. Together, these observations indicate that
Wnt5a, Ryk and Ror2 molecules produce similar phenotypes when lost, for example, the
disruption of components of the Wnt non-canonical pathway causes similar limb develop‐
mental defects.

2.8. Wnt5a controls aspects of PCP and CE in limb development

Recent data [199] shed light on the cellular functions of Wnt5a during limb development.
Inspired by the CE process and the PCP pathway, first described in lower organisms, the
authors examined the proliferative expansion and migration of mesenchymal cells of the
mouse limb bud; in particular, they examined the orientation of cell division and movements
in response to Wnt5a. The combination of oriented cell divisions and movements drives the
P-D elongation of the limb bud necessary to set the stage for subsequent morphogenesis. They
show that Wnt5a via the JNK PCP pathway is needed for the proper orientation of mesenchy‐
mal cell movements and cell division reminiscent of CE in Xenopus and zebrafish [222 - 225]
(Figure 3).

Although these recent studies implicate Wnt5a in the oriented migration and cell division of
the mesenchymal cells, little is known about the ectoderm cells, and in particular the AER cells,
in which Wnt5a is expressed. It is conceivable that the AER cells might be the prime (autocrine)
cellular target of Wnt5a, and that the acquisition of a correct planar orientation is a requisite
for correct AER formation. Wnt5a and Dlx5 have an overlapping expression pattern, and the
phenotype of Wnt5a null mice, although not identical, is quite similar to that of Dlx5/Dlx6
mutant. One possibility is that a deregulation of Wnt5a expression, secondary to the disruption
of Dlx5;Dlx6 may underlie ectrodactyly of the Dlx5;Dlx6 mutant embryos (Figure 4). In support
of this, we have evidence that Dlx genes promote neuronal differentiation via Wnt5a, and that
Dlx2 and Dlx5 physically occupy conserved genomic elements near the Wnt5a locus and
activate its transcription [262]. This interaction and regulation is likely to occur also in the AER
cells, a possibility that remains to be investigated.

2.9. Quantitative and dynamic gene expression in limb development

An emerging theme in developmental biology is the importance of gene dosage and dynamic
gene expression for correct morphogenesis [56]. Several Dlx (1, 2, 3, 5 and 6) and FGF (4, 8, 9
and 17) genes are co-expressed in the AER, and their expression is dynamically regulated, both
with respect to time (embryonic age) and location (territory of expression). In addition, there
is evidence that Dlx and FGF genes are functionally redundant, at least in part. For example,
no limb phenotype is observed in mice null for only one Dlx gene, while ectrodactyly is
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observed in Dlx2;Dlx5 null mice [161] and the ectrodactyly of Dlx5;Dlx6 null mice is fully
rescued by the re-expression of Dlx5 alone [115]. Likewise, an increased severity of craniofacial
phenotypes correlates with progressive loss of Dlx gene [263, 264]. All these are indications of
gene-dosage effects between functionally redundant genes.

We propose that the portion of the p63 network that (direct  or indirect)  regulates FGF8
expression is  exerted  in  a  quantitative  and dynamic  mode.  To  support  this,  we should
consider that although p63  null and p63EEC  homozygous mice show severe limb trunca‐
tion or absence, the heterozygous mice appear to be normal. When heterozygous EEC mice
are bred with heterozygous Dlx5;Dlx6  ones (the latter have normal limbs), anomalies are
clearly observed [90].

A gene-dosage effect combined with the co-expression of functionally redundant genes implies
the existence of a threshold level to be maintained to assure AER stratification and signalling
functions. Indeed, we have noted that the expression of Dlx2 and Dlx5 is lower in the central
portion of the AER, compared to the anterior or posterior segments [122]. Thus, the central
AER might be more sensitive to reduced Dlx expression due to intrinsic lower expression. On
the same line, there is evidence that certain amount of AER-derived pan-FGF is required to

Conte et al.

Figure 4. Proposed model of regulation of the AER cell orientation. Dlx5 is known to regulate the transcription of both
FGF8 and Wnt5a. In turn, FGF8 is required for AER maintenance and stratification, via p63, while the function of
Wnt5a for AER maintenance is still poorly known. Recent data of the regulation of orientation and velocity of mesen‐
chymal cells by, respectively, the Wnt5a/PCP and the FGF8-MAP-Erk pathways open the possibility that Wnt5a may
regulate the orientation/motility of the AER cell and assure a correct stratification (dotted line).

New Discoveries in Embryology148



observed in Dlx2;Dlx5 null mice [161] and the ectrodactyly of Dlx5;Dlx6 null mice is fully
rescued by the re-expression of Dlx5 alone [115]. Likewise, an increased severity of craniofacial
phenotypes correlates with progressive loss of Dlx gene [263, 264]. All these are indications of
gene-dosage effects between functionally redundant genes.

We propose that the portion of the p63 network that (direct  or indirect)  regulates FGF8
expression is  exerted  in  a  quantitative  and dynamic  mode.  To  support  this,  we should
consider that although p63  null and p63EEC  homozygous mice show severe limb trunca‐
tion or absence, the heterozygous mice appear to be normal. When heterozygous EEC mice
are bred with heterozygous Dlx5;Dlx6  ones (the latter have normal limbs), anomalies are
clearly observed [90].

A gene-dosage effect combined with the co-expression of functionally redundant genes implies
the existence of a threshold level to be maintained to assure AER stratification and signalling
functions. Indeed, we have noted that the expression of Dlx2 and Dlx5 is lower in the central
portion of the AER, compared to the anterior or posterior segments [122]. Thus, the central
AER might be more sensitive to reduced Dlx expression due to intrinsic lower expression. On
the same line, there is evidence that certain amount of AER-derived pan-FGF is required to

Conte et al.

Figure 4. Proposed model of regulation of the AER cell orientation. Dlx5 is known to regulate the transcription of both
FGF8 and Wnt5a. In turn, FGF8 is required for AER maintenance and stratification, via p63, while the function of
Wnt5a for AER maintenance is still poorly known. Recent data of the regulation of orientation and velocity of mesen‐
chymal cells by, respectively, the Wnt5a/PCP and the FGF8-MAP-Erk pathways open the possibility that Wnt5a may
regulate the orientation/motility of the AER cell and assure a correct stratification (dotted line).

New Discoveries in Embryology148

induce and maintain the underlying mesenchymal progenitors [36, 56, 157]. In fact, in the Dlx5;
Dlx6 mutant limbs, the reduction of FGF8 expression is restricted to the central AER, the region
where epithelial-mesenchymal signalling is primarily defective and the region where mor‐
phogenesis fails [114, 115]. Thus, the entire p63-Dlx-FGF cascade is sensitive to gene dosage
and position of expression.

3. Concluding remarks

p63 is a master regulator of ectodermal cell proliferation, differentiation and stratification, and
has a key role in the establishment of a positive loop that maintains FGF8 expression. In turn,
our recent data reveal a novel role of FGF8 to (directly and indirectly) stabilize the p63 proteins
and modulate their transcriptional activity. Thus, in the biology and development of the
ectoderm, p63 post-translational modifications are as important as p63 gene expression and
may reveal novel targets to be used in p63 modulation.

We illustrate that the p63-Dlx5 transcriptional regulation is at the centre of a pathway relevant
for the SHFM malformation. The stability of p63 and the activation of the pathway appear to
be under the regulation of FGF8, which in turn is regulated by the pathway. In addition to
decipher this positive regulatory loop, these data support a model to attempt to explain the
SHFM-III pathogenesis in terms of genome positional effects on the FGF8 locus.

FGF8 and Wnt5a provide instructions for mesoderm cells as to which direction and orientation
to take, at the basis of AER formation and proper migration of mesenchymal cells. This
instruction adopts molecules of the PCP pathway, most likely inducing convergent extension.
While this has been recently demonstrated for the mesenchymal cells, the possibility that a
Wnt5a-dependent PCP pathway is also functional for the organization and stratification of the
AER cells remains to be addressed. Notably, data from the human malformation diseases and
the corresponding animal models clearly suggest so.

The study of animal models of EEC and SHFM diseases has provided much of this knowledge,
and will continue to do so. The big hope is that, once the pathways will be elucidated, we might
be able to exploit diffusible molecules and attempt to correct the limb malformation defects.
Preliminary attempts are being conducted on whole-organ cultured limbs.
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FGF, fibroblast growth factor
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Abstract

The formation of embryonic blood vessels, defined as vasculogenesis, is a complex
morphogenetic process ultimately related to tubulogenesis, carried out from in situ
differentiation of mesoderm-recruited or proliferated progenitor endothelial cells
(angioblasts) to endothelial cells for structuring a primary vascular plexus. Subse‐
quent events involving apoptosis versus cell survival (remodeling) in the vessel
network stabilizes the primordial microvasculature, which through the angiogenesis
process yields new capillaries by sprouting from the preexisting ones. Methylxan‐
thinic alkaloids such as caffeine (compounds present in a number of beverages
consumed worldwide) exert some well-known effects upon heart and other cardio‐
vascular structures, in part, by negatively interplaying with phosphodiesterase
(PDEs) enzymes. Once caffeine as well as Ilex paraguariensis (yerba mate) infusion
extract have shown to enhance the vessel formation (vasculogenesis and angiogene‐
sis), we discuss the impact afforded by I. paraguariensis constituents on the (PDEs-
related) quantities and stability of Protein kinase A (PKA) and Protein kinase C (PKC)
enzymes. Besides, the text reflects on a suggested dual roles displayed by PKA and
PKC enzymatic pathways in the developmental angiogenic events.

Keywords: Protein kinase A (PKA) and protein kinase C (PKC), Cyclases and phosphodiesterases,
Methylxanthinic alkaloids, Vessels remodeling, Angiogenesis and vasculogenesis
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1. Introduction

Angiogenesis and vasculogenesis are the better studied processes of vessel formation [1].
Angiogenesis starts from preexistent vasculature, these last structures being either the
primitive vascular plexuses primordially formed by vasculogenesis in the embryo or the
postcapillary venous compartment of the mature vascular systems [2, 3].

Vasculogenesis is defined as the formation of early embryonic blood vessels from in situ
differentiation of mesoderm-recruited/proliferated progenitor endothelial cells (angioblasts)
to endothelial cells [4, 5]. This process involves endothelial precursor cell clusters organization
(blood islands), in the yolk sac membrane (YSM), laying down a primary vascular plexus [6–
8]. A subsequent remodeling of this vascular network – a process that combines events of cell
death or regression in some vessels and survival or enhancement in others – gives rise to a
more refined and effective microvasculature [9–11].

Further proliferation of capillaries sprouting from preexisting vessels is referred to as angio‐
genesis [12], a process involving coordinated endothelial cell proliferation and migration as
well as recovering of extracellular matrix (ECM), tubule formation (tubulogenesis), and
expansion of the surrounding vascular tissues [13–15]. Despite angiogenesis in adults being a
rare event, it plays a fundamental role in physiological processes, such as the reproductive
cycle of fertile women and the wound healing process [16, 17].

There are evidences that the vasculogenesis process that works in the early embryo forming
primary vessels at high rates to keep pace with the growth of the body has been adapt‐
ed, under certain situations, in the adult [4, 18, 19], since bone marrow–derived endothe‐
lial progenitor cells in the peripheral blood of adult animals and humans have been shown
to be incorporated into neovascularization [3, 20]. Under such conditions, cytokines can be
produced to induce the formation of vascular networks alluding to vasculogenic mimicry
[13,  21].  Thus,  in  accordance  with  this  concept,  the  embryonic  cellular  mechanisms
(proliferation  and differentiation)  underlying  vasculogenesis  process  would  be,  in  some
level, recapitulated in adult life [21–23].

The cardiovascular system is susceptible to positive chronotropic and inotropic actions
afforded by a class of compounds like xanthines which cause dilatation in a number of blood
vessels (on lung and kidney, e.g.) and constriction in some others, such as the one occurring
in brain vessels, revealing their controversial pharmacological features and biological targets
diversity [24]. Methylxanthinic alkaloids, such as caffeine and theophylline are majoritarian
compounds present in the coffee and cola beverages as well as in various tea extracts [25, 26].
Thus, in particular, caffeine may possibly be one of the most consumed substances all over the
world. Its tropism on the cardiovascular structures and other organ systems is already
reasonably known [27], as the specific-tissue mechanisms of action in some processes waits
for further elucidation. Otherwise, methylxanthinic alkaloid interaction with protein kinase A
(PKA) pathway has a remarkable effect on several vessel-related events. For example, Shafer
et al. has verified that the treatment with caffeine and other methylxanthines increases cAMP
level by inhibiting cAMP phosphodiesterase (PDE) [28]. As cAMP activates PKA, glycolysis
is elevated which increases the amount of ATP available for muscle contraction and relaxation.
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8]. A subsequent remodeling of this vascular network – a process that combines events of cell
death or regression in some vessels and survival or enhancement in others – gives rise to a
more refined and effective microvasculature [9–11].

Further proliferation of capillaries sprouting from preexisting vessels is referred to as angio‐
genesis [12], a process involving coordinated endothelial cell proliferation and migration as
well as recovering of extracellular matrix (ECM), tubule formation (tubulogenesis), and
expansion of the surrounding vascular tissues [13–15]. Despite angiogenesis in adults being a
rare event, it plays a fundamental role in physiological processes, such as the reproductive
cycle of fertile women and the wound healing process [16, 17].

There are evidences that the vasculogenesis process that works in the early embryo forming
primary vessels at high rates to keep pace with the growth of the body has been adapt‐
ed, under certain situations, in the adult [4, 18, 19], since bone marrow–derived endothe‐
lial progenitor cells in the peripheral blood of adult animals and humans have been shown
to be incorporated into neovascularization [3, 20]. Under such conditions, cytokines can be
produced to induce the formation of vascular networks alluding to vasculogenic mimicry
[13,  21].  Thus,  in  accordance  with  this  concept,  the  embryonic  cellular  mechanisms
(proliferation  and differentiation)  underlying  vasculogenesis  process  would  be,  in  some
level, recapitulated in adult life [21–23].

The cardiovascular system is susceptible to positive chronotropic and inotropic actions
afforded by a class of compounds like xanthines which cause dilatation in a number of blood
vessels (on lung and kidney, e.g.) and constriction in some others, such as the one occurring
in brain vessels, revealing their controversial pharmacological features and biological targets
diversity [24]. Methylxanthinic alkaloids, such as caffeine and theophylline are majoritarian
compounds present in the coffee and cola beverages as well as in various tea extracts [25, 26].
Thus, in particular, caffeine may possibly be one of the most consumed substances all over the
world. Its tropism on the cardiovascular structures and other organ systems is already
reasonably known [27], as the specific-tissue mechanisms of action in some processes waits
for further elucidation. Otherwise, methylxanthinic alkaloid interaction with protein kinase A
(PKA) pathway has a remarkable effect on several vessel-related events. For example, Shafer
et al. has verified that the treatment with caffeine and other methylxanthines increases cAMP
level by inhibiting cAMP phosphodiesterase (PDE) [28]. As cAMP activates PKA, glycolysis
is elevated which increases the amount of ATP available for muscle contraction and relaxation.
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Caffeine, as well as Ilex paraguariensis  St.  Hill.,  Aquifoliaceae (e.g.,  mate) infusion extract
(1.03–4.12 µM), have been shown to increase the microvessels number, due to the enhance‐
ment on vasculogenesis and angiogenesis rates, in the model of yolk sac and chorioallanto‐
ic  membranes  of  chick  embryos  [29].  Moreover,  an  additional  stimulant  property  on
embryonic metabolism was evidenced by the increase in the body growth (defined by the
body length). The pharmacological effects of caffeine and theophylline present in the mate
drinks on the cardiovascular system are mainly addressed to PDEs inhibition, which directly
impacts the quantity, stability, and cell activities of PKA and Protein kinase C (PKC) [30].
In fact, the relaxant effect in the smooth muscle is attributed to PDE inhibition, with the
consequent  increase  in  cyclic  adenosine  monophosphate  (cAMP)  concentration  [27,  31].
Moreover, the heart muscle stimulation and the bronchial muscle relaxation are mediated
by  beta-adrenoceptors  stimulation  and  adenylate  cyclase  (AC)  stimulation.  It  is  also
suggested that  the  competitive  antagonism exhibited by methylxanthines  on the  adeno‐
sine receptors (A1 and A2) determines some of its complex effects [32, 33].

The action mechanism of caffeine and mate extract/tea upon the processes of vessel formation
remains unclear despite the important evidences of xanthine involvement-related biological
targets (PDE–AC) on the cardiovascular physiology. Thus, it seems important to pay attention
to the suggested dual roles of PKA and PKC enzymatic pathways in the angiogenesis.

2. Distinct roles of PKC and PKA in angiogenesis

PKC isoforms are key mediators in hormone, growth factor, and neurotransmitter-triggered
pathways of cell activation [34]. Proteomic technologies (gel-based and gel-free analyses
methods) and metabolomics have been successfully used in the study of protein kinases. The
application of these novel tools and strategies in the field of kinase signaling has been focused
on the role of PKC in the heart (for review, see [35]). Another recent review provides, with
particular attention, information on the role of PKC isoforms in the cardiovascular complica‐
tions [36]. A scheme of endothelial signaling pathways is displayed in Figure 1. As reported
by Wright and co-workers, the DAG–PKC pathway activated by vascular endothelial growth
factors (VEGFs) contributes to the vascular function in many ways, such as the regulation of
endothelial permeability, vasoconstriction, extracellular matrix (ECM) synthesis/turnover,
leukocyte adhesion, cytokine activation, cell growth, and ultimately, angiogenesis (Figure
1-1) [37]. In fact, such role of PKC on the angiogenesis activation was confirmed by in vitro and
in ovo experiments.

An interesting study related with the PKA versus PKC actions on angiogenesis was performed
by DeFouw and DeFouw [38]. These researchers showed that whereas the exogenous activa‐
tion of cAMP by PKA pathway signaling acts decreases the macromolecules extravasation in
the chick chorioallantoic membrane (CAM) during early angiogenesis (4.5-day CAM, i.e., 4.5
days of embryonic development; stage 24-HH) [39], the PKC activity contributes, at least in
part, to CAM endothelial hyper permeability (a crucial pro-angiogenic event) at the 4.5-day
chick embryo. Nevertheless, it was already reported [40] that the cyclooxygenase (COX-2)
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Figure 1. Schemas of endothelial signaling pathways. Basic fibroblast growth factor (bFGF) has been shown to acti‐
vate a number of intracellular signaling pathways. Some well characterized processes that have been reported in endo‐
thelial cells and other cell types are shown. Many details in the steps of the processes were omitted for the sake of
clearness and the numbers are included to enable the signals/effectors identification (then numbers not necessarily rep‐
resent a sequence on transduction pathways, which are often non-exclusive). The autophosphorylation is activated by
several tyrosine residues of FGFR and VEGFR. Some of the phosphotyrosine residues are binding sites for proteins
with phosphotyrosine-binding domains such as FGF receptor substrate 2 (FRS2) that functions as docking protein and
binds to the GRB2 which then can activate RAS. RAS may recruit RAF-1, a kinase whose action results in activation of
a mitogen-activated protein kinases (MAPK) cascade. MAPK translocation to the nucleus proceeds activating tran‐
scription factors. PLC activation also plays a relevant role by causing the hydrolysis of phosphatidylinositol (PIP2) to
inositol-3-phosphate and diacylglycerol (DAG) leading to calcium release and activation of protein kinase C (PKC).
These kinase/eicosanoid-mediated signal transduction pathways can lead to a number of biological responses on the
cell housekeeping that involve cell proliferation, migration, and the other mechanisms related to the endothelial cell
phenotype (1–4). Guanylyl cyclase (GC) mediated survival promotion by means of AKT-NOS activation (5–8) and gua‐
niline triphosphate/cyclic guaniline monophosphate (GC-cGMP)-PKC, as well as PKG activation pathways (5–9). Phos‐
phodiesterase (PDE) inactivation, as attained by xanthines (caffeine, for example), with the consequent up-regulation
of cAMP-PKA signaling and the down-regulation of cGMP-PKG (6-7). A PDE compensatory role on the cAMP/PKA
probable anti-proliferative (and/or anti-EC migration) effects afforded, as suggested, by a potent stimulus (from PIP2,
for example) on the PKC mitogenic pathway, with subsequent COX-2 activation (10), or also by pro-vascular signals
transmission contributions (11).
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transmission contributions (11).
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pathway, as well the AC–PKA signaling, enhances angiogenesis in vivo through induction by
VEGF. Other studies have also indicated PKA as a positive angiogenesis regulator [41–45]. In
this sense, PKA inhibition with H89 (PKA inhibitor) blocks vasoactive intestinal peptide-
induced VEGF production and inhibits brain vascular endothelial cells proliferation [41], while
PKA stimulation via Forskolin increases angiogenesis through PKA-dependent VEGF
expression [42]. Also, Zhang et al. have demonstrated that the proinflammatory prostaglandin
E2 (PGE2) promotes angiogenesis through activation of endothelial cell-expressed EP4 and
PKA catalytic γ subunits. Furthermore, suppressing the expression of PKA activated sub‐
strates (i.e., Rap1A, HSPB6, or endothelial NO synthase) inhibits the tube formation, while the
knockdown of RhoA or glycogen synthase kinase 3β, that are inactivated after PKA phos‐
phorylation, increases the tube formation of human microvascular endothelial cells [43].

In opposition to the concept of PKA-activated angiogenic events, some evidences have
established a profile of angiogenesis inhibition and an endothelial cell survival decrease
mediated by PKA [46]. However, these authors have also demonstrated that basic fibroblast
growth factor (bFGF)-stimulated blood vessel branch points were non-abolished by concom‐
itant treatments with cAMP or PKAcat. A subsequent study [47] demonstrated, in human
granulosa cells, the PKA-mediated negative regulation of vessel formation (as well as the
modulation of endothelial cell survival) related to the increase on mRNA levels of angiopoie‐
tin-2 (ANG-2; a pro-apoptotic agent) by both PKA and PKC activators (8-Cl-cAMP and
ADMB), whereas the respective inhibitors (GÖ 6983 and Rp-cAMP) markedly decreased the
levels of ANG-2 mRNA. Concurrently, VEGF-induced human umbilical vein endothelial cells
(HUVECs) migration and proliferation were decreased by PDE2 and PDE4 inhibitors [48].
Additionally, Jin et. al. have shown that PKA activation blocks pp60Src-dependent vascular
endothelial–cadherin phosphorylation which stimulates cell–cell adhesion and inhibits
endothelial cell polarization and migration, which consequently blocks sprouting in newly
forming embryonic blood vessels [49]. In prostate tumor epithelial cells, the cAMP derivative
8-pCPT-2’-O-Me-cAMP, a weak agonist of PKA, acts via stimulation of that kinase that, in its
turn, antagonizes Rap1 and hypoxic induction of 1α protein expression, VEGF production and,
ultimately, angiogenesis [50]. More recently, Liu et al. have proposed that the major PKA
function in physiological condition may be to inhibit angiogenesis through REGγ–proteasome
mediated regulation. It has been shown that REGγ interacts with protein kinase A catalytic
subunit-α (PKAca reducing its intracellular stability) in HUVECs and mouse embryonic
fibroblast cells (MEFs). The study has evidenced that REGγ antagonizes PKA pathway and
facilitates VEGF-induced expression of pro-angiogenic genes (e.g., vascular cell adhesion
molecule-1 gene [VCAM-1] and endothelial-Selectin gene [E-Selectin]) through PKA-FoxO1
pathway. Nevertheless, authors empathize that the role of PKA on angiogenesis can vary
depending upon different cell context and various signal cascades in physiological or patho‐
logical environments [51]. The anti-angiogenic role of PKA through different mechanisms
represents useful tools to inhibit pathologic angiogenesis. Taken in the whole, the above cited
results show contrasting actions upon angiogenesis, not only between PKA and PKC actions,
but also involving each enzymatic pathway, per se.
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3. How can xanthines interplay with vascular mediators?

As referred earlier [29], the treatments performed by 1.03–4.12 µM caffeine and mate extract,
besides increasing vasculogenesis and angiogenesis concomitantly, have promoted embryonic
growth as featured by increase in body total length of treated 4-day chick embryos. These
findings may be better understood taking into consideration the findings previously reported
by Shibley and Pennington [52]. These researchers have demonstrated that non-acute in vivo
treatment of cultured 5-day-old chick embryo cells with 1 µM phorbol ester leads to down-
regulation (instead of up-regulation as afforded by acute treatments) of PKC activity, signifi‐
cantly increasing the insulin-dependent amino acid intake/uptake and transport that are
crucial processes for embryonic growth.

On the other hand, PKC has also been shown to be involved in the regulation of glucose (a
well-known angiogenic activator and fetal weight and length-increasing factor) transport in
adipocytes [53] and that this transportation activity was blocked by PKC inhibition. Indeed,
hyperglycemia (15 mM glucose), as well as VEGF, are able, via VEGFR-2, to up-regulate PlGF
(placental growth factor; a member of the VEGF family), which also acts as a survival factor
for microvascular endothelial cells by preventing apoptosis [54, 55]. These evidences are
concurrent with a time-dependent diacylglycerol (DAG)-mediated PKC activation event
(Figure 1-2) in response to insulin and insulin-like growth factors activation [56].

Even though the impairment on nutrient transport related to PKC inhibition has been already
demonstrated by Christensen et al. [53], possible remarkable compensatory responses exerted,
for example, by insulin-like growth factor interaction with AC on the body length of the
caffeine-treated embryos should be considered (Figure 1-3) [27].

4. What about phosphodiesterases?

Bearing in mind that the evidences of vasculogenesis and angiogenesis inhibition are related
to PKC/PKA pathways, one could yet ponder that those effects not necessarily point to PDE-
related action or additional AC-cAMP inhibitors, as the progesterone hormone, for example,
It is plausible to assume that caffeine and mate effects might, at least in part, involve other
angiogenic pathways than AC-cAMP-PKA inhibition, such as those related to phosphatidyl
inositol-2-kinase (PI2K) and calcium/DAG-PKC activation, or its collateral induction by bFGF
[57], which is a crucial angiogenic growth factor (Figure 1-4). Besides, the tumor necrosis factor-
alpha (TNF-α) and/or the guanylyl cyclase-cyclic guaniline monophosphate (GC-cGMP-PKC/
PKG), pro-angiogenic activating pathways are also worth mentioning (Figure 1-5). Notwith‐
standing, the relevance of PDE involvement in vasculature development is evidenced by the
concept which the differentiation of a restrictive angiogenic–endothelial barrier function in
vivo would include inactivation of PDE III and PDE IV. This implies in up-regulation of cAMP-
PKA signaling (Figure 1-6) and down-regulation on cGMP-PKG pathway [38]. Moreover, (1)
PDE2, PDE3, PDE4, and PDE5 are expressed in HUVEC; (2) both EHNA (20 µM), a PDE2
selective inhibitor, and RP73401 (10 µM), a PDE4 selective inhibitor, are able to enhance the
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cAMP intracellular levels in HUVECs; (3) EHNA and RP73401 are able to inhibit cell prolif‐
eration, mitotic cycle progression and migration on HUVECs stimulated by VEGF; (4) HUVEC
treatments with the cAMP analogue 8-Br-cAMP (600 µM) mimicry the cAMP in vitro inhibitory
effects; and (5) only the association of EHNA and RP73401 (co-treatment by PDE2 and PDE4
selective inhibitors) blocks angiogenesis in vivo, indicating that to start antiangiogenic activity
both migration and cell proliferation must be conjointly abolished [48].

In addition, the relevant study published by Netherton and Maurice [58] punctuates that
human vascular endothelial cells (VECs) express variants of PDE2, PDE3, PDE4, and PDE5
families and demonstrate that the levels of these enzymes differ among VECs derived from
aorta, umbilical vein, and micro vascular structures as those present in the yolk sac/chorioal‐
lantoic membrane (YSM/CAM) of chick embryos. As stated by those investigators, it is
noteworthy that the selective inhibition of PDE2 does not only fail to increase cAMP in any
VECs lineage, but also it did not inhibit migration in the VECs studied.

Otherwise, the inhibition of PDE4 activity decreased cell migration but, in association with
forskolin (an AC/GC activator), increased cAMP in all VECs studied [58]. PDE3 inhibition
potentiated forskolin-induced increases in cAMP and also inhibited migration in VECs derived
from aorta and umbilical vein, but not on microvascular VECs. From these data, one should
expect that methylxanthines had reduced vessel number in the early extra-embryonic mem‐
branes (YSM and CAM) in response to PDE inhibition (Figure 1-7), by antagonizing adenosine,
or indeed by protecting cAMP from degradation. However, there are some evidences con‐
cerning the process of microvessels development where the opposite has just been found. The
cAMP pathway truly “rivals” with the angiogenic microenvironment in complexity (for
inhibiting inflammatory cytokines) and constitutes a kind of cross-junction to which converges
a significant number of cell signaling ways. Then, during vessel formation, cAMP (and its
distinct cellular roles) is surely under influence of factors as diverse as different time–space
conditions, distinct main regulative pathways, and a number of second messengers/effectors
in various signaling routs/cascades. Moreover, these events are dependent on each vascular
endothelial cell lineage and the biological system or study model considered.

5. Focusing on the environment of developmental microvessels

Embryonic microvessels (such as those growing in the 4-day chick YSMs/CAMs) are structures
physiologically under one primordial choice: that is potentially “life or death” [10]. Therefore,
despite the proinflammatory cytokines blockade due to cAMP increase mediated by PDE
inhibition in response to methylxanthines action, and also the presence of eventual apoptotic
stimulus (such as insulin/IGFs-PKA interaction-mediated cell death), the embryonic endothe‐
lial cells may be concomitantly exposed to powerful survival stimuli, for example, vascular
growth factors; survival factors (i.e., ANG-1), guanylyl cyclase (GC)-Akt (i.e., GC-PKB) [59]
(Figure 1-8), pericyte-support; blood flow; and others. Besides, specific pro-angiogenic signals/
conditions (NO-synthase/NO-GC, intermittent hypoxia, and GC-PKC, e.g.) would be prepon‐
derant to protect the ECs (Figure 1-9) [60, 61]. In the light of these evidences, it is still plausible
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to suggest that both caffeine and the I. paraguariensis extract may exert a compensatory role on
the cAMP/PKA probable anti-EC proliferative effect and/or anti-EC migration effect, by means
of potent stimuli (from PIP2, Ca2+, e.g.) to the PKC mitogenic pathway, with supplementary
COX-2 prostaglandin-E (PGE1, 2) activation (Figure 1-10). Additionally, pro-vascular integrins/
cytokines contributions and GC-Akt-P70SK-related c-fos and c-jun activation (Figure 1-11)
should be considered. In the context of the dual effect between the AC-cAMP and GC-cGMP
functions in the ECs (concerning the up-regulation of cAMP-PKA signaling against the down-
regulation on cGMP-PKG pathway), it is possible to ponder on a non-improbable straightfor‐
ward antagonist action of PKC on the PKA pathway. In fact, this idea is in part supported by
evidences that PKC is able to phosphorylate also PKA-specific consensus sites of Tnl (troponin
1), a cardiac myofilament [62].

As an alternative hypothesis concerning a compensatory mechanism on angiogenesis,
negative modulation by cAMP, we suggest the improvement of glucose (an angiogenic
activator) uptake by ECs, possibly mediated by insulin/IGF-AC activation in response to
methylxanthine administration. As support for this idea, data provided by Hashimoto et al.
[63] have shown that inhibitors of PKA and PI3K completely attenuated the NO-induced in
vitro endothelial tube formation (from human aortic endothelial cells). These findings strongly
suggest that PKA (Figure 1-12) and PI3K might both be mediating the angiogenesis process.

6. Conclusion

In conclusion, we should not rescind from the importance of considering some apoptotic level
per se on the endothelial cells lineages (anoikis) during the transition events from immature
vasculature, yielded by vasculogenesis, to a more stable and sophisticated one attained by
angiogenesis. In the context of angiogenic remodeling [64], some microvessels “have to die for
others to survive” becoming stable/quiescent vascular structures [9]. Many “puzzle pieces” of
kinases pathways appear to be, up to date, lacking. For example, how to begin solving the
metabolome matter related to PKA versus PKC pathways in the angiogenesis? In accordance
with Agnetti et al. [36], the “one protein at a time” approach is unlikely to provide a compre‐
hensive picture of the cellular signaling due to the concerted action of “several molecular
players at the same time.” Thus, the activities of both PKC and PKA should not be considered
so mutually exclusive characters in the scenery of developmental microvessel formation.
However, the remarkable evidences on phosphodiesterases as possible pivotal target mole‐
cules for the angiogenic effects of caffeine and Ilex paraguariensis extract strongly suggest an
antagonistic role of the protein kinases A and C in the same events.
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kinases pathways appear to be, up to date, lacking. For example, how to begin solving the
metabolome matter related to PKA versus PKC pathways in the angiogenesis? In accordance
with Agnetti et al. [36], the “one protein at a time” approach is unlikely to provide a compre‐
hensive picture of the cellular signaling due to the concerted action of “several molecular
players at the same time.” Thus, the activities of both PKC and PKA should not be considered
so mutually exclusive characters in the scenery of developmental microvessel formation.
However, the remarkable evidences on phosphodiesterases as possible pivotal target mole‐
cules for the angiogenic effects of caffeine and Ilex paraguariensis extract strongly suggest an
antagonistic role of the protein kinases A and C in the same events.
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Abstract

The modern animal biotechnologies, such as animal cloning, transgenesis, sex determina‐
tion, stem cells, designing new livestock, must be performed on animal gametes includ‐
ing sperm and oocytes, and embryos based on embryology theory. Currently, some key
biotechnologies in embryology have become the most powerful tool for animal scientists
and breeders to improve genetic construction of animal herds. Here, authors put forward
a new concept of Animal Embryo Breeding Science to describe this discipline formation,
development, and application in animal genetic improvement and breeding. The relation‐
ship of embryo breeding with other disciplines has been profiled. Thus, animal scientists
and breeders can easily understand and apply embryo breeding theory and related key
techniques to accelerate animal improvement speed, to modify genetic construction of
animal population, and to design and create new animal individual or breed.

Keywords: Discipline, embryo breeding, biotechnology, livestock

1. Introduction

Animal breeding sciences concern the management and care of farm animals by humans for
profit. Not only does it refer to the practice of selectively breeding and raising livestock to
promote desirable traits in animals for utility, sport, pleasure, or research [1], but also it refers
to the efficient exploitation of a species in agriculture advantageous to humans. The genetic
improvement of livestock depends on defining breeding objectives and accurately identifying
the right animals to be used for future breeding. Traditional breeding programs involve 1) the
design of animal breeding goals including improvement traits, such as milk, wool, growth,
carcass and fertility, females vs. males, progeny test and nucleus vs. commercial animal
population; 2) application techniques, such as artificial insemination and embryo transfer, are

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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used as methods not only to guarantee that females breed regularly but also to help improve
herd genetics; 3) based on quantitative genetics theory, estimation of breeding value by
phenotype, pedigree, BLUP (best linear unbiased prediction) method, and genetic markers; 4)
selection and culling of individuals based on genetic evaluation, balancing rate of change, and
inbreeding; and 5) determining mating system. This is a long-term process for livestock genetic
improvement.

As modern biotechnology develops, some new techniques can be applied to animal breeding
programs 1) to accelerate genetic progression by shortening generation interval and increasing
female reproduction; 2) to add new genetic trait to animal body by transgenic technology or
to remove bad traits from animal body by gene knockout method [2]; and 3) to create new
animal individual or breed by modern biotechnologies including nuclear transfer, cloning, and
genetic modification. These new technologies will make it easier to manipulate animal
genomes, but food products from genetically engineered animals face a long road to market.
Examples of biotechnology applications of particular interest to the department include cell
culture, genomics, molecular-marker-assisted breeding, cloning, bioprocessing, and diagnos‐
tic testing, as well as gene technology (genetic modification). Genetic modification deliberates
change of an organism’s genetic material by moving, introducing, or eliminating specific
genes, such as taking a single gene from an animal cell and inserting it into another animal cell
to give the second cell a desired characteristic. The terms “gene technology,” “genetic engi‐
neering” and “genetic manipulation,” “genetic enhancement,” “gene splicing,” “transgenics,”
or the use of “recombinant DNA” are used to describe genetic modification processes. Genes
can be found in and moved between different plants, animals or microorganisms such as
viruses or bacteria, for example, transferring worm fat-1 gene to pig to produce more omega-3
fat acid in pork meat [3]. Genes can also be changed within a specific plant or animal individual.
For instance, “knocking out” an undesirable characteristic gene such as susceptibility to a
particular disease can be beneficial to the plant or animal life.

In mammals, the realization of these goals must depend upon in vitro manipulation of animal
oocytes and embryos. Thus, embryology has become a core of these biotechnologies (Figure
1). Currently, embryo biotechnology, which most people call embryo bioengineering, has
gradually become the most powerful tool for animal scientists and breeders to improve genetic
construction of their animal herds or populations. Embryo transfer in cattle has recently gained
considerable popularity with seedstock dairy and beef producers. Many kinds of species have
been cloned and some transgenic animals have been produced. Thus, embryology has become
a core of modern biotechnologies in animal genetic modification and breeding. Combining the
new advances in modern biotechnology with future application, authors put forward the new
concept of Animal Embryo Breeding Science to describe embryology development and
application in animal genetic improvement and breeding.

2. Concept of animal embryo breeding

Breeding is the reproductive process, which is producing of elite offspring in animals or plants.
Animal breeding programs involve the selection or culling of parents (such as bull and cow)
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construction of their animal herds or populations. Embryo transfer in cattle has recently gained
considerable popularity with seedstock dairy and beef producers. Many kinds of species have
been cloned and some transgenic animals have been produced. Thus, embryology has become
a core of modern biotechnologies in animal genetic modification and breeding. Combining the
new advances in modern biotechnology with future application, authors put forward the new
concept of Animal Embryo Breeding Science to describe embryology development and
application in animal genetic improvement and breeding.

2. Concept of animal embryo breeding

Breeding is the reproductive process, which is producing of elite offspring in animals or plants.
Animal breeding programs involve the selection or culling of parents (such as bull and cow)
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and then determination of mating system. They must be female and male sex combination.
However, Animal Embryo Breeding is an asexual reproduction of specific oocytes or embryos
artificially by current developed biotechnology. The Science of Animal Embryo Breeding is to
study how to use the embryo manipulation technologies to improve, create, and clone new
animal individual or breed. Current developed techniques include nuclear transfer, cytoplas‐
mic transfer or replacement, in vitro fertilization (IVF), sperm cytoplasmic injection (ICSI),
parthenogenesis and androgenesis, embryo cloning, sex selection, transgenesis, gene knock
out, stem cells and somatic cell cloning, etc. Although embryo breeding is a branch of tradi‐
tional animal breeding discipline, the science of animal breeding is concerned with the
application of the principles of population genetics and qualitative genetics to the improve‐
ment of domestic animals. However, Animal Embryo Breeding is concerned with application
of the developed embryo biotechnologies to new animal individual creation, genetic cloning
and preservation of animal breeds. The research main body of this discipline focuses on sperm,
oocyte and embryo. After the desired animal type (genetic improved goal) has been designed,
by means of a serial micromanipulation on oocyte or embryo, such as nuclear transfer, foreign
DNA microinjection to egg pronucleus and stem cell technique, a modified improved embryo
may be produced in vitro and then transferred into animal uterine cavity so that a new animal
individual could be created. In the last couple of decades, many kinds of animals including
transgenic pigs, cattle, sheep, and goat, have been produced [4].

3. The relationship of animal embryo breeding science with other
disciplines

As a new developing subject, Animal Embryo Breeding Science mainly depends upon modern
biotechnology development, especially molecular biology, genetics, and reproductive biology

Figure 1. Embryology has become a core of modern biotechnologies in animal genetic 
modification and breeding. Any new developed biotechniques such as nuclear 
transplantation, cloning, and transgenesis, finally must be performed on animal oocytes 
or embryos. MOET represents multiple ovulation and embryo transfer.
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animal oocytes or embryos. MOET represents multiple ovulation and embryo transfer.
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with embryology. However, it also has a close association with other subjects such as repro‐
ductive biology and embryology, animal genetics and breeding (Figure 2).

Figure 2. The designed relationship of Animal Embryo Breeding with other disciplines. 
The Embryo breeding is a core subject which combines molecular biology/genetics with 
animal genetics and breeding as well as reproductive biology and embryology.   

The goal of animal breeding program can be realized by the current embryo breeding 
technology. Using molecular biological technique, a specific gene type for the desired 
animal may be designed. The new developed biotechnologies to attempt to modify 
animal genetic traits must be conducted on animal oocyte and embryo. The embryo in 
vitro production and animal individual birth must depend upon animal reproductive 
technology. Embryology may supply a good condition to produce many high-quality 
embryos. Thus, the Embryo Breeding is a core subject which combines molecular 
biology/genetics with animal genetics and breeding as well as reproductive biology and 
embryology.  

<H1>Major research scope and content of Animal Embryo Breeding

Animal Embryo Breeding Science is based on the current developed embryo 
biotechnology. The core of current embryo biotechnology is oocyte in vitro fertilization 
(IVF). As human IVF technique rapidly develops in infertility treatment, not only animal 
IVF has offered a very valuable tool to study mammalian fertilization and early embryo 
development, but also its commercial applications have being increased. Based on IVF 
research, some new developed embryo technologies consisting of nuclear transfer, 
transgenesis, cloning, and stem cells, etc., can be used to create new animal individual or 
population, and accelerate genetic progression of animal population during the period 
from early oocyte stage (oogenesis) to preimplantation embryo stage (Figure 3).
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Figure 2. The designed relationship of Animal Embryo Breeding with other disciplines. The Embryo breeding is a core
subject which combines molecular biology/genetics with animal genetics and breeding as well as reproductive biology
and embryology.

The goal of animal breeding program can be realized by the current embryo breeding tech‐
nology. Using molecular biological technique, a specific gene type for the desired animal may
be designed. The new developed biotechnologies to attempt to modify animal genetic traits
must be conducted on animal oocyte and embryo. The embryo in vitro production and animal
individual birth must depend upon animal reproductive technology. Embryology may supply
a good condition to produce many high-quality embryos. Thus, the Embryo Breeding is a core
subject which combines molecular biology/genetics with animal genetics and breeding as well
as reproductive biology and embryology.

4. Major research scope and content of animal embryo breeding

Animal Embryo Breeding Science is based on the current developed embryo biotechnology.
The core of current embryo biotechnology is oocyte in vitro fertilization (IVF). As human IVF
technique rapidly develops in infertility treatment, not only animal IVF has offered a very
valuable tool to study mammalian fertilization and early embryo development, but also its
commercial applications have being increased. Based on IVF research, some new developed
embryo technologies consisting of nuclear transfer, transgenesis, cloning, and stem cells, etc.,
can be used to create new animal individual or population, and accelerate genetic progression
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nology. Using molecular biological technique, a specific gene type for the desired animal may
be designed. The new developed biotechnologies to attempt to modify animal genetic traits
must be conducted on animal oocyte and embryo. The embryo in vitro production and animal
individual birth must depend upon animal reproductive technology. Embryology may supply
a good condition to produce many high-quality embryos. Thus, the Embryo Breeding is a core
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4. Major research scope and content of animal embryo breeding

Animal Embryo Breeding Science is based on the current developed embryo biotechnology.
The core of current embryo biotechnology is oocyte in vitro fertilization (IVF). As human IVF
technique rapidly develops in infertility treatment, not only animal IVF has offered a very
valuable tool to study mammalian fertilization and early embryo development, but also its
commercial applications have being increased. Based on IVF research, some new developed
embryo technologies consisting of nuclear transfer, transgenesis, cloning, and stem cells, etc.,
can be used to create new animal individual or population, and accelerate genetic progression
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of animal population during the period from early oocyte stage (oogenesis) to preimplantation
embryo stage (Figure 3).
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Figure 3. Schematic representation of main embryo biotechnologies which can impact on the genetic improvement
programs on animal embryo breeding.

Based on this schematic picture, we may focus on several fields for Animal Embryo Breeding
research. In the early stage of oogenesis and oocyte maturation, some key techniques such as
genomic reconstruction, nuclear transfer, androgenesis and parthenogenesis, cytoplasm
replacement, etc., may be used to change animal genetic construction [5]. At the fertilization
stage, the sexing sperm may be used to produce specific-sex (female or male) animal popula‐
tion to achieve better economic results [6]. Using intracytoplasmic sperm injection (ICSI)
technique may make an elite performance bull with a very few sperm produce a lot of offspring.
At the pronuclear stage, the foreign DNA may be injected to zygote to produce transgenic
animals. In the preimplantation cleavage and blastocyst stage, preimplantation genetic
diagnosis (PGD) or preimplantation genetic screening (PGS), embryo cloning, mosaic animal
and embryo stem cell techniques may be used to produce various different types of animals.
Also, at any stage, sperm, egg and embryo, as well as somatic cells may be cryopreserved for
future use [7]. Thus, we may profile the outline of Animal Embryo Breeding study as shown
in Table 1 (Table 1).
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Early Gamete Manipulation

Artificial Insemination

Semen collection and its storage

Sperm sexing

Ovulation control

Superovulation

Ultrasound-guided oocyte retrieval (TVOR) or nonsurgical ovum pick up (OPU)

Oocyte and egg cryopreservation

Embryo Transfer

Multiple ovulation (superovulation)

Multiple ovulation with embryo transfer (MOET)

Embryo splitting

Embryo sexing

Embryo transfer technique

In vitro embryo production (IVP) technology

In vitro maturation (IVM) of oocytes

In vitro fertilization (IVF) of oocytes

Intracytoplasm sperm injection (ICSI)

Culture of in vitro fertilized embryos

Preimplantation embryo diagnosis

Embryo Cloning

Embryo blastomere cloning

Somatic cell nuclear Transfer (Dolly)

Embryonic stem cell nuclear transfer

Induced pluripotent stem cells (iPS) nuclear transfer

Transgenic animals

Transfer gene construct

Inserting genes

Knockout genes

Strategies for gene transfer

a) Directly inject a gene into egg pronucleus

b) Sperm-mediated gene transfer

c) Stem-cell-mediated gene transfer (transfection)

d) Retrovirus and viruses vector for gene transfer
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e) Transfer of animal cells/embryo

f) Targeted gene transfer

g) Liposomes or spheroplasts as vector

h) Other techniques such as electroporation, use of complexes, of DNA with polycations or lipids; a
particle gun, DNA with polycations or lipids, etc.

Production of various transgenic animals

a) Cow or cattle

b) Sheep and goat

c) Fish

d) Pig

e) Other animals

Animal bioreactor and molecular farming

Transgenic breeding strategies

Transgenic effect and cost

Genomic reconstruction

Germinal vesicle (GV) transfer

Androgenesis

Parthenogenesis

Three-parent baby

Ova-plasma transfer

Preimplantation embryo diagnosis/screening (PGD/PGS)

Fluorescent in situ hybridization (FISH)

Polymerase chain reaction (PCR)

Microarray

Comparative Genomic Hybridization (CGH)

Gene chips

Mosaic animal creation

Heteromorphosis

Rare animal individual or breed preservation

Sperm cryopreservation

Egg cryopreservation

Somatic cell cryopreservation

Table 1. Outline of Animal Embryo Breeding discipline
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5. Research category of animal embryo breeding

As a new discipline, animal scientists and breeders can apply Animal Embryo Breeding Science
theory to animal population to improve genetic traits, to add new benefit traits to animal body
and to remove some harmful traits from animal body. Major research categories involve the
following several aspects:

1. The objective of embryo breeding study is to create new animal individual or improve
animal population. Based on the objective of the animal breeding program – what kind
of animal traits you need in the breeding program – you may adopt an appropriate method
of embryo biotechnique. For instance, if you want to add new genetic trait into animal
body, you may use transgenic method to insert this gene into embryo. If you need to
produce a complete same animal, clone method may be used as embryo cloning or nuclear
transfer technique to clone this animal somatic cell.

2. The technique selection of embryo breeding: based on your breeding objective, a specific
technique should be selected; for instance, in transgenic program, what gene and which
method should be used to produce transgenic animals. In the animal cloning program to
increase animal population homogeneity, various cloning methods should be evaluated
for the best cloning technique, such as embryo cloning, stem cell, or somatic cell cloning.

3. Inserting embryo breeding into animal breeding program. In practice, embryo breeding
is a trick to produce a specific animal. By the means of transgenic tactics, a given target
gene vector may be constructed and transformed to chromosome in cell. Then, a given
aim-gene embryo may be formed by nucleus transfer technique. By means of the genetic
screening and diagnosis on cell levels, an expected embryo with a specific genotype
embryo may be determined on embryonic level. Then, this expected embryo with a
specific modified gene may be transferred into animal uterus to produce a specific animal.
After individual level diagnosis, the ideal animal may be placed in animal population to
expend its reproduction as traditional breeding program.

6. Application of Embryo Breeding in animal improvement program

1. Genomic reconstruction by somatic cloning and parthenogenesis to produce specific
animal population

When a bull or cow with elite production performance in beef cattle population is discovered,
the breeding aim will be to accelerate this cow or bull reproduction to propagate a new breed
of cattle. By normal breeding mating, this cow may lose half its inherent genes in its offspring.
However, by the means of cloning techniques, many individuals of the same genotype can be
theoretically produced. Thus, the accuracy of evaluation may be greatly increased. In spite of
low cloning efficiency, many scientists are still interested in animal cloning techniques, which
will eventually be used to clone very valuable animals, such as breeding stock, transgenic
animals, and endangered species.
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By the means of cell nucleus transfer technology, a new animal can be produced using
androgenesis method [7]. Androgenesis is a male parthenogenesis in which only paternal
chromosomes are kept in the embryo with the removal of the egg nucleus at the fertilization
[8]. This is a reproductive pattern from two male parents. After an oocyte nucleus has been
removed, a male diploid cell is transferred into this egg in which the oocyte cytoplasm will
induce this diploid cell going through meiosis to become a haploid MII oocyte. After induce‐
ment, a male sperm is injected into this oocyte to produce a paternal embryo. Finally, this
modified embryo will be transferred into receipt cow to produce a new individual bull with
two male parents.

2. Create new genetic variation in population by genomic modification during embryogen‐
esis

The current animal breeding strategies are mainly based on the principle of selective breeding
including the morphology of animal body, the application of quantitative genetics theory, the
estimation of breeding value by phenotype, pedigree, BLUP (best linear unbiased prediction)
method, and genetic markers. These methods mainly add genetic improvement by increasing
the frequency of advantageous alleles of many loci, but actually very few of gene loci are
identified. These techniques do not change gene movement from different species or genera
due to reproductive barrier, while the new developed transgenic technique can remove the
breeding barriers between different species or genera.

The most efficient method of transgenesis in mammals is the genetic manipulation of the
pronuclear stage embryo [9]. By injecting foreign DNA into one of the two pronuclei of the
zygote, the birth offspring may contain a functional foreign gene in the genome. In the last 20
years, many kinds of transgenic species have been produced for agriculture and medicine
application [10]. For example, the transgenic technology in beef cattle industry may improve
animals for faster growth, higher quality beef products, or disease resistance [11-13].

The transgenesis first starts with identification of the genes of interest. Current molecular
biotechnology may help us to search for some interesting markers used as reference points for
mapping relevant genes. These molecular markers can also be used for identification of the
animals carrying the transgenes. Most of the quantitative genetic loci (QTL) are polygenic in
nature but the manipulation of transgenesis is a single gene trait [14,15]. The technology holds
promises in the future in moving polygenic QTL across the breeding barriers of animals.
However, it is expected that molecular markers will serve as a potential tool to geneticists and
breeders to evaluate the existing germplasm, and to manipulate it to create animals of desired
traits [16].

3. Shorten generation interval by embryo in vitro production

As the oocyte in vitro maturation (IVM) and in vitro fertilization (IVF) techniques rapidly
develop, the ultrasound-guided oocyte retrieval (TVOR) or nonsurgical ovum pick up (OPU)
technique can retrieve many oocytes repeatedly from a cow or a heifer. As many as 1000 oocytes
have been collected from one female cattle in a year [17-19]. Thus, the embryo in vitro pro‐
duction (IVP) technology has been able to promote a cow to produce more than one hundred
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offspring in a year and greatly accelerate herd genetic improvement speed [20]. In order to
improve ordinary cattle herd, slaughterhouse ovaries also may be used as in vitro embryo
production. A lot of oocytes could be obtained from slaughter house cow ovaries. After
maturation, these oocytes may be inseminated with elite bull semen for in vitro fertilization
[21]. Although the detail genetic backgrounds of these slaughterhouse animals are not known,
these embryos have a very high genetic merit from elite bulls. Using these embryos, an ordinary
cow herd could obtain at least 50% genetic improvement.

The multiple ovulation and embryo transfer (MOET) was used initially to produce more
embryos from genetic elite cows in shorter time periods. Currently, the MOET breeding
schemes have widely established in many countries and their use accounts for about 80% of
cattle embryos transferred commercially [22]. Currently, the application of transvaginal
ultrasonically guided OPU technique may significantly improve MOET scheme efficiency
because about 1000 oocytes may be collected and 300 embryos may be produced in vitro from
a cow in a year at frequent intervals using IVF technology [19]. Also, oocytes may be collected
from prepubertal heifers and cattle generation interval may be shorted for 2-3 years. The
combination of MOET program with OPU/IVF technique is providing a more efficient way to
produce more embryos from an individual donor donor than superovulation stimulation
program [23]. Thus, OPU/IVF technique greatly increases MOET breeding scheme efficiency
in milk and beef industry.

4. Increased economy from animal population by sex selection

Animal sex selection may increase animal economical value for humans. Embryo breeding
theory may provide several ways for animal sex selection, including sperm sex selection and
preimplantation embryo sex selection. Sperm sex selection is to try to separate semen into X-
or Y-bearing chromosome sperm by flow cytometry [24, 25]. Current sorted sperm has been
successfully used in IVF for in vitro embryo production and artificial insemination in cattle [6,
26].

Another sexing pathway is to determine the sex of an embryo prior to transfer. Preimplantation
genetic diagnosis (PGD) technique has become an efficient method for sex selection. Y-specific
chromosome probe for polymerase chain reaction (PCR) and Fluorescent In Situ Hybridization
(FISH) are two common methods in animal sex determination. On the ordinary farm, cattle
embryos may be sexed by complete cell biopsy and PCR technique. Our clinic farm practice
[7] showed that a few of trophoectoderm cells could be microbiopsied from blastocyst embryos
by transzonal incision using a microsurgical blade. The mini-tube PCR was carried out for 30
minutes and the gel electrophoresis was run for 20 minutes. The sexing result could be obtained
in 2 hours. These results clearly demonstrate that the microsurgical technique and subsequent
PCR sex analysis allow the rapid commercial exchange of genetic resources on the basis of
fresh or frozen sex-desired embryos in embryo transfer programs.

Fluorescent in situ hybridization (FISH) technique has also been used as embryo chromosome
set (karyotype) diagnosis. A blastomere is removed from an embryo by micromanipulation,
and then used to examine the embryo X/Y chromosomes by FISH. Recently, new developed
technologies in PGD allow examining of all chromosomes and identifying certain genes or
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genetic mutations, such as the competitive genomic hybridization (CGH) and microarray
analysis. More recently, novel developed Next Generation Sequencing (NGS) for preimplan‐
tation genetic screen (PGS) is now being offered clinically to provide comprehensive, accurate
screening of all 24 chromosomes for selections of euploid embryos. PGS results generated are
comparable to those achieved with the CGH technology, with improved accuracy, sensitivity,
and resolution for more accurate detection of euploid embryos, aneuploidies, chromosome
imbalances (translocations), and embryo mosaicism. NGS is a superior technology because it
looks at close to 1.1 million data points on the genome compared to around 3,000 with CGH.

5. Preservation breeding

Many animal breeders are interested in preserving bloodlines of animals, either of a rare breed,
or of rare pedigrees within a breed. Therefore, Rahbek [27] put forward a preservation breeding
concept to describe the purpose of preservation breeding, which is to protect genetic diversity
within a species, and to preserve valuable genetic traits that may not be popular or in fashion
in the present, but may be of great value in the future. In the animal embryo breeding program,
two kinds of cells including reproductive cells and somatic cells may be cryopreserved in liquid
nitrogen for future use. Reproductive cell cryopreservation is an important branch of embryo
breeding science because it involves the preservation of gametes (sperm and oocytes),
embryos, and reproductive tissues (ovarian and testicular tissues) for future use in the assisted
reproductive technology. Practically, animal embryo breeding program may provide a sperm
and embryo bank with the objective of avoiding genetic dilution and irreplaceable gene losses
of the valuable “naturalized breeds” germplasm. It is much lower in cost than normal animal
breeding, preserving rare native animal breed plan. At present, many countries have set up
gene banks to store frozen embryos and semen of various animal species including native
cattle, pig, and some endangered animals.

The development of embryo freezing technologies has revolutionized cattle breeding. Since
then, advancements in cryobiology, cell biology, and domestic animal embryology have
enabled the development of embryo preservation methodologies for our other domestic
animal species, including sheep and goats. Currently, use of preserved embryos has become
a routine breeding alternative for all domestic animal species. This freezing and storage
methodology may provide for maternal germplasm, global genetic transport, increased
selection pressure of herd genetics, and genetic resource rescue.

In the conventional breeding program, an outstanding bull may maintain normal mating for
5 years. However, if this bull semen is cryopreserved, it will extend the bull’s breeding time.
In embryo breeding program, when some elite bulls leave very few sperm, we may use
intracytoplasmic sperm injection (ICSI) technique to inject a single sperm to an oocyte so that
genetic merit embryos are obtained [28]. Also, sperm cell genome cloning technique may be
used to produce many copies of a specific sperm [8]. The application of this technique to beef
and dairy cattle industry has greatly increased merit bull spread in animal herd [29].

Like normal reproduction, somatic cell nuclear transfer (SCNT) starts with an egg or oocyte,
but here the nucleus of the egg needs to be removed. Then the nucleus from a somatic (skin)
cell is transferred into the enucleated egg which would be analogous to the sperm entering the
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oocyte. As this develops into a blastocyst, cells from the inner cell mass can be isolated and
purified to serve as a source for pluripotent stem cells. In animal embryo breeding, somatic
cell is also an important genetic resource. Therefore, the somatic cells, such as skin, hair, and
other cells from rare and endangered animals may be collected and cryopreserved so that they
can be used in the future.

7. Conclusions

Currently, the following biotechnologies in embryology have been applied or will be applied
in animal genetic improvement [9]: 1) Genomic reconstruction by somatic cloning and
parthenogenesis can produce specific animal population; 2) new genetic variation in popula‐
tion can be created by genomic modification during embryogenesis, such as transgenic
breeding strategies; 3) animal generation interval may be shortened by embryo in in vitro
production; 4) economy efficiency from animal population may be significantly increased by
embryo sex selection; and 5) a rare breed, or of rare pedigrees within a breed, may be efficiently
preserved at low cost in liquid nitrogen. Thus, the development of modern biotechnology has
brought into being the concept and theory of Animal Embryo Breeding Science. Understand‐
ing and applying its theory and technology will be helpful to animal scientists and students
as well as animal breeders to accelerate animal improvement speed, to modify genetic
construction of animal population, and to create new animal breeds.
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Abstract

The growth of the human population and the escalating consumption of natural
resources have reduced wild habitats, modifying the existing balance of biological
cycles. Therefore, ex situ conservation efforts have received renewed attention as a
potential safeguard for species with an uncertain future in the wild. Most wild felid
species are classified as rare, vulnerable, or endangered due to poaching and habitat
loss. Any directed action taken by humans to enhance animal reproduction results in
assisted reproductive technologies (ART) development. These technologies have been
included in programs for the conservation of endangered species. Therefore, ART
provide a new approach in the safeguard programs of felid biodiversity. Currently,
ART mainly include Artificial Insemination (AI); In Vitro Embryo Production (IVEP)
consisting of In Vitro Maturation (IVM), In Vitro Fertilization (IVF), In Vitro Culture
(IVC), Embryo Transfer (ET), and Intra Cytoplasmic Sperm Injection (ICSI); gamete/
embryo cryopreservation; gamete/embryo sexing; gamete/embryo micromanipula‐
tion; Somatic Cell Nuclear Transfer (SCNT); and genome resource banking.

The domestic cat is used as a model for the ART development in Felid species and as
a successful recipient of embryos from closely related, small, nondomestic cats. The
Indian desert cat and African wildcat kittens have been born after IVF-derived embryo
transfers.

The creation of the biological resource bank represents a complementary support tool
for the application of ART in the in situ and ex situ conservation of endangered felids.
Its chief purpose in the protection of endangered species is to preserve the maximum
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current genetic and biological diversity of the population by the processing and
cryopreservation of germinal cells and tissues from dead animals so that these genetic
recourses may be used in future reproductive projects. In humans and domestic
species, it is usually possible to plan the place and time for gonad explants to recover
germplasm, thereby enabling a reduction in the gonad storage time in the transport
medium. In wild species, it is impossible to predict when and where the gonads can
be collected. The gonads can be recovered postmortem, which entails the possibility
that the collection place could be distant from a laboratory for IVEP.

In the present chapter, we will make an overview of the data from detectable
literatures and focus our attention on analysis of methods utilized in ART for
maximizing their efficiency in feline species.

Keywords: Assisted Reproductive Technologies (ART), In Vitro Embryo Production
(IVEP), endangered feline species

1. Introduction

The growth of the human population and the escalating consumption of natural resources
have reduced wild spaces, modifying the existing balance of the biological cycles. Therefore,
ex situ conservation efforts have received renewed attention as a potential safeguard for species
with an uncertain future in the wild. Assisted Reproductive Technologies (ART), which consist
of various techniques such as Artificial Insemination (AI), In Vitro Fertilization (IVF), Embryo
Transfer (ET), and cryopreservation of embryos, have greatly promoted animal reproductive
efficiency and have become a potential means for the conservation and management of wildlife
populations threatened with extinction. [1]. Several species, such as domestic cats, dogs, and
ferrets are the most popular pets, while other carnivores, like minks and foxes, have an
economic value to the industry of fur farming. Tigers, bears, and other large predators have a
major effect on the health of natural ecosystems. Any directed action taken by humans to
enhance animal reproduction has resulted in assisted reproductive technologies (ART)
development. These technologies have been included in programs for the conservation of
species threatened with extinction. ART, therefore, affords investigators a new approach that
they can include in the safeguard programs of felid biodiversity. Although this technique has
greatly improved animal reproduction, it has not advanced beyond the rudimentary stages
for use in the conservation of felines threatened with extinction [1]. As several other more
widely studied species, the earliest descriptions of successful production of embryos using in
vitro fertilization (IVF) in the cat occurred in the 1970s [2, 3]. Meanwhile, as IVF studies in the
most popular laboratory animals, economically important domestic animals, and humans
literally exploded during the last two decades of the twentieth century, the field of cat IVF
experienced no comparative proliferation in publications. Publications in human IVF area
represent approximately 50% of the reports from 1970 through 2000 and approximately 50%
from 2001 through 2012. The majority of the total citations listed in the search on “IVF in cats”,
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were published in the current century [4]. Most wild felid species are classified as rare,
vulnerable, or endangered due to poaching and habitat loss. A great deal of progress has been
made in recent years toward the development of assisted reproductive techniques (ART) for
species conservation [5, 6] In fact, ART have been included in the programs for the conservation
of species threatened with extinction, but the effectiveness of this application to semi domestic,
not domestic, and particularly endangered species such as felines, remains consistently low [4].
These ART tools are potentially important for the captive breeding programs of selected felid
species. The domestic cat is often used as a model for developing these techniques in the felid
species [5, 6]. In the last few years, the ART application in the domestic cat has allowed
researchers to obtain 70% metaphase II oocytes after in vitro maturation (IVM) [7], and 80%
cleaved embryos after IVF and 70–80% after Intra Cytoplasmic Sperm Injection (ICSI) [8].
However, only 10% cleaved embryos could develop to blastocyst [8-11]. Kittens have been
born after embryo transfer [5]. In vivo embryo collection is the most popular technique for
embryo production, in spite of the fairly rapid development and adoption of in vitro embryo
production. The domestic cat could also be used as a successful recipient of embryos from
closely related small nondomestic cats. In fact, some evidences have confirmed the birth of
African wildcat and Indian desert cat kittens after the transfer of IVF-derived embryos in
female domestic cats [12]. Recently, African wildcat kittens were produced after the transfer
of embryos derived by fusion of adult somatic cells from one species with enucleated oocytes
of a closely related species (domestic cat) [13]. However, the application of ART, which tries
to produce a single viable offspring, unfortunately, cannot justify the expense, labor, and the
handling of animals which is associated with stress. Thus, “ART” must be applied within the
programs of population management established to have a real impact on conservation. The
immediate value of ART is to assist those responsible for the maintenance of viable populations
of felines in captivity. Its wider application will require the creation of a global network of
qualified scientists and veterinarians willing to perform these procedures as a reproduction
service for keeping cats themselves [1].

2. Reproductive cycles of wild felids

Knowledge of anatomical features and hormones and the cycles of wild reproductive feline is
the ability to track feline reproductive activity. The hormone measure is a key technique to
develop successful ex situ breeding programs to determine the reproductive activity of
domestic feline. The ovaries in the wild felid and the domestic cat are caudal to the respective
kidneys and connected proximally by the suspensor ligament and dorsally by the mesovaria.
The oviducts are covered by the mesosalphinx that forms, laterally to the ovaries – an ovarian
bursa. Each oviduct cranially is localized in the medial aspect of the ovarian bursa; caudally
it is located in the lateral aspect before terminating at the uterotubal junction. The mesome‐
trium suspends dorsally the horns of the uterus bicornuate. The uterine body is divided
internally by an incomplete septum. The cervix is short, but it opens at an angle close to the
vaginal orifice. The lips of the vulva are located just below the anus. After fertilization, the
blastocysts are distributed evenly along the uterine horns, with an efficient result of transu‐
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terine migration. Cats have a zonary endotheliochorial type placenta. Regarding the hormone
profile of wild felines, reasonable results were obtained by noninvasive monitoring of steroid
[14]. Reproductive cycle models of ovarian steroids have now been published about half of
nondomestic felid species, by analysis of fecal steroid metabolites. There are four phases of the
oestrous cycle in the cat: proestrus, oestrus, diestrus, and anestrus (or interestrus) [15].
Proestrus usually lasts less than a day, and is associated with the presence of ovarian follicles,
increased circulating estrogens, no sexual interest but occasionally there could be copulation
with the male. Oestrous has maximum concentrations of follicular estradiol. It is characterized
by coitus and, depending on the species, by special and typical behaviors such as vocalization,
rubbing, rolling, lordosis, and foot stamping. The release of gonadotrophins-releasing
hormone (GnRH) from the basal medial hypothalamus and successive waves of luteinizing
hormone (LH) from the anterior pituitary gland, are considered necessary in most felines [16,
17]. This cascade of events will result in ovulation after mating. Surges of estrogens distinguish
oestrous from interestrus periods, with cycles ranging from 2 to 4 weeks and oestrus lasting
3–10 days. Cats have historically been categorized as having “induced ovulation,” that is,
requiring mating to stimulate ovulation. Nevertheless, we now know that felids exhibit a range
of ovulatory patterns, from almost exclusively induced to manifold combinations of induced
and spontaneous ovulation. There are differences not only across species, but also between
individuals within a species [14]. In fact, spontaneous increase in progestogens after oestrogen
surges is rare or inexistent in the tiger (Panthera tigris), snow leopard (Panthera uncia), ocelot
(Leopardus pardalis) puma (Felis concolor), tigrina (Leopardus tigrinus), cheetah (Acinonyx
jubatus), and lynx (Lynx pardinus, Lynx canadensi, Lynx lynx). It happens, at least occasionally,
in the lion (Panthera leo), Pallas’cat (Otocolobus manul), leopard (Panther pardus), fishing cat
(Prionailurus viverrinus), and regularly in the margay (Leopardus wiedii), clouded leopard
(Neofelis nebulosa), and domestic cat. In some species of certain taxonomy, the spontaneous
ovulation occurs in a more prevalent way when the females are kept together, while in others
the provoked ovulation occurs if they are kept in individual housings. Thus, within the same
taxonomy, ovulatory mechanisms are regulated to different degrees depending on species and
individual-specific responses to psychosocial and/or physical stimuli.

Several studies report the domestic cat be seasonally poly oestrous animal with positive
photoperiod under natural [16]. In general, ovarian cyclic activity and reproductive functions
are reduced under decreasing photoperiod and starts again after exposure to increasing light.
In the cat, melatonin seems to regulate photoperiod-induced seasonality. The highest concen‐
trations happen during the dark phase [17]. Reproduction is in someway seasonal in many
nondomestic felids like the tiger, pallas’cat, clouded leopard, snow leopard, and lynx (Table
1). The follicular activity, conversely, is not influenced by season in lions, bobcats, pumas,
leopards, margays, tigrinas, ocelots, jaguars, and fishing cats [14]. Progestogen concentrations
during pregnant and nonpregnant luteal phases are quantitatively similar in nondomestic
felids and domestic cats [15].

Felids express marked variations in reproductive mechanisms among species. Two character‐
istics impact both natural and assisted breeding efforts: effect of seasonality on reproduction
and identifying the type of ovulation (induced vs spontaneous). Developing ovulation
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17]. This cascade of events will result in ovulation after mating. Surges of estrogens distinguish
oestrous from interestrus periods, with cycles ranging from 2 to 4 weeks and oestrus lasting
3–10 days. Cats have historically been categorized as having “induced ovulation,” that is,
requiring mating to stimulate ovulation. Nevertheless, we now know that felids exhibit a range
of ovulatory patterns, from almost exclusively induced to manifold combinations of induced
and spontaneous ovulation. There are differences not only across species, but also between
individuals within a species [14]. In fact, spontaneous increase in progestogens after oestrogen
surges is rare or inexistent in the tiger (Panthera tigris), snow leopard (Panthera uncia), ocelot
(Leopardus pardalis) puma (Felis concolor), tigrina (Leopardus tigrinus), cheetah (Acinonyx
jubatus), and lynx (Lynx pardinus, Lynx canadensi, Lynx lynx). It happens, at least occasionally,
in the lion (Panthera leo), Pallas’cat (Otocolobus manul), leopard (Panther pardus), fishing cat
(Prionailurus viverrinus), and regularly in the margay (Leopardus wiedii), clouded leopard
(Neofelis nebulosa), and domestic cat. In some species of certain taxonomy, the spontaneous
ovulation occurs in a more prevalent way when the females are kept together, while in others
the provoked ovulation occurs if they are kept in individual housings. Thus, within the same
taxonomy, ovulatory mechanisms are regulated to different degrees depending on species and
individual-specific responses to psychosocial and/or physical stimuli.

Several studies report the domestic cat be seasonally poly oestrous animal with positive
photoperiod under natural [16]. In general, ovarian cyclic activity and reproductive functions
are reduced under decreasing photoperiod and starts again after exposure to increasing light.
In the cat, melatonin seems to regulate photoperiod-induced seasonality. The highest concen‐
trations happen during the dark phase [17]. Reproduction is in someway seasonal in many
nondomestic felids like the tiger, pallas’cat, clouded leopard, snow leopard, and lynx (Table
1). The follicular activity, conversely, is not influenced by season in lions, bobcats, pumas,
leopards, margays, tigrinas, ocelots, jaguars, and fishing cats [14]. Progestogen concentrations
during pregnant and nonpregnant luteal phases are quantitatively similar in nondomestic
felids and domestic cats [15].

Felids express marked variations in reproductive mechanisms among species. Two character‐
istics impact both natural and assisted breeding efforts: effect of seasonality on reproduction
and identifying the type of ovulation (induced vs spontaneous). Developing ovulation
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induction protocol, with consistent responses, is high priority. Furthermore, it is important to
ensure an optimal maternal environment for fertilization and embryo development. Down-
regulating endogenous ovarian activity and synchronizing time of oestrus are steps of
reproductive cycle that need to be controlled and reinforced [1, 18]. We also need a quick and
reliable test for diagnosing pregnancy, preferably a noninvasive method.

3. Oestrus induction in felids

In the late of 1970s, various doses and single versus multiple treatments with either a pituitary
extract of porcine FSH (approximately 10–20 mg) or eCG for stimulation of follicular devel‐
opment and induction of oestrus was evaluated [15]; 2.0 mg FSH per day until oestrus was
observed to be the optimal dose of FSH despite the elevated average ovulation rate and the
presence of residual follicles observed after treatment. Cats in the latter group were given the
optimal dose of FSH as determined previously [15]: 2.0 mg/ day for 5 days ¼ 10 mg FSH. In
the mid-1980s, the Center for Reproduction of Endangered Wildlife of the Cincinnati Zoo
established a domestic cat colony model for developing assisted reproductive technologies to
apply in conservation efforts for endangered species. The domestic cat, in addition to its
prototypical role, was envisioned as a potential recipient of embryos from other species of
similarly sized nondomestic cats, of which most are classified as threatened or vulnerable to
extinction. In view of previous results in exogenous gonadotropins for oestrous induction,
initial emphasis was directed at determining optimal FSH treatment regimes for ovarian
follicular stimulation. In a 1987 published article [19] on ovarian response and embryo recovery
after treatment with various doses of FSH (2.75–8.0 mg total) and hCG (0–1500 IU) and natural
mating, the greatest average number of viable embryos (15.8 morulae and blastocysts) was
recovered from the group receiving 4.0 mg FSH/750 IU hCG. Unexpectedly, there was no
difference in the average number of viable embryos recovered from donors given the least
amount of FSH (2.75 mg total) versus the greatest amount (8.0 mg total): 6.9 versus 7.9. Also,

Puberty Seasonality Induced Ovulation Oestrus Length Pregnancy
Length

Domestic cat 6–9 months YES YES 3-16 days 58–65 days

Cheetah 2–3 years NOT YES 2–6 days 94 days

Pallas cat 1 year YES OCCASIONALLY NOT 3–14 days 66–77 days

Clouded leopard 2 years YES NOT (40%) 3–6 days 90 days

Tiger 3–4 years YES YES 7 days 108 days

Leopardis species 1–2 years YES /NOT NOT 2–7 days 75–85 days

Linx 1–2 years YES YES 7 days 60–70 days

Lion 3 years NOT NOT 5–6 days 108 days

Table 1. Particularity of reproductive cycles of domestic cat and some wild felids.
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in 1988, we made our one and only attempt to apply the same methods to a species of nondo‐
mestic cat, the serval (Leptailurus serval). After daily FSH treatment, at the time of ovulation
induction (with hCG), the female was paired with a male. Seven days later, both uterine horns
were flushed, but only degenerating ova (>30) were recovered. The ova were examined
microscopically, but no sperm were seen, either attached to or penetrating into the zona
pellucida. The mating failure was persuasive evidence that, to achieve our goal of applying
assisted breeding technology to nondomestic cats, a program to develop methods for in vitro
fertilization/embryo culture in cats would be essential. Coincidently, the first report on the
birth of kittens after transfer of IVF-derived embryos to recipient females was published at this
time [20]. Moreover, repeated treatment of domestic cats with eCG and hCG may cause an
immune-mediated refractoriness to ovarian stimulation, dictating that the suitability of these
hormonal combinations should be further investigated [1]. Similarly, protocols using porcine
FSH and LH resulted in reduced numbers of follicles at the second treatment as compared
with the first, possibly due to a humoral immune response [4]. By considering the feasibility
of fecal steroid analyses with radioimmunoassay [14] combined with sexual behavior and
ultrasonographic images, it is possible to determine the more ideal time for oocyte recovery
by laparoscopy, without the use of exogenous gonadotropins.

4. Gamete recovery from nondomestic felids

The first step for ART development is the gamete recovery. Several methods have been
reported for semen collection in animals, such as the use of an artificial vagina [21], digital
masturbation of the penile bulb and electroejaculation [22], but only electroejaculation method
may be used for gamete recovery from wild felids. In any case, the application on nondomestic
cats is based on learning how to use these methods in the domestic cats. Electroejaculation is
to obtain both epidydimal spermatozoon and spermatogonial germ cells. In female, oocytes
are retrieved and recovered from both antral and preantral follicles in ovarian tissue trans‐
plantation [23].

5. Male gamete recovery in felids

With wild carnivores, electroejaculation is the method of choice due to the difficulty and risks
involved in handling these animals. Electroejaculation occurs after introducing of a transrectal
probe with three electrodes, connected to an electric stimulator that provokes a controlled
electric stimulation to allow the ejaculatory reflex to work. The nerves that supply the
reproductive organs are stimulated by a weak electric current. The probe is inserted 7–9 cm
into the rectum and the electrodes are directed ventrally. It is necessary to take care to evacuate
any feces from the rectum for this kind of manipulation. [24]. Different protocols of electroe‐
jaculation have been used by many researchers [15]. The authors reported three series for a
total of 80 electric stimulations. The three series were divided in: 30 stimuli (10 stimuli at 2–4
V series 01), 30 stimuli (10 stimuli at 3–5 V series 02), and 20 stimuli (10 stimuli at 5 and 6 V
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series 03) for the collection of semen from South African cheetahs (Acinonyx jubatus), with 5
min intervals between the series. The animal responds to the stimuli with a rigid extension of
the hind legs. If this reaction is not seen in series 01 or if stronger stimulation is observed, the
electrode may not be in the proper position in the rectum, or there may be interference in the
current transmission due to the presence of feces. To collect semen, a gentle pressure applied
at the penile base should allow for penile extrusion, and the ejaculate is collected into a
prewarmed test tube that has been placed over the glans penis. Using electroejaculation has
collected the semen from more than 28 cat species [25]. Moreover, some researchers have
reported successful semen collection from wild felids by using electroejaculation, such as tigers
(Panthera tigris), snow leopards (Panthera uncia), Indian leopards (Panthera pardus), caracals
(Caracal caracal), jaguars (Panthera onca), ocelots (Leopardus pardalis), margays (L. wiedii), and
tigrinas (L. tigrinus). The electroejaculation has been used to collect semen from nondomestic
felids [4] and the semen has been cryopreserved. After thawing, in lions (Panthera leo), jaguars
(P. onca), leopards (Neofelis nebulosa), cheetahs (A. jubatus), and leopard cats (Felis bengalensis)
25–50% sperm motility was preserved, and in the latter, a 70% sperm motility was maintained.
Furthermore, they reported finding lesser values of sperm motility, ranging between 1 and
20% post-thaw, for Geoffroy’s cats (Felis geoffroy), Indian tigers (P. tigris), and ocelots (Felis
pardalis), but unfortunately, the spermatozoa from gold cats (Felis aurata) did not survive
cryopreservation. In addition, 40% sperm motility post-thaw in Siberian tigers (P. tigris) was
obtained, in semen collected with electroejaculation by [4]. The epididymis is an anatomical
component of the male reproductive tract and is connected to the testicle. One of its main
functions is the storage of spermatozoa for ejaculation [25]. Current technologies allow semen
to be collected directly from the epididymis and this seems to be a viable alternative method
for obtaining gametes from animals that have recently died or from animals unable to ejaculate
(Figs. 1, 2, 3). It has been suggested that viable epididymal spermatozoa from Iberian deer
(Cervus elaphus) could be collected in the 10–20 h postmortem period. However, it must be
noted that this could vary depending on the temperature conditions and the weather where
the procedure is being executed [26]. Comparing epididymal spermatozoa from domestic cats
and ejaculated spermatozoa, it was verified that epididymal spermatozoa require less
capacitating time as compared with those ejaculated and are able to penetrate feline oocytes
20 min after in vitro insemination [27, 28]. Fresh feline epididymal spermatozoa were able to
fertilize oocytes in vitro, promoting 40.7% cleavage rate. After freezing, a 26% cleavage rate
was obtained. After intracytoplasmic sperm injection (ICSI) using feline frozen epididymal
spermatozoa, 34.9% of embryos have developed to the morale stage, indicating that sperma‐
tozoa with minimal motility could be used in assisted reproductive techniques [29]. Also, the
unilateral intrauterine artificial insemination with frozen–thawed epididymal semen from cats
may obtain 23% conception rate [30]. For nondomestic cats, [31] were able to collect sperma‐
tozoa from the finely minced cauda epididymus of leopards (P. pardus), tigers (P. tigris), lions
(P. leo), pumas (F. concolor) and jaguars (P. onca). The samples were treated as described by [32],
washing the spermatozoa in Hank’s balanced salt solution and extended in medium M199
supplemented with 2.5 mmol/l sodium lactate and 0.4% bovine serum albumin. Progressively
motile spermatozoa were 60–85% depending on the various felids. In the same study, the
epididymal semen was frozen, and thawing motility is between 25 and 65% for the different
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species. The frozen semen was then submitted to in vitro fertilization and 18.5% developed to
8-cell embryo. Similarly, some evidences showed that frozen epididymal spermatozoa from
jaguars were able to penetrate heterologous zona-free oocytes.

Figure 1. Epididymal sperms from dead Panthera pardus.

Spermatogenesis is a complex and very efficient process with the mitosis and the differentia‐
tion of spermatogonial stem cells in the basal membrane of seminiferous tubules where they
are supported by Sertoli cells [33]. The spermatogonial stem cells in mammals are unique, and
thus they can maintain their proliferation in adults: the genetic material can be passed from a
generation to the subsequent one. Therefore, these cells are a valuable source for medical
research, biological experimentation, agricultural biotechnology, and genetic modification of
the species [34]. Recent studies on their recovery and cryopreservation showed the perspective
of application in the conservation of genetic material from endangered animal species. Present
methods described for spermatogonial isolation from fragments of collected testis consists of
elutriation or sedimentation rate in a gradient of bovine serum albumin under gravity force
action [35]. Some other isolation techniques have been proposed as immunological markers
for posterior magnetic cellular separation [36]. After collection, germ cells can remain for
several months in tissue culture media, only resuming spermatogenesis afterward in an
environment that provides favorable conditions for their expansion and differentiation [37].
The favorable conditions are generally provided by transplant to other organisms [34]. The
first success in the spermatogonial transplant was described by [38]. They showed that the
microinjection of a cell heterogeneous suspension of mouse testis into the seminiferous tubules
of a recipient sterile mouse resulted in spermatogenesis in the injected animal. After this study,
several other researchers showed real possibilities such as the spermatogonial culture among
different species: the xenograft [39]. It seems that cryopreservation of testis cell suspensions
could be the greatest promise for the storage of germ cells to be used later in transplants.
Indeed, after cryopreservation, spermatogenesis can continue [39]. In spite of the progress in
this field, some elements remain to be controlled, such as the quantity of germ cells to be
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Figure 2. Testis and epididymus (a) and excised epididymus (b) of Panthera pardus collected 6 h postmortem; testis and
epididymus of domestic cat and Panthera onca (c).
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transplanted, formation of antibodies against spermatogonial cells by the recipient [40], and
poor quality of cells that have developed using these procedures [41]. There is also a problem
concerning xenograft related to the different time of spermatogenesis in each species [26, 42].
However, the complete spermatogenesis was observed after transplantation of testicular tissue
fragments from species that are phylogenetically more distant, such as pigs and goats, into
castrated immunodeficient mice. The new reproductive technologies on stem cells offer several
potential advantages for carnivorous species. For example, the development of lines of
embryonic stem cells in cats and dogs would allow the creation of a generation of transgenic
animal models, which could be used to improve the health of both animals and humans.
Techniques such as testis xenografting spermatogonial and stem cell transplantation offer new
approaches to diffuse genetically valuable individual males, even if they should die before
producing sperm. Therefore, these techniques could be applied to biomedical research, as well
as to the programs for the conservation of endangered carnivore species. Recently, spermato‐
gonial stem cell transplantation has been performed in a recipient able to produce sperm of
donor genetic origin [26]. Sperm production, from prepubertal testis tissue from both ferrets
and cats, was obtained from testis xenografting. These first steps reinforce the need for research
on stem cell technologies and for complementary technologies of carnivore assisted repro‐
duction, so clinical benefits and the largest array of research can be achieved [26].

Figure 3. Ultrasound guided epididymal sperms collection in Panthera pardus.
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6. Female gamete collection in felids

The ovarian follicular population seems to be made up of thousands of follicles in different
mammalian females. Therefore, oocyte retrieval represents a rich source of genetic material to
be used for genetic bank and assisted reproductive techniques in endangered species preser‐
vation, mainly in relation to the possibility of collecting material originated from postmortem
or convalescent animals. The development of efficient methods for in vitro maturation (IVM)
or fertilization (IVF) of oocytes collected postmortem or through ovariectomy is an important
tool to prevent the species extinction [43-45]. Thus, IVM and IVF techniques are adjusted for
several nondomestic animals [5] based on systematic studies in domestic animals [46] includ‐
ing wild carnivores. Moreover, application of oocyte and ovary tissue cryopreservation will
help in the conservation of several animal species, with the objective of maintaining biodiver‐
sity [47]. Further, ultrasonographic images of the reproductive tract offer new opportunities
for induction of sexual cycles and ovulation, adoption of superovulating regimens, as well as
the ovum pickup application. Ovarian follicles are then visualized on a monitor, allowing
oocyte collection by puncturing the follicles with a fine needle connected to a tube collector.
The collected oocytes could be used in IVM and IVF [48, 49]. This technique is extensively used
for oocyte collection in cattle and the findings indicate the possibility of repeated collections
in both pregnant and nonpregnant females [50]. Concerning carnivorous species, ovum pickup
using ultrasonography has yet to be reported. This may be due to the difficulty of ovarian
visualization, because in bitches the ovary is surrounded by a pouch rich in conjunctive tissue
[23]. Furthermore, there are no commercial probes developed for intravaginal use in either
canids or felids. However, in spite of this difficulty, the presence of antral ovarian follicles can
be detected by the fluid accumulation in the antral cavity [51]. A success in the follicular and
corpora luteal visualization in ovaries of female African wild dogs (L. pictus) was reported by
transrectal ultrasonography, suggesting the possibility of oocyte puncture in carnivores too
[52]. The adaptation of this technique would be an important alternative, because it is a
noninvasive procedure and it could allow oocyte collection without the risks involved with
surgical procedures. The potential of ultrasonography is underestimated by researchers for
assisted reproduction in endangered canid and felid species. Another possibility for oocytes
retrieval is laparoscopy. It is the lowest invasive procedure commonly used for intrauterine
deposition of frozen–thawed semen in domestic dogs [23] and cats [54]. For domestic cats, [27]
reported the laparoscopic collection of oocytes, which were subject to fertilization in vitro with
ejaculated semen. In this study, when the developing embryos reached the 4-cell stage, they
were transferred to the oviduct of oocyte donors. Thus, five of the six cats receiving embryos
became pregnant. According to [53], laparoscopy is effective in the evaluation of reproductive
status, particularly the ovarian anatomy and function, direct visual biopsy of internal organs,
and as a surgical means of fertility control. In wild felids, [55] reported the laparoscopic
visualization of changes in the reproductive tract during ovarian stimulation by gonadotropins
in the ocelot (F. pardalis). Moreover, the multiple laparoscopic oocyte retrievals was success‐
fully performed in caracal (C. caracal) after repeated ovarian stimulation with equine (eCG)
and human (hCG) chorionic gonadotropin [4]. Embryos could also be reliably produced in
vitro using cryopreserved spermatozoa and live offspring could be produced after embryo
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transfer. It was suggested that the collection of ovaries from tigers (P. tigris), lions (P. leo),
pumas (F. concolor), cheetahs (A. jubatus), leopards (P. pardus), and jaguars (P. onca) could be
accomplished by ovary dissection up to 8 h after the death of these animals, by mechanical
follicle isolation [56]. The best results were obtained with lion oocytes, fertilized by lion sperm,
with a 31.6% (18/44) conception rate. It was demonstrated that leopard oocytes can be fertilized
by domestic cat sperm and used in IVF procedures to produce 22% (2/9) 8-cell embryos.
Otherwise, domestic cat oocytes can be fertilized by leopard spermatozoa, producing 19.5%
(8/41) 8-cell embryos. Also oocyte collection from domestic and nondomestic cats by laparot‐
omy and posterior ovary dissection was successfully performed. These oocytes were submitted
to IVF and then transferred to recipient females [57]. The main result obtained in this study
was the interspecies embryo transfer from an Indian desert cat (Felis silvestris ornata) embryo
to a domestic cat (F. catus), which resulted in the birth of two kittens. Afterward, the oocyte
collected from domestic cat ovaries after ovariectomy were used to demonstrate that mor‐
phology of the oocyte ooplasm can affect in vitro maturation, as well as the gonadotropin
supplementation [12]. According to the morphological aspect by stereomicroscopic exam,
cumulus–oocyte complexes were classified as mature, immature, or degenerated. Besides the
successful embryo production by IVF using this approach, light and electron microscopic
evaluations revealed that ovarian stimulation followed by follicular aspiration resulted in a
heterogenous oocyte population with respect to meiotic maturation. The correct assessment
of the oocyte maturation status is difficult to perform through stereomicroscopical exam [58].
Oocytes can be preserved if they are not immediately submitted to IVF. However, [59]
observed that cooling could cause chromosomal anomalies in mature oocytes, as a conse‐
quence of the temperature decrease on meiotic fusion. [60] performed the IVM of domestic
feline oocytes, previously kept under refrigeration at 4 °C for 24 h, and they did not observe
deleterious effects of storage on oocyte meiotic progression. Moreover, [61] demonstrated that
even brief (2–3 weeks) salt storage significantly affects cat oocyte penetration rate, and the
penetration continues to decline as storage duration increases to 2–3 months. However, the
authors hypothesized that the composition of the solution may have contributed to reduce
sperm penetration. For canine species, [62] found that oocyte storage in hypertonic salt solution
damages the zona pellucida, reducing the sperm penetration rates. In mice [63], rabbits [64],
and bovines [65], it was possible to obtain the birth of normal offspring following IVF after
thaw. In domestic felines, [66] demonstrated that the mature oocyte could be cryopreserved
and, soon after, fertilized in vitro with success. The maturation of oocyte recovered from antral
follicles is an efficient method for the use of haploid female material and the oocyte activation
in initial phases of development is a possible tool that also increases the efficiency of the oocyte
utilization [56]. The preantral ovarian follicles (PAF) represent 90% of the follicular population
in mammals [67]. Small PAF recovered from the ovaries collected from postmortem animals
or through ovariectomy, therefore, are a rich oocyte source, because they can mature in vitro
(Fig. 4). [68] reported that feline PAF are capable of developing in vitro to the antral phase.
Moreover, [69] demonstrated the isolation of PAF from domestic cats by mechanical ovary
dissection. By adapting the methods described for domestic cats to nondomestic felid species,
[70] accomplished the isolation and the ultrastructural characterization of PAF from cheetahs,
jaguars, lions, and Sumatran, Siberian, and Bengal tigers that had died at local zoos. The
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supplementation [12]. According to the morphological aspect by stereomicroscopic exam,
cumulus–oocyte complexes were classified as mature, immature, or degenerated. Besides the
successful embryo production by IVF using this approach, light and electron microscopic
evaluations revealed that ovarian stimulation followed by follicular aspiration resulted in a
heterogenous oocyte population with respect to meiotic maturation. The correct assessment
of the oocyte maturation status is difficult to perform through stereomicroscopical exam [58].
Oocytes can be preserved if they are not immediately submitted to IVF. However, [59]
observed that cooling could cause chromosomal anomalies in mature oocytes, as a conse‐
quence of the temperature decrease on meiotic fusion. [60] performed the IVM of domestic
feline oocytes, previously kept under refrigeration at 4 °C for 24 h, and they did not observe
deleterious effects of storage on oocyte meiotic progression. Moreover, [61] demonstrated that
even brief (2–3 weeks) salt storage significantly affects cat oocyte penetration rate, and the
penetration continues to decline as storage duration increases to 2–3 months. However, the
authors hypothesized that the composition of the solution may have contributed to reduce
sperm penetration. For canine species, [62] found that oocyte storage in hypertonic salt solution
damages the zona pellucida, reducing the sperm penetration rates. In mice [63], rabbits [64],
and bovines [65], it was possible to obtain the birth of normal offspring following IVF after
thaw. In domestic felines, [66] demonstrated that the mature oocyte could be cryopreserved
and, soon after, fertilized in vitro with success. The maturation of oocyte recovered from antral
follicles is an efficient method for the use of haploid female material and the oocyte activation
in initial phases of development is a possible tool that also increases the efficiency of the oocyte
utilization [56]. The preantral ovarian follicles (PAF) represent 90% of the follicular population
in mammals [67]. Small PAF recovered from the ovaries collected from postmortem animals
or through ovariectomy, therefore, are a rich oocyte source, because they can mature in vitro
(Fig. 4). [68] reported that feline PAF are capable of developing in vitro to the antral phase.
Moreover, [69] demonstrated the isolation of PAF from domestic cats by mechanical ovary
dissection. By adapting the methods described for domestic cats to nondomestic felid species,
[70] accomplished the isolation and the ultrastructural characterization of PAF from cheetahs,
jaguars, lions, and Sumatran, Siberian, and Bengal tigers that had died at local zoos. The
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similarity among domestic and nondomestic felid PAF was verified. The PAF collection was
performed from ovary of several species of nondomestic felids [56] with a recovering of
1867±1144 PAF from each ovary, observing that the follicle growth is possible in the culture
media for up to 14 days, with a 20% increase (40–50 mm) on the diameter of preantral follicles
of the puma. These promising results suggest the possibility of future use of preantral follicles
as a source of oocytes to be used in other biotechniques, and the foundation for germplasm
banks. [70] reported that it is possible to maintain the viability of PAF from domestic cats after
cryopreservation procedures.

Figure 4. Cat Cumulus Oocyte Complex (COC) collected from Preantral Follicle (PAF); Cat COC grade: a) grade I:
compact and integral and multistratified cumulus and dark ooplasm; b) grade II: compact but not integral and paucis‐
tratified cumulus and not homogeneous dark pigmentation of ooplasm; c) grade III: interrupted and incompact cumu‐
lus and clear ooplasm; d) expanded cumulus.

A further alternative is represented by the ovarian tissue transplantation. [71] was the first to
report an ovarian transplantation. Only in the twentieth century was a significant improve‐
ment of the vascular anastomosis techniques of several transplanted organs including the
ovary achieved [72]. According to [73], both whole ovary and ovarian fragment transplanta‐
tions could be used for ovarian follicle cultures. Moreover, [74] was reported that a great
advantage for the preservation and culture of ovarian tissue is due to the possibility of material
collection not dependent upon the age or reproductive status of the donor. Moreover, [75]
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suggested that the term allotransplantation refers to the transplantation of an organ originating
from one individual to another that is genetically different, but belonging to the same species.
Ovarian cortex fragments transplantation was successfully performed from domestic cats to
the renal capsules of severely immunedeficient infertile mice [76]. After 9 months, the necropsy
of the recipient mice was accomplished, when the presence of follicles was verified in the grafts.
These ovarian follicles reached a 3 mm diameter, had a normal antral cavity, and appeared to
be cytologically normal as follicle in integer cat ovary (Fig. 5). However, ovulation was not
observed in any of the grafts. Furthermore, [77] reported that xenotransplanting into the
kidney capsule from severe combined immunedeficient mice freeze–thawed of cat ovarian
cortex did not allow its surviving, but the follicles containing gonadotropin responsive
granulosa cells were able to grow to antral stages. Conversely, [78] declared that oocyte and
ovarian tissue cryopreservation is not yet fully established. There are still several obstacles to
overcome for this technology to be routinely used. Even so, improvement in the cryopreser‐
vation techniques is seen as an important tool for the formation of ovarian tissue banks, with
the purpose of conserving precious genetic material of endangered species [79].

Figure 5. Histological section (O.M. 200X) of explanted cat ovarian tissue with follicle at different developmental stage:
a) and a1) antral follicle; b) preantral follicle; b1) primary follicle.
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7. Gamete cryopreservation in felids

Cryopreservation of gametes is an important tool in assisted reproduction programs. In fact,
long-term storage of oocytes or spermatozoa is necessary for in vitro fertilization (IVF) or
artificial insemination (AI) in the future. When geographical or temporal distance between
donors and recipient results in nonsimultaneous availability of male and female gametes,
cryopreservation is the only option. Maintenance of biodiversity has intrinsic value for the
genetic preservation of valuable domestic cat breeds and an extrinsic value for conserva‐
tion management of taxonomically related nondomestic feline species. New knowledge about
felid reproductive physiology will enhance the development of techniques that are potential‐
ly  applicable  to  nondomestic  cats.  Domestic  cat  spermatozoa and oocytes  have peculiar
physical characteristics that increase the difficulty of developing successful cryopreserva‐
tion methods as compared to gametes of some other species. Therefore, even though a variety
of  procedures  have  been  investigated,  optimal  cryopreservation  techniques,  either  for
spermatozoa or oocytes, are yet to be realized [80]. Cat semen was successfully cryopre‐
served, and kittens were born after AI with frozen–thawed semen [81]. Achievements in
cryopreservation of felid semen and different protocols of freezing–thawing ejaculated and
epididymal  cat  semen  have  been  reviewed  [80].  In  our  laboratory  we  cryopreserved
epididymal sperm felines with the following protocol: epididymides were collected from 20
domestic cats during routine neutering procedure and from two wild felines at autopsy. The
sperm samples,  diluted with  4% glycerol/Tris/egg yolk,  were  loaded into  0.25  ml  mini-
straws, exposed to nitrogen vapor and stored in liquid nitrogen. After 4 weeks, samples were
thawed and reevaluated. The quality of each fresh and frozen–thawed sperm sample was
tested by determining the motility (54.7±11.3% and 32±13.1%, respectively, for cat spermato‐
zoa; 38.3±18.7% and 21.5±16.8%, respectively, for tiger spermatozoa), viability (74.3±8.6% and
45.2±9.4%, respectively, for cat spermatozoa; 42.4±14.5% and 33.5±12.9%, respectively, for
wild felid spermatozoa), morphology, and acrosomal status. The present study showed that
feline epididymal spermatozoa can be frozen in egg-yolk extender with 4.0% glycerol in 0.25
ml straws. The procedure used in the present study for epididymal cat sperm cryopreserva‐
tion may be applied to bank for genetic resources of wild felid species. [82] Protocols for
freezing/cryopreservation of cat oocytes [80] are established; nevertheless, this technology is
still  considered  “experimental”  because  the  survival  rates  of  cat  oocytes  after  freezing
procedures are still low, but to date, there is evidence that some preantral follicles extract‐
ed  from cat  ovaries  remain  structurally  intact  and  physiologically  active  after  freezing/
cryopreservation  and  subsequent  thawing  [80].  However,  there  is  evidence  that  some
preantral follicles from cat ovaries remain structurally intact and physiologically active after
freezing/cryopreservation and subsequent thawing [70]. Domestic cat oocytes have high lipid
droplet content in the ooplasm [83]; thus, oocyte permeability to cryoprotectant solutions
may be lower than in oocytes of other species [84-87]. Only a few studies have investigated
cat oocyte cryopreservation, and the few successes were only obtained for mature oocyte
cryopreservation [80]. In the first study [80], mature and immature oocytes were cryopre‐
served by slow cooling, but no blastocysts were obtained after in vitro fertilization (IVF). In
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the second study [88], matured cat oocytes were vitrified in straws and, after IVF with frozen–
thawed epididymal spermatozoa, the first two blastocysts were obtained [80]. In a recent
study, the first attached cat blastocysts were obtained from matured cat oocytes that were
vitrified  using  a  cryo-loop  system  [89].  Another  very  recent  study  reported  blastocyst
production from vitrified germinal vescicle (GV) cat oocytes exposed to resveratrol (Res) in
order to compact the decondensed chromatin contained in the large GV of cat oocytes [90].
Despite  the  importance  of  cryoprotectant  penetration  to  avoid  intracellular  ice  crystal
formation, the greater cryoprotectant concentrations in vitrification solutions are toxic and
may  cause  osmotic  injury  [91].  Suggestions  for  minimizing  the  toxicity  of  vitrification
solutions  include  the  use  of  less  toxic  substances,  association  with  different  cryoprotec‐
tants,  previous  exposure  to  lesser  concentrations  of  cryoprotectants,  and  reduction  of
exposure time to vitrification solutions [92, 93]. The major penetrating cryoprotectants for
oocyte cryopreservation are ethylene glycol (EG), glycerol (GLY), dimethylsulfoxide (Me2SO),
propylene  glycol  (PrOH),  and  acetamide  [94].  Another  common  permeating  CPA,  1,2-
ethanediol (EG) [94], is also suitable for less permeable immature oocytes, as demonstrated
in cattle [95]. A recent study investigating bovine oocyte vitrification demonstrated that a
solution of EG + Me2SO is a favorable cryoprotectant combination, as the Me2SO (MW =
78.13) molecule is smaller and consequently more permeable than the glycerol molecule (MW
= 92.1) [96]. In our laboratory for the first time we obtained blastocysts from egg vitrified at
GV stage from cat [97]. The vitrification was performed in OPS into sucrose medium (1 M
sucrose in HSOF + 6% BSA) containing dimethyl sulfoxide (DMSO) (16.5% final concentra‐
tion) and ethylene glycol (EG) (16.5% final concentration) as cryoprotectants. This vitrifica‐
tion  protocol  ensured  a  development  to  blastocyst  stage  and  it  is  the  first  report  of
development  of  vitrified  GV  COC  and  confirmed  that  the  selection  of  an  appropriate
cryoprotectant mixture and sample volume reduction are two simple but important param‐
eters  in  the  study of  a  successful  vitrification  method for  feline  species.  Ovarian  tissue
cryopreservation combined with the subsequent transplantation into immunocompromised
recipients,  in order to resuming follicular development,  is  considered to be a promising
approach for cryobanking female gametes in nondomestic felid species [81].

8. In vitro embryo production in felids

Several laboratories have independently assessed the potential of maturing and fertilizing
domestic cat oocytes, mainly using IVM /IVF. The biological competency of IVM/IVF domestic
cat embryos has been demonstrated after embryo transfer. Nonetheless, it has become
apparent that IVM/IVF success in the cat is generally less than that reported for other com‐
monly studied species like the cow [4]. For example, it is not unusual for 60–80% of cow antral
follicular oocytes to be fertilized and to cleave in vitro [9]. Techniques in the mouse have
progressed even further to allow the growth, maturation, and successful fertilization of oocytes
from primordial ovarian follicles. In contrast, only about 50–60% of cultured cat oocytes
achieve nuclear maturation in culture and, after insemination, usually <40% oocytes are
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fertilized on the basis of embryo cleavage [9]. Even under optimal culture conditions, <20% of
these cleaved embryos grow into blastocysts in vitro [9]. Nevertheless, in vitro embryo
production has also been successful in felids. In vitro-derived embryos of the domestic cat
were successfully frozen and developed to term kittens after cryopreservation and transfer.
Various aspects of in vitro maturation of felid oocytes and in vitro culture of felid embryos
have been comprehensively reviewed [81]. Cat oocytes can be collected from ovaries from
sexually mature queens recovered following routine ovariohysterectomy. Feline oocytes can
be collected from ovary explanted postmortem within 6 h from death. Within 3–6 h of excision,
each ovary was sliced longitudinally with a scalpel blade followed by lateral mincing of the
ovarian cortex in a 35 x 0.7 mm Petri dish, flushed by different media (e.g., HEPES synthetic
oviductal fluid HSOF or HMEM or TCM199). Collected oocytes were graded (only oocytes
exhibiting uniform, darkly pigmented ooplasm and an intact cumulus cell investment were
chosen for culture), gently rinsed in a fresh dish of culture medium and immediately placed
in 50 µl drops of culture medium under mineral oil or in 500 µl 4WD. In vitro maturation may
be performed (25–50 oocytes/ml) in different media, for example, SOF synthetic oviductal fluid
added with amino acids and 6 mg/ml BSA containing 0.1 IU of porcine follicle-stimulating
hormone and porcine luteinizing hormone supplemented with 25 ng/ml EGF, 25 ml/ml
insulin–transferrin–sodium selenite (ITS) and 1.2 mmol/l L-cysteine or Eagle’s minimum
essential medium containing 0.026 g pyruvate, 0.292 g L-glutamine, 0.4% (w/v) BSA, 100 IU
penicillin, 100 IU streptomycin, 1 pg LH ml, 1 pg FSH and 1 pg oestradiol or MEM minimal
essential medium containing Earle’s salts and bicarbonate buffer supplemented with 0.4% (w/
v) BSA, 2.0 mmol glutamine, 1.0 mmol pyruvate, 1 µg FSH, 1 µg LH ml, and 1 µg oestradiol
(EMEM)] in a 5% CO2 incubator at 38.5° C for 24 h. In vitro matured COC can be in vitro
fertilized with fresh/cryopreserved epididymal or ejaculated spermatozoa. Briefly, in order to
perform IVF, semen was diluted 1:1 in different media (SOF or Ham’s FIO medium (HF10)
supplemented with 1.0 mmol pyruvate, 2.0 mmol glutamine, and 5% (v/v) fetal calf serum or
Tris extender (3.025% Tris(hydroxymethyl)aminomethane, 1.7% citric acid, 1.25% fructose,
0.06% Sodium Benzyl penicillin, 0.1% streptomycin sulphatee) and centrifuged at 300 g for 8
min. Supernatant was discarded and the remaining pellet overlaid with 100 µl HFlO and the
sample maintained at room temperature undisturbed for 1 h. Next, 50 µl was removed from
the top layer and evaluated for sperm motility, forward progression, and concentration.
Cultured oocytes were washed twice in 90 µ fertilization drops of IVF media or in 500 µl FWD
under oil in 5% C02 in air at 38°C. Processed sperm samples were diluted in IVF media in order
to obtain a final concentration of 1 x 106 spz/ml. After coincubation for 18 h, oocytes were
washed to remove cumulus cells and loosely attached spermatozoa and returned to fresh 50
µ drops of IVC media (SOFaaBSA or F10). At 30 h after insemination, oocytes were evaluated
at a stereomicroscope for survival, and those showing cytoplasmic degeneration were
discarded. The cleavage to the two-cell stage was assessed as an index of fertilization. Subse‐
quent embryonic development was assessed at intervals of 24 to 48 h. As explained, despite
some past difficulties achieving in vitro development beyond the morale stage after IVF, more
recently, several reports have shown blastocyst rates from approximately 50% to 80% on Day
6, Day 7, or Day 8 [98-100]. The frequency of blastocyst development is universally considered
to be a useful measure of embryo developmental potential. In favorable in vitro culture
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conditions, cat blastocysts, like those of more widely studied species, undergo further growth,
in cell numbers and in overall size. Thus, another widely accepted indication of blastocyst
developmental potential is their ability to undergo expansion and “hatch” from the zona
pellucida in vitro. Most of Day 8 blastocysts show noticeable expansion of the blastocyst cavity
such that the zonal diameter is larger and its thickness is much thinner than at earlier stages.
In addition, some of them are “hatching” because the embryonic cells are gradually extruded
through one or more small apertures in the zona, rather than popping out through a large
crack [4].
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9. Artificial Insemination (AI) and Embryo Transfer (ET) in felids

Embryo transfer (ET) and artificial insemination (AI) are potentially important techniques
for the propagation and management of genetically valuable domestic cat and endangered
nondomestic cat populations. There are different AI techniques for cats [101]. In early studies,
intravaginal insemination was exploited, but the success rate has not exceeded 43%. Later,
this technique has been used with more effectiveness and a better success rate [102]. Another
approach is intrauterine insemination, either surgical [103] or nonsurgical with the use of
specially designed catheters [104]. They performed the first transcervical insemination with
fresh or frozen semen in cats. This can be considered the method of choice in almost all cases;
it is less invasive than the surgical approach, and a much smaller amount of semen is needed
with respect to the intravaginal insemination. Recently, AI with semen cryopreservation has
been applied in a number of wild felid species. Unfortunately, the teratospermia problem
aggravates freezing/cryopreservation in many felid species [4]. In vitro embryo production
has  also  been  successful  in  felids.  In  vitro-derived  embryos  of  the  domestic  cat  were
successfully frozen and developed to term kittens after cryopreservation and transfer. Various
aspects of in vitro maturation of felid oocytes and in vitro culture of felid embryos have been
comprehensively reviewed [4]. In 1979, the first successful embryo transfer (ET) in cats was
reported [105]. The embryos, recovered from donors after mating during a natural cycle, were
transferred into like  recipients.  Three litters  of  kittens were born from four pregnancies
established in seven recipients. Nonetheless, in the following decade, in most ensuing reports
on ET of in vitro-produced cat embryos, mixed morale and early blastocysts were deposit‐
ed into the uterus of Day 4, 5, or 6 recipients [106-108]. This interval was used because it is
the approximate length of time required for cat embryos to be transported through the oviduct
and enter the uterus [109, 110]. To examine the effect of developmental stage, morula versus
blastocyst, on pregnancy rate after ET, [111] recovered 1–4-cell embryos from gonadotropin-
treated donors and cultured them in vitro (in 20% fetal calf serum) for 3–7 days before transfer
into synchronous recipients. All four recipients of morulae (6–12 each) established pregnan‐
cies; two aborted before term, and two delivered a total of 10 kittens. Three of five recipi‐
ents of blastocysts cultured for 4–6 days delivered a total of nine kittens, but none of the three
recipients of blastocysts cultured for 7 days became pregnant. Although the zonal status of
the  blastocysts  transferred  after  7  days  in  vitro  was  not  provided,  most  morulae  had
developed to the blastocyst stage by Day 7 of culture, with hatching starting to occur on Day
6 in blastocysts that were not fully expanded, which would suggest that most were either
hatching or hatched when transferred. In their comments on failure of later-stage blasto‐
cysts (Day 8, 1 day in vivo, and 7 days in vitro) to establish pregnancies, the authors noted
that further studies were needed “on in vivo development and hatching of transplanted
embryos.” [112] found that separate transfer of in vitro-produced Day 5 late morulae and
Day 5 early blastocysts into synchronous gonadotropin-treated recipients resulted in equally
high pregnancy rates of 71% (5/7) and 80% (8/10), respectively. Each recipient received six
morulae or six blastocysts and the average litter size was 2.0 (1–3) and 3.0 (1–3), respective‐
ly.  Possibly,  the only pregnancy/birth after  ET of  in vitro-derived (IVM/IVF/IVC) Day 7
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blastocysts  is  the  single  kitten  born from 21  embryos  transferred into  two synchronous
recipients [113]. All of the blastocysts were completely zona-intact when transferred. The
transfer of fresh or frozen in vitro-derived embryos has proved to be successful in some
wildlife felids. In the lion (Pantera leo), in vivo-derived oocytes were inseminated in vitro
with fresh semen, and some of these embryos developed up to the blastocyst stage. In the
tiger (Panthera tigris), term kittens developed after the transfer of in vitro-derived embryos
[43], and one live kitten was born after the transfer of African wildcat (Felis silvestris lybica)
frozen–thawed in vitro-derived embryos into three recipients [5]. Although the rate of success
was  low  (4.5%),  this  result  is  important  as  this  was  the  first  kitten  born  after  embryo
cryopreservation in a wildlife felid species. Two term kittens born after transferring frozen–
thawed embryos of ocelot (Leopardus pardalis) have also been reported [110]. Cleavage stage
ocelot embryos were conventionally frozen with ethylene glycol and kept in liquid nitro‐
gen [110].  More recently,  three live ocelot  kittens were born in Cincinnati  Zoo after  the
thawing of ocelot embryos from a cryobank and the transfer of nine frozen–thawed em‐
bryos into eight synchronized recipients. The ocelot is an endangered species at least in some
countries, and a cryobank is needed to secure its biodiversity [110]. The birth of live kittens
produced by intracytoplasmic sperm injection of domestic cat oocytes matured in vitro has
been reported [4]. Also noteworthy, there are experiments on “interspecies in vitro hybridi‐
zation,” when oocytes of nondomestic felid species were successfully fertilized in vitro by
heterologous (domestic cat) spermatozoa. Cleavage stage “hybrid” embryos have resulted
from in vitro fertilization of leopard (Panthera pardus) and puma (Felis concolor) oocytes with
frozen–thawed domestic cat semen [4].

10. Cloning of domestic and wild cats and interspecies of felide

Along with these achievements with cryobanking, the domestic cat has been cloned by two
independent groups [114,115]. Recently, a domestic cat recipient female has been reported to
have given birth to African wildcat (F. silvestris lybica) cloned kittens and sand cat (Felis
margarita) kittens [13]. Fibroblast nuclei of African wildcat were fused to domestic cat oocytes
(interspecies nuclear transfer) and the cloned embryos were transferred into recipient domestic
cat females; 17 kittens were born, but only 8 survived, after birth, up to 1 month. These African
wildcat kittens represent the first wild Carnivora species to be produced by nuclear transfer
[13]. This study showed the possibility of cloning other felid species beside the domestic cat,
but it is also a big success in interspecies nuclear transfer/embryo transfer in felids. Earlier, an
interspecies ET was performed between the Indian desert cat (Felis silvestris ornata) and the
domestic cat [4]. Recently, transgenic clones have also been produced in the cat. Genetically
modified adult or fetal fibroblasts have been used as donors of nuclei. These nuclei were moved
into cat oocytes and then embryos were developed in vitro. After these embryos were
transferred into appropriate recipients, three alive transgenic kittens were obtained [81].
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tiger (Panthera tigris), term kittens developed after the transfer of in vitro-derived embryos
[43], and one live kitten was born after the transfer of African wildcat (Felis silvestris lybica)
frozen–thawed in vitro-derived embryos into three recipients [5]. Although the rate of success
was  low  (4.5%),  this  result  is  important  as  this  was  the  first  kitten  born  after  embryo
cryopreservation in a wildlife felid species. Two term kittens born after transferring frozen–
thawed embryos of ocelot (Leopardus pardalis) have also been reported [110]. Cleavage stage
ocelot embryos were conventionally frozen with ethylene glycol and kept in liquid nitro‐
gen [110].  More recently,  three live ocelot  kittens were born in Cincinnati  Zoo after  the
thawing of ocelot embryos from a cryobank and the transfer of nine frozen–thawed em‐
bryos into eight synchronized recipients. The ocelot is an endangered species at least in some
countries, and a cryobank is needed to secure its biodiversity [110]. The birth of live kittens
produced by intracytoplasmic sperm injection of domestic cat oocytes matured in vitro has
been reported [4]. Also noteworthy, there are experiments on “interspecies in vitro hybridi‐
zation,” when oocytes of nondomestic felid species were successfully fertilized in vitro by
heterologous (domestic cat) spermatozoa. Cleavage stage “hybrid” embryos have resulted
from in vitro fertilization of leopard (Panthera pardus) and puma (Felis concolor) oocytes with
frozen–thawed domestic cat semen [4].

10. Cloning of domestic and wild cats and interspecies of felide

Along with these achievements with cryobanking, the domestic cat has been cloned by two
independent groups [114,115]. Recently, a domestic cat recipient female has been reported to
have given birth to African wildcat (F. silvestris lybica) cloned kittens and sand cat (Felis
margarita) kittens [13]. Fibroblast nuclei of African wildcat were fused to domestic cat oocytes
(interspecies nuclear transfer) and the cloned embryos were transferred into recipient domestic
cat females; 17 kittens were born, but only 8 survived, after birth, up to 1 month. These African
wildcat kittens represent the first wild Carnivora species to be produced by nuclear transfer
[13]. This study showed the possibility of cloning other felid species beside the domestic cat,
but it is also a big success in interspecies nuclear transfer/embryo transfer in felids. Earlier, an
interspecies ET was performed between the Indian desert cat (Felis silvestris ornata) and the
domestic cat [4]. Recently, transgenic clones have also been produced in the cat. Genetically
modified adult or fetal fibroblasts have been used as donors of nuclei. These nuclei were moved
into cat oocytes and then embryos were developed in vitro. After these embryos were
transferred into appropriate recipients, three alive transgenic kittens were obtained [81].
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11. Laparoscopic oviductal embryo transfer and artificial insemination in
felids

The application of laparoscopy to reproductive studies in felids has been invaluable for helping
to alleviate some concerns of animal welfare: sowing reproductive organs through the
intraabdominal access through a minimally invasive and traumatic approach [116]. Likely, the
extrapolation of ART to the genetic management of wild cats would be unattainable in the
future without laparoscopy. The latter, for oocyte collection and intrauterine insemination, has
been used largely with numerous cat species over the past 20 years. Recently, laparoscopic
approaches have been developed and applied in cats for accessing the oviduct precisely to
perform laparoscopic oviductal embryo transfer (LO-ET) and artificial insemination (LO-AI)
procedures [117,118]. To our knowledge, just in eight cat hereditary disease models and two
nondomestic cat species, the ocelot and sand cat, it has been possible to get viable offspring
following LO-ET of nonfrozen and frozen–thawed IVF-derived embryos. LO-AI with low
sperm numbers and LO-ET have been demonstrated to be similar in efficacy, resulting in high
pregnancy percentages (50–70%) following insemination of domestic cats treated with
gonadotrophins. Following LO-AI, multiple kittens have been produced in some hereditary
disease models with frozen semen, and both Pallas’ cat and ocelot kittens were born after LO-
AI with freshly collected semen. The application of LO-ET and LO-AI to felids has brought
important and effective improvement in the efficiency of ART for genetic management of these
invaluable wild and domestic cat populations [119].

12. Conclusions

In the present chapter, we made an overview of the data and methods detectable in literature
and focused our attention on analysis of methods utilized in ART for maximizing their
efficiency in feline species. ART include mainly Artificial Insemination (AI); In Vitro Embryo
Production (IVEP) consisting of IVM (In Vitro Maturation), IVF (In Vitro Fertilization), IVC (In
Vitro Culture), ET (Embryo Transfer), and ICSI (Intra Cytoplasmic Sperm Injection); gamete/
embryo cryopreservation; gamete/embryo sexing; gamete/embryo micromanipulation;
Somatic Cell Nuclear Transfer (SCNT), and genome resource banking, which has been widely
used in genetic improvement and industry in livestock animals. The domestic cat is used as a
model for the development of ART in Felidae species and can serve as a successful recipient
of embryos from closely related, small, nondomestic cats, as shown by the birth of the Indian
desert cat and African wildcat kittens after in vitro fertilization (IVF)-derived embryo transfer.
The creation of the Biological Resource Bank represents a complementary support tool for the
application of ART in the in situ and ex situ conservation of endangered felids. The chief
purpose of ART in the protection of endangered species is to preserve the maximum current
genetic and biological diversity of the population by the processing and cryopreservation of
germinal cells and tissues from dead animals, which can later be used in future reproductive
projects. In humans and domestic species, it is usually possible to plan the place and time for
gonadal explants to recover germplasm, thereby enabling a reduction in the gonadal storage
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time in the transport medium. In wild species, it is impossible to predict when and where the
gonads can be collected. The gonads can be recovered postmortem, which entails the possi‐
bility that the collection place could be distant from a laboratory for IVEP.
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Abstract

This paper presents a comprehensive review of the problematic issue of embryonic
mortality in cattle and develops possible strategies towards a hormonal antiluteolitic.
A recent and extensive investigation using eCG is also described.

The paper evaluates the effect of the application of 400 IU of equine Chorionic
Gonadotrophin (eCG) on day 5 or 8 of a synchronization protocol for embryo transfer
upon follicular development (day 9), luteal development (day 17), progesterone
concentration “P4” (9 and 17) and percentage of pregnancy (day 52) in 70 Holstein
heifers. The relationships between dominant follicle diameter (DFD) (day 9) and the
luteal volume (VL) (day 17), as well as the concentration of P4 (day 17) are analysed
without eCG treatments; the DFD (day 9), VL (day 17) and concentration of P4 (day
17) versus percentage of pregnancy (day 52) are then analysed with the treatment.
There was no effect (P> 0.05) of the day of eCG administration (5 or 8) on the number
of dominant follicles, but P <0.05 for diameter. The day of eCG administration (5 or 8)
had no effect (P> 0.05) on the number of corpora lutea, VL, P4 concentration (9 and 17)
or pregnancy (day 52). There was no relationship (P> 0.05) between the DFD (day 9)
and VL, but P <0.05 between the VL and P4 levels (day 17). In analysing the relationship
between treatments (eCG day 5 or 8), the DFD (day 9), VL (day 17) and the concen‐
tration of P4 (day 17) versus percentage of pregnancy (day 52), we observed that the
only positive correlation (P <0.1) existed between this variable and the concentration
of P4.

© 2015 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.
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1. Introduction

About 25-40% of embryonic losses are detected during the first days of pregnancy in female
recipients of bovine embryos [1]. It is observed that most of these females return to heat on the
expected date after 20-22 days, showing a whole and normal sexual cycle (oestrus cow
repeaters) [2]; it is therefore suggested that embryo mortality (EM) might arise between days
7 and 17, the period from embryo transfer (ET) to the maternal recognition of pregnancy (MRP)
[3]. As for pregnancy losses occurring between days 28 and 98 (at the occurrence of MRP),
percentages ranging between 7% and 33% have been calculated [4].

It has been suggested that during pregnancy establishment there is a well defined “critical
period” from day 15 to day 17 [3]; we can suppose that reproductive biology during this period
would be multifactorial and complex, where the endometrium receives a non-suitable
antiluteolytic signal, of course without blocking prostaglandin F2α (PGF2α) endometrial
production, triggering the lysis of the corpus luteum (CL) (maintaining pregnancy depends
upon CL functionality) [1]. At that point, antiluteolytic signal is generated by the embryo into
mononuclear trophoblast cells, which secrete interferon tau (IFN-τ), thereby blocking PGF2α
synthesis produced at endometrial level [5]. The latter process suggests that embryo loss could
occur because of a weak or inadequate signal due to an asynchrony between a decreasing
progesterone (P4) and the degree of embryo development, so it does not inhibit the synthesis
of uterine PGF2α [6].

The critical nature of the period of recognition, apposition and adhesion of the embryo to
uterine endometrium during implantation demands strict synchronization between the
transferred embryo and the recipient, emphasizing the importance of both the uterine
environment and the embryo signals generating MRP [7] [8]. These signals must be released
at the time and concentration required to guarantee CL structure and function maintenance,
generating continuous P4 production for embryotrophic environment maintenance to support
the normal development of the conceptus (the embryo including all the linked layers) [2].

In relation to the influence of P4 on certain events related to pregnancy maintenance from
early stages and the ability of PGF2α to instigate luteolysis, a number of hormonal strategies
to maintain pregnancy have been proposed and developed [9] [10]. These tend to be based
on making the P4 secretion capacity of the CL more effective: the secretion should be timely,
thus ensuring a proper uterine environment for development of the embryo transplanted
to the recipient bovine female. All of this is aimed at increasing the pregnancy rate in ET
programmes [2].
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According to some reports, the higher the plasma P4 concentration, the better the uterine
environment for developing conceptus [11]. It should be noted in this context that any variation
of P4 concentration is crucial to modulate expression and secretion of growth factors, cytokines
and proteins that affect the uterine environment for endometrial receptivity and embryo
viability processes [12].

Consequently, it has been proposed that by providing direct or indirect P4 sources to females
during the first days of pregnancy, thus improving the uterine environment to enable the
conceptus to develop appropriately, the percentage of embryo loss will be decreased. This
leads to better synthesis and more timely secretion of IFN-τ, as long as this secretion is
influenced by the embryo development status [13].

2. Use of equine Chorionic Gonadotropin (eCG) in bovine embryo transfer
programmes

The relationship between pregnancy rate and plasma P4 concentration, according to the CL
size  in  recipients  of  bovine  embryos,  has  been  much  debated  in  the  literature.  Some
researchers have verified a positive correlation between these variables, establishing that
the greater the CL area,  the greater the plasma P4  concentration,  and,  subsequently,  the
higher  the  pregnancy  rate  [10]  [14].  Other  reports,  however,  have  not  been  able  to  ob‐
serve this relationship and effect [15].

Similarly, plasma P4 concentration during dioestrus has been positively correlated to an
embryo’s ability to secrete IFN-τ, thus triggering increased pregnancy rates [16] [17]. This
might suggest that increased P4 concentration during the “critical period” improves the uterine
environment for a developing embryo, generating an effective MRP process as it stimulates
the secretion of IFN-τ and antiluteolytic agents at the right time by trophoblast cells [18].

One can thus see P4 as a forerunner of the various components making up the embryotrophic
environment; therefore, any change in its concentration is critical to modulate expression and
secretion of growth factors, cytokines and proteins that affect the uterine environment for
endometrial receptivity and embryo viability processes [19]. Accordingly, we may assume that
by providing direct or indirect P4 sources to females during the first days of pregnancy,
percentage of embryo loss may be decreased due to having an improved uterine environment
where the embryo might follow a proper development process (blastocyst stage) with
synchronized synthesis and secretion of IFN-τ. This latter is undoubtedly influenced by the
status of an embryo’s development [13].

In order to increase pregnancy rates, hormone treatments have been used in females included
in programmes of fixed-time artificial insemination (TAI) and fixed-time embryo transfer
(FTET) using equine chorionic gonadotropin (eCG) [10], [20].

eCG, formerly known as pregnant-mare serum gonadotropin (PMSG) is a glycoprotein
hormone with a molecular weight of 45 kDa. It has a three-day span life and is produced by
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endometrial calyces in pregnant mares from day 40 to day 130 [21]. The hormone is composed
of two subunits, α- and β. Subunit α is encoded by a gene common to any glycoprotein; the
gene coding for subunit β gives the hormone specificity [22].

This hormone binds to FSH and LH follicle recipients as well as LH recipients of CL, thereby
creating conditions for follicle growth, ovulation and luteinization [20]. The prevalent action
is given by FSH, leading to a formation of accessory corpora lutea, typical for a pregnant
mare [23].

eCG application at the expected time of a new wave of follicle growth has been shown to lead
to excellent ovulation efficiency (per dosage) and development of a larger-diameter dominant
follicle, thus determining a greater number of corpora lutea or a larger corpus luteum [10].
Higher plasma P4 concentrations and a higher rate of conception and pregnancy are seen in
comparison to treatments without application of this hormone, both in Bos taurus and Bos
indicus cattle and their crossbreed [24] [11]. However, other researchers have reported no
difference between plasma P4 concentration and the number of corpora lutea in pregnant
females; in fact, we established higher pregnancy losses in females with double ovulation,
suggesting that too much plasma P4 could alter the hormonal uterine balance, damaging the
embryotrophic environment for a developing embryo [25].

It has been verified that with eCG application on day 8 (as dominant follicle established), within
a synchronization protocol of bovine embryos in recipient females (Bos indicus/Bos taurus), one-
time larger corpora lutea are achieved in comparison to application of the same hormone on
day 5 (as growth of a new follicle wave begins), but no differences have been determined
between the treatments in the produced plasma P4 concentration or pregnancy rates [26].
Related reports have confirmed that rate of use (transferred females/synchronized fe‐
males*100) improves when eCG application occurs on day 8 within a fixed-time embryo
transplant protocol with Bos indicus recipients [27].

For eCG application on day 8 of synchronization, double ovulation of only 2% has been
reported in embryo recipients, but it is evident that application of this hormone can achieve
one-time larger corpus lutea, thus increasing the pregnancy rate [13]. Similarly, Quezada and
Ortiz [27] established that eCG application on day 8 improves the utilization rate; however,
they were unable to establish that the hormone enhances the CL area.

Other hormone strategies have been used in several studies to increase plasma P4: cows and
buffaloes have been used for treatments with Gonadotropin-Releasing Hormone (GnRH),
Luteinizing Hormone (LH), human Chorionic Gonadotropin (hCG), and P4 slow-release
devices [28].

hCG (produced in the trophoblastic syncytium of pregnant women) has been applied to
synchronization treatments on day 6, resulting in higher pregnancy rates compared to groups
without application of this hormone [29]. These results also suggest that hCG, which has LH
action, induces ovulation and formation of accessory corpus luteum (co-dominance), which
increases the plasma P4 concentration and pregnancy rate in recipient females of bovine
embryos [2].
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In addition, eCG has an advantage over other gonadotropins used to support hormone cattle
in its stimulation by carbohydrates, especially sialic acid, in relation to subunit alpha, which
gives a higher lifespan (see Table 1). This feature, allied to the hormone’s molecular weight,
makes glomerular filtration harder, thus increasing its lifespan even more [30].

Hormone
Molecular

Weight ng/ml
Carbohydrates 

(%)
Sialic Acid 

(%) Span Life 

Luteinizing (LH) 28000 - 34000 12 - 24 1 - 2 30 minutes

Stimulating Follicle (FSH) 32000 - 37000 25 5 2 hours

Human Chorionic 
Gonadotropin (hCG) 38000 32 8 -5 11 hours

Equine Chorionic 
Gonadotropin (eCG) 68000 48 10.4 26 hours

Table 1. Features of gonadotropic hormones. Adapted from Knobil and Neill, 2006.

2.1. Effect of eCG upon pregnancy rate among recipient heifers of bovine embryos

A study was proposed and developed in order to assess the effect of applying a treatment of
equine Chorionic Gonadotropin (eCG) on day 5 or day 8 within a synchronization protocol
for a fixed-time embryo transfer (FTET) upon development (number and mm diameter) of
dominant follicles on day 9, luteal development (number and volume in mm3) on day 17,
plasma P4 concentration (ng/ml) on days 9 and 17, and pregnancy rate (%) on day 52, using 70
Holstein heifers (eCG day 5, n = 42 and eCG day 8, n = 28) as embryo recipients in high tropical
areas in Colombia.

To meet the research goal two treatments were proposed in control protocols for the oestrus
cycle, where only the eCG application day was changed (day 5 or 8) (Figures 1 & 2).

Regardless of synchronization treatment (eCG day 5 and eCG day 8), we determined P4 profiles
for three samples (days 5, 9 and 17) for every heifer in the analysis (n=70). A relationship
between volume of corpus luteum and plasma P4 concentration on day 17 (sample 3) was
established.

By a logistic function the treatment effects (eCG days 5 and 8) upon follicle diameter (dominant
follicle – day 9), total luteal volume (day 17), and P4 concentration (day 17) were determined
upon pregnancy diagnosis (day 52).

2.1.1. Number of dominant follicles (day 9)

This analysis shows that every female used for both treatment 1 (eCG day 5) and treatment 2
(eCG day 8) had at least dominant follicle as a variable with no evident differences (P>0.05)
(see Table 2).
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Figure 1. Treatment 1: Synchronization protocol of oestrus cycle using eCG application on day 5 (in relation today 1
protocol).
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Figure 2. Treatment 2: Synchronization protocol of oestrus cycle using eCG application on day 8 (in relation to protocol
day 1).
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Figure 2. Treatment 2: Synchronization protocol of oestrus cycle using eCG application on 
day 8 (in relation to protocol day 1). 
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in this work), the emergence of a new follicle wave occurs after four to five days, an effect 
perhaps caused by blood hormone levels required to provoke a negative feedback. This 
affects the synthesis and secretion of gonadotropin-releasing hormone (LH) and alters the 
normal follicle development, which suggests a leading regression of growing follicles (FSH-
dependent) and hinders progress of the phenomenon of dominant follicle ovulation (LH-
dependent), generating a regression and starting a new follicle wave [32].

When eCG is applied on day 5, the follicle wave is at a very early stage of development; 
consequently, the eCG could lead to stimulation in recruitment and selection of more than 

Min.  Max. Avrg.¹  Min. Max. Avrg.¹ 

eCG day 5 (n=42) 1 2 1.1 ± 0.3 a 10 19 11.7  ± 054 a

Treatment

 

Dominant Follicle (Number) day 9

 

Diameter (mm) Dominant Follicle day 9 

Total Sample (n=70)  1

1 ± 0 a 9.2 16 10.1 ± 0.6 beCG day 8 (n=28) 1 1

2.0 1.1 ± 0.2 9.2 19 10.9 ± 0.41

Table 2. Dominant follicles on sampling day 9. ¹Results of follicle diameter are expressed as an average (mean) ±
Standard error of the mean (SEM) while follicle values are expressed as an average ± Standard Deviation (SD).

This result differs from previous studies where addition of eCG on day 5 in a synchronization
protocol for the oestrus cycle caused a reflection cascade at molecular level, triggering
development of more than one dominant follicle [31]. Since these control oestrus cycle
treatments, where a follicle wave growth using P4-and-oestradiol implant is synchronized (as
in this work), the emergence of a new follicle wave occurs after four to five days, an effect
perhaps caused by blood hormone levels required to provoke a negative feedback. This affects
the synthesis and secretion of gonadotropin-releasing hormone (LH) and alters the normal
follicle development, which suggests a leading regression of growing follicles (FSH-depend‐
ent) and hinders progress of the phenomenon of dominant follicle ovulation (LH-dependent),
generating a regression and starting a new follicle wave [32].

When eCG is applied on day 5, the follicle wave is at a very early stage of development;
consequently, the eCG could lead to stimulation in recruitment and selection of more than one
dominant follicle with increasing mRNA synthesis coded for gonadotropic hormone recipients
(FSH and LH) at theca-and-granulosa cell level [10]. This effect in this study was only observed
in four of 42 heifers (9.5%).

In relation to the above, Nasser et al. [26] applied 400 IU of eCG to two groups of Nellore/
Angus -crossbreed recipient heifers (eCG day 5 versus eCG day 8) of 22-30 months in age; this
was supplemented with 2 kg/day concentrate, establishing differences (P<0.05) according to
the number of dominant follicles on day 8, with a higher number of follicles applied on day 5
(start of a new wave of follicle growth), thus demonstrating the follicle-stimulating action of
eCG. The hormone stimulates the mRNA synthesis encoded for FSH follicle recipients in
developing follicles [33]; therefore, more than one follicle is chosen because there are no
dominant follicles at that time (day 5 of application in relation to the start of the control protocol
of the oestrus cycle) that could inhibit other developing follicles. For eCG applied on day 8
(follicle dominance established) only one dominant follicle stimulation (eCG linking FSH and
LH follicle recipients) was observed [34]; statistical differences were observed in that work.

On the other hand, since there are no statistical differences of this variable in our analysis one
might acknowledge the species factor, where there are differences regarding hormone
sensitivity [31], which differentiates Bos indicus and relevant crossbreeds, which are more
sensitive than Bos taurus [35]. Taking this into account, one might infer that concentrations of
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400 IU of eCG will trigger a different effect on both species; however, such sensitivity was not
noticeable in this study, where we worked with Bos taurus heifers. Therefore we might
conclude it is possible to work with different dosages according to the above factors since
dosages of 400 IU of eCG, as used in this research, may be less likely to stimulate the growth
of a large number of follicles dosages used in other studies of this subject, which have used
1000 IU [36] and 800 IU [37], and have used both heifers and cows, which could dramatically
influence results [38].

When eCG treatment is provided on day 8, follicle dominance may already be established [37]
and may only generate stimulation of the dominant follicle (in some cases, the largest subor‐
dinate follicle) [31]. In this study, evidence of a dominant follicle was found only for the group
of heifers on treatment 2 (eCG day 8), maximum one (1) and minimum one (1), so one might
infer the stimulus to this single dominant follicle (see Table 2).

2.1.2. Dominant follicle diameter, day 9

All used heifers (treatment 1 – eCG day 5; treatment 2 – eCG day 8 had at least one dominant
follicle (follicle ≥ 9 mm). Accordingly, differences were established (P<0.05) between both
treatments, e.g., a higher follicular diameter for eCG day 5 (treatment 1) (see Table 2). Some
researchers working with the same type reported higher values. Sousa et al. [24] applied 400
IU of eCG on day 8 to a group of Holstein cows (in relation to starting day of synchronization),
and established a dominant follicle size of 14.7 ± 0.6 mm, compared to 13.1 ± 0.6 mm in cows
without eCG. Using Holstein heifers and lactating cows, Sartori et al. [35] established an
ovulatory follicle size of 14.9 ± 0.2 mm for heifers, and 16.8 ± 0.5 mm for cows. (Animals with
this CL were not treated with any hormone; GnRH was given to others.)

Other studies have applied PGF2α with an 11-day interval. Lynch et al. [39] used crossbred
Bos taurus cows, synchronized with application of two dosages of PF2α (an 11-day interval),
establishing pre-ovulatory follicles of diameter 14.1 ± 1.9 mm. Thus, based on the results of
different studies one might suggest elements such as treatments or dosages used, development
stages (heifers, cows), number of births, and so on, may somehow explain the different effects
established [40].

Nutrition factors may somehow influence follicular dynamics of heifers [41]. One may suppose
that the heifers used in this study were grazing without any additional supplement to
guarantee total coverage of their physiological needs; therefore, there might be an imbalance
that would generate an initial effect at the hypothalamus, and subsequently the anterior
pituitary (adenohypophysis), which affects synthesis and secretion of gonadotropic hormones,
and follicle growth and development could be affected [40].

Furthermore, it should be noted that follicle measurements were made on the morning of day
9 in this work (before application of oestradiol benzoate); then, each heifer was given 1 ml (5
mg) of oestradiol benzoate in order to stimulate synthesis and secretion of FSH and LH to
facilitate both the final follicle development and ovulation [10]. Therefore, we can suppose that
the final development stage of the pre-ovulatory follicle is not yet completed where action by
gonadotropic hormones increases final diameter, and follicle diameter averages may be lower
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compared to the results of most studies cited, where measurements were performed at the
time of maximum follicle development (day 9 in the afternoon) [35] [42].

In relation to the effect (P<0.05) with treatment 1 (eCG day 5 – starting day of synchronized
cycle follicle wave) given by this study, eCG seems to trigger an outbreak of event cascade at
molecular level, resulting in a further development of dominant follicle [31]. Here we must
take into account of course that eCG stimulates the mRNA formation encoding FSH and LH
recipients, whose stimulation increases as the follicle is at a very early stage of dominance.
During this period eCG continues to operate with a three-day lifespan [43], which virtually
guarantees its action during the time that the follicle is becoming dominant, and allows an
increased density of FSH and LH recipients, which is associated to follicle growth [44]. On the
other hand, compared with heifers of treatment group 2 (eCG day 8), whose application was
made with follicle dominance practically established, the stimulating effect of eCG would be
very short.

Table 3 shows the results of variables corpus luteum (number) and luteal volume (mm3) on
day 17, plasma P4 concentration (ng/ml) on days 9 and 17, and percentage pregnancy (%) on
day 52, with a comparison between treatments (eCG day 5 versus eCG day 8). Analysis and
discussion of variables by luteal volume on day 17, P4 concentration on day 17, and pregnancy
rate on day 52 (see Table 3) are provided to analyse thoroughly the variable pregnancy rate
for a greater understanding of studies related that deal with these three variables together.

Table 3. Performance of luteal structures, progesterone concentration and pregnancy rate. 
¹Results by luteal volume and progesterone concentration are expressed as average (mean) 
± SEM while other values are expressed as mean ±DS. 

2.1.3 Corpus Luteum (Amount) 

All heifers (70/70) of two experimental groups in this research (42 heifers of treatment 1 –
eCG on day 5; 28 heifers of treatment 2 – eCG day 8) had at least one functional corpus 
luteum consolidated on day 17 (dioestrus stage) with application of control protocols of 
oestrus cycle proposed (see Table 3); therefore we can suppose that all heifers ovulated, 
taking into account of course that all of them had at least one dominant follicle on day 9 (see 
Table 2). 

According to the average of this variable there was no difference (P>0.05) between 
treatments used (Table 3); there were parallels regarding average dominant follicles 
evidenced (Table 2) during the experiment. 

A similar study by Nasser et al. [26] accounted for significant differences between both 
treatments used (eCG on day 5 or day 8), which provided 400 IU of such a hormone to 
Nellore/Angus-crossbreed recipients, synchronized for fixed-time embryo transfer, where 
1.44 ± 0.18 corpora lutea were obtained (eCG day 5) compared to 1.03 ± 0.03 corpora lutea 
(eCG day 8), using more sensitive animals in relation to hormone dosages used (Bos 
indicus breed). However, established values in that analysis when eCG was applied on day 
8 are similar to this report, maybe due to similar synchronization treatments used. 

In a study by Baruselli et al. [37], which used a control treatment (no eCG), statistical 
differences were evidenced in recipients of Zebu-cross embryos, which were given 800 IU of 
eCG (day 5 in relation to start of synchronized cycle – growth of a new follicle wave). This 
study reports 2.58 ± 2.93 corpora lutea in animals with eCG, but 0.5 ± 0.5 corpora lutea in 
animals without eCG. This finding may demonstrate a super-ovulatory action of eCG 
following a dosage of 800 IU, given on starting-growth day of the follicle wave. Such a 
super-ovulatory effect has also been seen in other experiments conducted by Fuentes and 
De la Fuente [36], who worked with Holstein heifers applying 1000 IU of eCG on day 5 (in 
relation to treatment start). That study reveals that the hormone significantly increased the 
number of corpora lutea (between two and five structures for each ovary at the transfer 
time). Following the variable in several studies, these results could also be indicating 

Min. Max. Avg¹  Min. Max. Avg¹ 

Progesterone Concentration (ng/ml) 

 

Luteal Volume (mm3) day 17

Min. Max.  Avg¹ 

Corpus Luteum
(Number) Day 17  

Min.  Max. Avg¹ 

67 (47/70)2 10 5.2 ± 0.22 375.4 18057.3 5236.1 ± 429.7 0 0.9 0.3 ± 0.03
Total Sample 

(n=70)  1 2 1.1 ± 0.2

64 (18/28) a2 9.6 5.52 ± 0.30 a 1150.35 18057.3 5554.9 ± 758.6 a 0 0.86 0.33 ± 0.05 beCG day 8 (n=28) 1 1 1 ± 0 a

69 (29/42) a1.98 10.1 5.12 ± 0.31 a 375  16443.6 5023.6 ± 512.4 a 0 0.84 0.28 ± 0.03 beCG day 5 (n=42) 1 2 1.1 ± 0.3 a

 

Day 17
Pregnancy (%) 

Day 52 Treatment 

    

Day 9

Table 3. Performance of luteal structures, progesterone concentration and pregnancy rate. ¹Results by luteal volume
and progesterone concentration are expressed as average (mean) ± SEM while other values are expressed as mean ±DS.

2.1.3. Corpus luteum (Amount)

All heifers (70/70) of two experimental groups in this research (42 heifers of treatment 1 –eCG
on day 5; 28 heifers of treatment 2 – eCG day 8) had at least one functional corpus luteum
consolidated on day 17 (dioestrus stage) with application of control protocols of oestrus cycle
proposed (see Table 3); therefore we can suppose that all heifers ovulated, taking into account
of course that all of them had at least one dominant follicle on day 9 (see Table 2).

According to the average of this variable there was no difference (P>0.05) between treatments
used (Table 3); there were parallels regarding average dominant follicles evidenced (Table 2)
during the experiment.
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A similar study by Nasser et al. [26] accounted for significant differences between both
treatments used (eCG on day 5 or day 8), which provided 400 IU of such a hormone to Nellore/
Angus-crossbreed recipients, synchronized for fixed-time embryo transfer, where 1.44 ± 0.18
corpora lutea were obtained (eCG day 5) compared to 1.03 ± 0.03 corpora lutea (eCG day 8),
using more sensitive animals in relation to hormone dosages used (Bos indicus breed). How‐
ever, established values in that analysis when eCG was applied on day 8 are similar to this
report, maybe due to similar synchronization treatments used.

In a study by Baruselli et al. [37], which used a control treatment (no eCG), statistical differences
were evidenced in recipients of Zebu-cross embryos, which were given 800 IU of eCG (day 5
in relation to start of synchronized cycle – growth of a new follicle wave). This study reports
2.58 ± 2.93 corpora lutea in animals with eCG, but 0.5 ± 0.5 corpora lutea in animals without
eCG. This finding may demonstrate a super-ovulatory action of eCG following a dosage of 800
IU, given on starting-growth day of the follicle wave. Such a super-ovulatory effect has also
been seen in other experiments conducted by Fuentes and De la Fuente [36], who worked with
Holstein heifers applying 1000 IU of eCG on day 5 (in relation to treatment start). That study
reveals that the hormone significantly increased the number of corpora lutea (between two
and five structures for each ovary at the transfer time). Following the variable in several
studies, these results could also be indicating different actions of eCG according to dosage
used, breed type, and development status of the animal (cow or heifer), which could influence
the results for number of follicles (see explanation above) [35].

2.1.4. Luteal volume

For this variable there was no difference (P>0.05) between treatment groups (see Table 3). This
highlights a synchrony due to evidence of luteal structures established on day 17, so it is
evident that 100% of heifers in both treatments (treatment 1 – eCG day 5, 42/42; eCG day 8,
28/28) had at least one consolidated luteal structure. For a better understanding of the results,
a discussion related to luteal volume on day 17, P4 concentration on day 17 and pregnancy rate
is carried out to analyse the variables by pregnancy rate.

2.1.5. Progesterone concentrations

It should be clear that the first day of sampling (day 5) certainly could not have any effect of
treatment using eCG for this variable, because at the time of sampling the hormone was not
applied to treatment group 1 (eCG day 5); in treatment group 2 eCG was only applied on day
8. However, the behaviour of P4 concentration on day 5 is shown in Figures 4 & 5) in order to
analyse trends among groups of heifers. Figure 4 shows ranges between minimum and
maximum values, which can be associated to data scattering caused by an irregularity of
oestrus-cycle phases, where heifers of the experimental group were subjected to synchroni‐
zation treatments. This group showed a significant percentage with corpora lutea starting
treatments, which might support reports in the literature whereby approximately 40 or 50%
of a group of reproductive fit females had luteal structures after carrying out a reproductive
examination [44]. Therefore in this analysis we expected a significant percentage of heifers
showing P4 levels higher than 1ng/ml (Figure. 4). It should be noted that a slow release device

New Discoveries in Embryology240
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showing P4 levels higher than 1ng/ml (Figure. 4). It should be noted that a slow release device
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of P4, applied on day 0 of the control protocol for the oestrus cycle, expedited somehow a
concentration (residual) of this hormone [45], evident during the first sampling (day 5). In
relation to a P4 concentration on day 9, there was no difference (P> 0.05) among treatments
assessed (see Table 3).

It should be noted that on day 5, to start the synchronization protocol, prostaglandin F2α was
applied, which triggered a functional and structure regression of any corpus luteum [46].
Therefore, performing an ovarian ultrasound examination during day 9 (sample 2), we did not
find any structure consistent with corpora lutea, which was confirmed by observing plasma
P4 concentration of heifer groups afterwards. In the absence of luteal structures we could
suppose that on day 9 blood P4 (a synchronized cycle) levels should be very close to basal
levels, ≤0.3 ng/ml [2].

These basal P4 concentrations (Figure 3) concur with those reported by authors such as Kastelic
et al. [47], who worked with a group of Holstein heifers, and related measures of corpus luteum
with plasma P4 concentration, resulting on day 9 in a maximum decrease in levels ≤ 0.3 ng/ml.
Perry et al. [48], studying a group of crossbred cows with beef characteristics and a hormone
therapy applied to synchronize the oestrus cycle (GnRH, PGF2α, GnRH) reported P4 concen‐
tration values of 0.2 ng/ml, both in groups of pregnant females and in non-pregnant ones.
Similar values were reported by Chagas et al. [49], working with Holstein heifer recipients of
embryos, which were not subject to a control treatment of oestrus cycle (embryo transfer with
observed heat), 0.21 ± 0.01 ng/ml.

These results by several authors seem consistent to the data of this study, since there are
numerical trends which allow us to observe that on the day of maximum follicle development,
plasma P4 levels dropped to baseline. This is associated to application of prostaglandin F2α
(day 5 of a synchronized cycle), which favours a dramatic reduction of blood flow to the ovary,
triggering a cascade of luteolytic mechanisms [50]. Therefore, on day 9 we would expect to
find a corpus albicans at ovarian level and therefore P4 baseline [51]. In this study, PGF2α had
a luteolytic effect on both groups of treated females; there were thus no statistical differences
in relation to P4 concentration (day 9). As for P4 concentration on day 17, there were no
differences (P>0.05) between treatments assessed (see Table 3).

As could be expected at ovary level during third sampling, there is at least one functional and
developed corpus luteum whose plasma P4 levels had a tendency to be spread (Figure 4), which
is consistent with the difference between sizes of luteal structures shown.

Figure 3 shows an estimated function by regression analysis, which was significant (P<0.05)
for a relationship between CL volume and plasma P4 concentration on day 17 (sample 3),
regardless of treatments of eCG used (eCG day 5 and eCG day 8) on any heifer used during
this work (n=70). Analysis shows a positive correlation between these two variables, indicating
that an increased CL volume involves a P4 concentration; therefore a greater P4 involves a
greater luteal volume which produced it. Probably, catkins is a possibility to adapt a better
embryotrophic environment needed for embryos to be synchronously developed and send
signals for maternal recognition, which could possibly trigger higher pregnancy rates [52].
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Figure 3. Estimated relationship of progesterone concentration (ng/ml) as a function of a luteal volume (day 17).

According to the above, Spain et al. [53] established a correlation (P<0.001) between plasma
P4 concentration and a luteal area of Holstein cows. The authors proposed that luteal area may
be associated to plasma P4 levels and this, in turn, to a pregnancy diagnosis. Sartori et al. [54]
working with lactating cows, dry cows and Holstein heifers, gave them PGF2α on day 7 of the
oestrus cycle, also establishing a correlation between luteal volume and plasma P4 concentra‐
tion. Likewise, Rodriguez et al. [55] in an analysis conducted in the central and low Colombian
tropical areas, using several species and crossbreeds, reported a positive correlation between
both variables. This also coincides with a report by Duica [44], who worked with embryo
recipients, Holstein heifers to which eCG was applied on day 5 (in relation to the synchronized
cycle). Other studies have related the corpus luteum weight to the plasma P4 concentration. In
this regard, authors such as Mann, [17] using multiparous Holstein cows, established on day
5 (in relation to heat) a strong relationship between the corpus luteum weight and plasma P4

concentration. However, this relationship was not present on day 8 (in relation to heat), unlike
in our work.

Other studies have established a variation of this correlation, and authors such as Howell et
al. [56] report a seasonal variation. Other authors have also shown a positive correlation
between the total CL area and P4 in dairy [57]. However, others have observed insufficient
correlation coefficients between these two variables [58] [59].

According to the results presented in several works, authors such as Kastelic et al. [60] suggest
that assessment by ultrasonography of corpora lutea becomes a viable alternative to establish
P4 concentration for an assessment of a luteal function of Holstein heifers.

In relation to variations reported in some analysis one might say that the amount of luteal
tissue formed by small and large luteal cells producing P4 is related to a concentration of the
hormone in plasma; however, CLs are not always functional, since the probable cell alterations
mentioned or modifications of some inner components may alter their secretion [44]. It should
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According to the above, Spain et al. [53] established a correlation (P<0.001) between plasma
P4 concentration and a luteal area of Holstein cows. The authors proposed that luteal area may
be associated to plasma P4 levels and this, in turn, to a pregnancy diagnosis. Sartori et al. [54]
working with lactating cows, dry cows and Holstein heifers, gave them PGF2α on day 7 of the
oestrus cycle, also establishing a correlation between luteal volume and plasma P4 concentra‐
tion. Likewise, Rodriguez et al. [55] in an analysis conducted in the central and low Colombian
tropical areas, using several species and crossbreeds, reported a positive correlation between
both variables. This also coincides with a report by Duica [44], who worked with embryo
recipients, Holstein heifers to which eCG was applied on day 5 (in relation to the synchronized
cycle). Other studies have related the corpus luteum weight to the plasma P4 concentration. In
this regard, authors such as Mann, [17] using multiparous Holstein cows, established on day
5 (in relation to heat) a strong relationship between the corpus luteum weight and plasma P4

concentration. However, this relationship was not present on day 8 (in relation to heat), unlike
in our work.

Other studies have established a variation of this correlation, and authors such as Howell et
al. [56] report a seasonal variation. Other authors have also shown a positive correlation
between the total CL area and P4 in dairy [57]. However, others have observed insufficient
correlation coefficients between these two variables [58] [59].

According to the results presented in several works, authors such as Kastelic et al. [60] suggest
that assessment by ultrasonography of corpora lutea becomes a viable alternative to establish
P4 concentration for an assessment of a luteal function of Holstein heifers.

In relation to variations reported in some analysis one might say that the amount of luteal
tissue formed by small and large luteal cells producing P4 is related to a concentration of the
hormone in plasma; however, CLs are not always functional, since the probable cell alterations
mentioned or modifications of some inner components may alter their secretion [44]. It should
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also be noted that correlation between plasma P4 and luteal area is not constant throughout
the oestrus cycle [61]; therefore, during luteal regression phase this index will lose relevance.
This has not been reported here because there was indeed a correlation on sampling day 3 (day
17 in relation to the start of treatment synchronization – embryo transfer): a luteal volume of
one or more functional CL(s) was detected in all heifers post-ovulating. Other studies have
reported similarly on this topic [62] [44].

Figure 4 shows the performance curve by P4 concentration established for three samples
conducted with total heifers (n=70) (sample 1 – day 5; sample 2 – day 9; sample 3 – day 17).
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Figure 4. Progesterone performance during three samples taken with total heifers (n=70)

In Figure 4, we can infer that the P4 level on day 5 is caused by functional corpora lutea before
application of PGF2α, since 98.6% (69/70) of total heifers of this study had ≥1 ng/ml P4

concentration during first sampling (day 5). We might also argue there is a residual effect
caused by slow-release implants of P4 on the first sampling day (day 5). Considering that
prostaglandin F2α was applied on day 5, immediately after sample 1, the curve (sample 2 –
day 9) shows decreasing P4 levels due to a functional and structural luteolysis caused by a
luteolytic factor by prostaglandin [46], allowing follicle development and dominance [29].
Figure 4 also shows a behaviour pattern of dispersion in the data range at the beginning and
end (days 5 and 17), taking into account the above explanation in relation to possible corpora
lutea established at the beginning of the control protocol of oestrus cycle (day zero) and
synchronization of wave growth achieved on day 5 [45]. Additionally, controlled ovulation
allowed a generation of corpora lutea on day 17 (sample 3), which differed in volume (5236.1
± 429.7) and was reflected at the end of the curve according to several P4 concentrations
established (>1 ng/ml.).
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2.1.6. Pregnancy rate

In relation to pregnancy percentage there are no differences (P>0.05) between treatments (see
Table 3), which is consistent with behaviour established between both variables discussed
(luteal volume and plasma P4 concentration). Therefore, the hypothesis “The day of application
of equine Chorionic Gonadotropin (eCG) determines a luteal development, a progesterone concentration,
and a pregnancy rate to recipient females of bovine embryos” is not entirely supported statistically.
One might note that the heifers undergoing treatment 1 (eCG day 5) showed 5% more
pregnancy than heifers undergoing treatment 2 (eCG day 8), but we cannot legitimately adopt
a conclusion.

Conflicting results have been reported in several studies. Authors such as Nasser et al. [26],
who used crossbreed embryo recipients (Nellore/Angus – Bos indicus/Bos taurus), synchronized
with a protocol for fixed-time embryo transfer (FTET), changing the eCG application day for
each group of animals used (400 IU day 5 or 8), found the following statistical differences of
plasma P4 concentration: 2.69 ± 0.38 ng/ml (eCG day 5) versus 1.63 ± 0.21 ng/ml (eCG day 8).
Statistical differences in pregnancy percentage (pregnant/transferred) were as follows: 63.4%
(eCG day 5) versus 36.1% (eCG day 8), using in vitro, freshly transferred embryos. One might
point out the lower plasma P4 concentrations established in that study, possibly caused by the
small corpora lutea of the typically smaller ovaries of the crossbred Nellore females, i.e., Bos
indicus, versus the Bos taurus used in this study (Holstein heifers).

Machado et al. [62] used Nellore cows (Bos indicus) and a protocol for ovulation synchroniza‐
tion with eCG (400 IU) applied on day 9 (synchronized cycle), and obtained 6927.49 ± 05.86
mm3 luteal volume and plasma P4 concentration of 8.15 ± 0.64 ng/ml. These results are higher
than those found in this study, but the females in that work were cows, not heifers, which
might also influence the results [38].

A plasma P4 concentration higher than that reported here has also been observed in other
studies conducted by Marques et al. [63], who set out to analyse the effects of eCG applied at
the time of implant removal with P4 in Brangus cows, and reported statistical differences of
8.6 ± 0.4 ng/ml in cows with eCG compared to 6.4 ng/ml in cows without eCG, confirming the
previous evidence by Baruselli et al. [37], who synchronized crossbred embryo recipients by
applying 800 IU of eCG on day 5, in relation to a synchronized cycle (growth of a new follicle
wave), establishing that any eCG application generates larger corpora lutea (>13 mm) on the
day of embryo transplant (84% of animals) and a pregnancy rate of 42% (with eCG) versus
34% (without eCG). These results show luteal development may be appropriate when eCG is
applied; P4 synthesis could thus be increased, aiding embryonic development. The period of
maternal recognition of pregnancy might benefit. This is evident in the pregnancy rates found
in previous studies [26] [64].

There may also be discrepancies here with the results of other researchers. For example,
Siqueira et al. [65] established no significant differences with crossbred cows (Bos Taurus/Bos
indicus) when applying eCG on day 5 (in relation to start of protocol). In that study, P4

concentration values reported on day 17 (in relation to a synchronized cycle) were 5.2 ± 5.0 ng/
ml; the luteal area was 72.4 ± 12.0 cm2 in pregnant cows and 71.4 ± 11.3 cm2 in cows that were
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no pregnant. It can be observed that the obtained P4 concentration values were very similar to
those obtained in this work – contrary to what we might expect, since one might assume that
the ovarian structures and P4 concentration of crossbred cows (Bos indicus/Bos taurus) would
be smaller than those established in our work, i.e., 5.12 ± 0.31 ng/ml, using pure Bos taurus
females (Holstein heifers). Heifers’ structures may be smaller than those in cow females [62].

Working with Bos indicus cows, but with no embryo transfer programme or hormone treat‐
ments, Aguirre et al. [66] reported 45% pregnancy, a rate similar to other studies, such as that
by Fuentes and De la Fuente [36], who used Holstein heifers treated hormonally (1000 IU eCG
on day 5 in relation to the treatment start), and reported pregnancy rates with frozen embryos
in glycerol of 54%, ethylene glycol 48%, and fresh 52% (no statistical differences). Rodrigues
et al. [67], working with recipient cows of Nellore embryos, reported pregnancy rates of 56%
(including eCG) compared to 37.8% (not including eCG); these rates are higher than those
reported by Pita et al. [68] working with Zebu crossbred heifers, who found rates of 44% with
frozen embryos using eCG on day 5 of the protocol, and 30% using eCG on day 8 of the protocol.
These figures are lower than those reported by Peixoto et al. [69] using recipient crossbred
Zebu and Holstein heifers (Bos indicus/Bos taurus), where eCG was not applied in synchroni‐
zation treatment – 63.7%, a similar percentage to that obtained here. Other approaches have
verified a range of figures for corpora lutea related to pregnancy rate. Siqueira et al. [65] using
a synchronization treatment for fixed-time embryo transfer (FTET) on crossbred recipients
(Bos taurus taurus/Bos taurus indicus) with fresh embryos (eCG applied on day 5 in relation to
the protocol start), established a pregnancy rate of 42.9% (in recipients with a single corpus
luteum) versus 61.9% (recipients with multiple corpora lutea). They concluded that higher
luteal tissue was accompanied by a higher P4 synthesis, and accordingly a higher pregnancy
rate, but this effect was not demonstrated in our study.

There are several related studies. Their results are mostly contradictory in relation to the
argument that the higher the luteal volume or area, the higher the synthesized plasma P4

concentration, and the higher pregnancy rates [70] [71]. Studies have used different protocols,
and some have applied equine Chorionic Gonadotropin (eCG) as hormonal support. In this
research, when eCG was provided on day 5 we were trying a follicle recruitment and selection
[72] which allows the stimulation of more than one follicle, culminating in multiple ovulation
and, in turn, generating greater luteal tissue [73]. This would synthesize a higher P4 concen‐
tration [10] and lead to a better embryotrophic environment [19] where embryonic develop‐
ment would be appropriate, favouring the maternal recognition of pregnancy. On the other
hand, treatment with eCG applied on day 8, when the follicle domain is established, seeking
a greater stimulation of dominant follicles (in some cases the largest subordinate follicle)
generates a greater luteal tissue, a greater plasma P4 concentration, and a higher pregnancy
rate [73]. Accordingly, one can say that treatment 1 (eCG day 5) and treatment 2 (eCG day 8)
are beneficial for pregnancy rates, taking into account the results cited. This result could stem
from increased plasma P4 concentration caused by eCG [51], which may have stimulated
embryo growth and optimized synchronization and secretion of IFN-τ; therefore, maternal
recognition of pregnancy happened at appropriate times [74]. This may have been produced
by a luteotrophic action caused by applying 400 IU of eCG [10].
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Since there are no differences (P>0.05) between treatments (eCG day 5 vs. eCG day 8) in this
research in terms of variables analysed in Table 3 (luteal volume day 17, P4 concentration day
17, pregnancy rate day 52), one might speculate on probable factors which could play an
important role during performance of treatments applied in the studies cited. These might
include dietary factors among others, which undoubtedly affect physiological reproductive
performance [40]. We should also take into account the species factor, by which there are
differences in hormone sensitivity [75]. Thus, one might infer that concentrations of 400 IU of
eCG will trigger different effects in indicus, taurus and their crossbreeds [38].

Figure 5 shows an overall average P4 performance for all heifers used in the study with three
samples (days 5, 9 and 17). This behaviour is evidenced by the reproductive status of heifers
(pregnant or not pregnant), where we can observe significantly higher concentrations during
the third sampling (day 17), compared to pregnant heifers – an average of 40.6% (1.585 ng/ml)
more plasma P4.

In relation to these concentrations, Siqueira et al. [65] used a synchronization treatment for
fixed-time embryo transfer (FTET), which used eCG applied on day 5 (in relation to protocol
start) in crossbred recipients (Bos taurus taurus/Bos taurus indicus). On day of transfer (day 17
related to a synchronized cycle) a P4 concentration of 5.2 ± 5.0 ng/ml in pregnant heifers was
established, compared to 3.8 ± 2.4 ng/ml for non-pregnant heifers; these results are similar to
those found in our research.

Other works, in which eCG has not been used, as in the study of Chagas et al. [49] who worked
with recipient Holstein cows and heifers which were transferred embryos at standing heat,
established a P4 concentration on day 0 (day of maximum follicle development) for pregnant
females of 0.22 ± 0.01 ng/ml, and for non-pregnant females of 0.21 ± 0.02 ng/ml, values similar
to our research. On transfer day (day 17 of this study) these authors established o2.92 ± 0.08
ng/ml for recipient pregnant females versus 2.88 ± 0.08 ng/ml for non-pregnant females. These
values are lower than those found in our study, where eCG seems to favour a luteinizing
process, influencing P4 synthesis and release [76].

Another study, by Lopes et al. [14], who used Holstein cows synchronized to Ovsynch,
established a P4 concentration on day of artificial insemination of 0.19 ± 0.01 ng/ml in pregnant
cows and 0.24 ± 0.02 ng/ml in non-pregnant ones, suggesting this hormone could be affecting
fertility even at these low concentrations. Moreira et al. [77] suggests low pregnancy rates for
cows with an inadequate corpus luteum regression after an injection of PGF2α. This is because
P4 concentrations may cause incomplete maturation of pre-ovulatory follicles due to low LH
circulating levels (alteration in mode of release), which compromises the follicle ovulation with
sensitization of follicle cells changing to luteal status, altering the oocyte release. There could
also be a change in P4 secretion, changing the uterine environment so that it may no longer be
appropriate for embryonic development; thus the concentration of IFN-τ may not be suitable
at the time of the “critical period” to generate an effective signal of maternal recognition of
pregnancy due to the asynchrony given in its growth.

As discussed above, our analysis shows that prostaglandin applied on day 5 (in relation to the
synchronized cycle) seems to have been effective in all heifers (eCG treatment 1, day 5, and

New Discoveries in Embryology246



Since there are no differences (P>0.05) between treatments (eCG day 5 vs. eCG day 8) in this
research in terms of variables analysed in Table 3 (luteal volume day 17, P4 concentration day
17, pregnancy rate day 52), one might speculate on probable factors which could play an
important role during performance of treatments applied in the studies cited. These might
include dietary factors among others, which undoubtedly affect physiological reproductive
performance [40]. We should also take into account the species factor, by which there are
differences in hormone sensitivity [75]. Thus, one might infer that concentrations of 400 IU of
eCG will trigger different effects in indicus, taurus and their crossbreeds [38].

Figure 5 shows an overall average P4 performance for all heifers used in the study with three
samples (days 5, 9 and 17). This behaviour is evidenced by the reproductive status of heifers
(pregnant or not pregnant), where we can observe significantly higher concentrations during
the third sampling (day 17), compared to pregnant heifers – an average of 40.6% (1.585 ng/ml)
more plasma P4.

In relation to these concentrations, Siqueira et al. [65] used a synchronization treatment for
fixed-time embryo transfer (FTET), which used eCG applied on day 5 (in relation to protocol
start) in crossbred recipients (Bos taurus taurus/Bos taurus indicus). On day of transfer (day 17
related to a synchronized cycle) a P4 concentration of 5.2 ± 5.0 ng/ml in pregnant heifers was
established, compared to 3.8 ± 2.4 ng/ml for non-pregnant heifers; these results are similar to
those found in our research.

Other works, in which eCG has not been used, as in the study of Chagas et al. [49] who worked
with recipient Holstein cows and heifers which were transferred embryos at standing heat,
established a P4 concentration on day 0 (day of maximum follicle development) for pregnant
females of 0.22 ± 0.01 ng/ml, and for non-pregnant females of 0.21 ± 0.02 ng/ml, values similar
to our research. On transfer day (day 17 of this study) these authors established o2.92 ± 0.08
ng/ml for recipient pregnant females versus 2.88 ± 0.08 ng/ml for non-pregnant females. These
values are lower than those found in our study, where eCG seems to favour a luteinizing
process, influencing P4 synthesis and release [76].

Another study, by Lopes et al. [14], who used Holstein cows synchronized to Ovsynch,
established a P4 concentration on day of artificial insemination of 0.19 ± 0.01 ng/ml in pregnant
cows and 0.24 ± 0.02 ng/ml in non-pregnant ones, suggesting this hormone could be affecting
fertility even at these low concentrations. Moreira et al. [77] suggests low pregnancy rates for
cows with an inadequate corpus luteum regression after an injection of PGF2α. This is because
P4 concentrations may cause incomplete maturation of pre-ovulatory follicles due to low LH
circulating levels (alteration in mode of release), which compromises the follicle ovulation with
sensitization of follicle cells changing to luteal status, altering the oocyte release. There could
also be a change in P4 secretion, changing the uterine environment so that it may no longer be
appropriate for embryonic development; thus the concentration of IFN-τ may not be suitable
at the time of the “critical period” to generate an effective signal of maternal recognition of
pregnancy due to the asynchrony given in its growth.

As discussed above, our analysis shows that prostaglandin applied on day 5 (in relation to the
synchronized cycle) seems to have been effective in all heifers (eCG treatment 1, day 5, and
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eCG treatment 2, day 8), since there was no evidence of luteal structures on the day of sample
2 (day 9 – maximum follicle development). Therefore, one might assume there was a pre-
ovulatory LH peak, taking into account of course the measurable concentration of P4 on that
day (day 9); one might also assume that this came from a luteinizing process during a domi‐
nance period of the ovulatory follicle [2] or a residual status of the P4 implant used [32], for
example. In conclusion, P4 may directly affect LH synthesis and release [78], which is evident
from Figure 6.

Moreover, in some cases plasma P4 concentration on day of embryo transfer (day 17) was
higher (numerically) in successfully pregnant females compared to those not pregnant (Figure
5). In this context, Duica [44] has shown a potential impact upon recipient Holstein heifers
treated with eCG on day 5 (in relation to treatment synchronization start), establishing
differences (P<0.05) between pregnant and non-pregnant females, which might somewhere
involve appropriate support in the uterine environment provided by P4 to the embryos
transferred, which are efficient in IFN-τ synthesis and secretion throughout their development
[19], aiding maternal recognition of pregnancy [18].

Figure 6 shows P4 concentration on day 9 of 33% (23/70) in successfully pregnant heifers. It is
evident that 17% (4/23) of these heifers showed P4 concentration lower than 0.1 ng/ml. In
contrast, 83% (19/23) of heifers had a P4 concentration higher than 0.1 ng/ml.

Of the 23 heifers that did not successfully become pregnant, 57% (13/23) belonged to treatment
group 1 (eCG day 5) and 43% (10/23) to treatment group 2 (eCG day 8). Of those in group 1
(eCG day 5) on day 9, 15% (2/13) showed decreased P4 concentration at values lower than 0.1
ng/ml, while 85% reported higher concentrations. Of those in group 2 (eCG day 8) on day 9,
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20% (2/10) showed decreased P4 concentration at values lower than 0.1 ng/ml, while 80%
reported higher concentrations.

Based on these results, we can suppose that a stronger decrease of P4 on the day of maximum
follicle development (sample 2 – day 9) to minimum levels should improve pregnancy rates.
This is because the expected LH peak may occur without difficulty with subsequent, appro‐
priate luteinization and ovulation [79]; cows that present supra-basal P4 levels may not become
fertilized. Additionally, this may affect ovulatory follicle luteinization, and thus the life
structuring or programming of the corpus luteum and P4 synthesis. Finally, it should be noted
that the uterus might also be damaged – there is evidence of imbalance between the steroid
hormones P4 and oestradiol, for example [80].

Figure 7 shows logistic function according to the treatment effect (eCG day 5 and eCG day 8)
of follicle diameter (dominant follicle – day 9), total luteal volume (day 17), and progesterone
concentration levels (day 17) upon pregnancy diagnosis. Only plasma progesterone concen‐
tration on day 17 (third sample) was significant (P<0.1) in terms of pregnancy probability.

As we can observe (10.1 ng/ml) one might infer there is an increasing probability of pregnancy
to the maximum P4 concentration value. We should also note that this increased probability
of pregnancy may increase to the maximum P4 level for the total animals used in this research
(treatment 1, eCG day 5; treatment 2, eCG day 8) in the range of values reported; however, we
cannot always expect that an increased P4 value increases the likelihood of pregnancy [25].
This can happen regardless of indications that blood P4 levels and uterine environment during
luteal phase favour pregnancy establishment and maintenance conditions [51].

In contrast to the results of this research, other works have not shown any significant effect of
P4 upon pregnancy. Siqueira et al. [65] used a synchronization treatment for a fixed-time
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Figure 6. Progesterone concentration – non-pregnant heifers (sample 2 - day 9).
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embryo transfer (in vivo and in vitro embryos), applying eCG on day 5 (in relation to the
protocol start) in crossbred recipients (Bos taurus taurus/Bos taurus indicus), applying a logistic
regression model, and showed that the only variable (P=0.0002) significantly affecting
pregnancy was the embryo type produced (in vivo and in vitro), not P4 concentration, corpus
luteum echo texture and area, animal category, embryo quality, or embryo development stage.

Rodriguez et al. [55] used several species and crossbreeds as recipients with transferred fresh
and frozen embryos, then assessed the effect of other independent variables (CL diameter,
P4 concentration, embryo stage, embryo quality and species) upon pregnancy diagnosis. They
did not establish any effect of any of these variables upon pregnancy diagnosis.

Other works have tried to relate pregnancy to other variables. For example, Peixoto et al. [69]
used crossbred Holstein and Zebu heifers (Bos indicus/Bos taurus) as embryo recipients to
determine which explanatory variables (transfer years: 1992-1999; season: autumn, winter and
spring; embryo species; embryo stage; embryo quality; and synchrony between donors and
recipients) might have a direct impact upon pregnancy. They established that the best logistic
model to explain pregnancy included effects of year, transfer time, embryo stage, quality, and
oestrus synchrony between donor and recipient.

Including other explanatory variables, Perry et al. [42] worked with synchronized crossbred
heifers under a CO-Synch protocol for artificial insemination, and established that a pre-
ovulatory follicle size (≥12.8 mm) predicted pregnancy at about 68.0 ± 4.9%, which decreased
with follicle size.
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Table 4 shows P4 profile comparisons (ng/ml) on the third sampling (day 17) using the Odds
ratio, according to the results obtained by performing the logistic regression proposed.

autumn, winter and spring; embryo species; embryo stage; embryo quality; and synchrony 
between donors and recipients) might have a direct impact upon pregnancy. They 
established that the best logistic model to explain pregnancy included effects of year, 
transfer time, embryo stage, quality, and oestrus synchrony between donor and recipient. 

Including other explanatory variables, Perry et al. [42] worked with synchronized crossbred 
heifers under a CO-Synch protocol for artificial insemination, and established that a pre-
ovulatory follicle size (≥12.8 mm) predicted pregnancy at about 68.0 ± 4.9%, which 
decreased with follicle size. 

Table 4 shows P4 profile comparisons (ng/ml) on the third sampling (day 17) using the Odds 
ratio, according to the results obtained by performing the logistic regression proposed. 

Table 4. Contrasting progesterone profiles – pregnancy Odds ratio  

Based on the results shown in the table, we might compare a heifer with a P4 concentration 
of 6 ng/ml (profile 1) to a heifer with a P4 concentration of 4 ng/ml (profile 2), and establish 
an Odds ratio of 2.72, indicating that it is 2.72 times more likely that the profile-1 cow should 
become pregnant than the profile-2 cow; therefore, pregnancy probability increases in line 
with P4 concentration. 
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Table 4. Contrasting progesterone profiles – pregnancy Odds ratio

Based on the results shown in the table, we might compare a heifer with a P4 concentration of
6 ng/ml (profile 1) to a heifer with a P4 concentration of 4 ng/ml (profile 2), and establish an
Odds ratio of 2.72, indicating that it is 2.72 times more likely that the profile-1 cow should
become pregnant than the profile-2 cow; therefore, pregnancy probability increases in line with
P4 concentration.

3. Conclusions

This study allows us to conclude that:

There was no effect of the day of application of eCG (day 5 or 8) on the number of dominant
follicles; however, the eCG did affect the follicular diameter when applied on day 5, relating
to the start of an oestrus synchronization protocol.

There was no effect of the day of application of eCG on the plasmatic progesterone levels on
days 9 and 17 in protocols of oestrus synchronization in Holstein heifers. In the same way, the
day of application of eCG does not affect the pregnancy rate evaluated on day 52 in Holstein
heifers.

Further works should focus on antiluteolitic strategies that allow pregnancy rates in heifer and
cow recipients involved in embryo transfer programmes to be improved.
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Based on the results shown in the table, we might compare a heifer with a P4 concentration of
6 ng/ml (profile 1) to a heifer with a P4 concentration of 4 ng/ml (profile 2), and establish an
Odds ratio of 2.72, indicating that it is 2.72 times more likely that the profile-1 cow should
become pregnant than the profile-2 cow; therefore, pregnancy probability increases in line with
P4 concentration.

3. Conclusions

This study allows us to conclude that:

There was no effect of the day of application of eCG (day 5 or 8) on the number of dominant
follicles; however, the eCG did affect the follicular diameter when applied on day 5, relating
to the start of an oestrus synchronization protocol.

There was no effect of the day of application of eCG on the plasmatic progesterone levels on
days 9 and 17 in protocols of oestrus synchronization in Holstein heifers. In the same way, the
day of application of eCG does not affect the pregnancy rate evaluated on day 52 in Holstein
heifers.

Further works should focus on antiluteolitic strategies that allow pregnancy rates in heifer and
cow recipients involved in embryo transfer programmes to be improved.
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