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      Stem cell research can be traced back for more than 20 years when scientists first isolated embryonic stem cells from mouse blastocysts, and a research article announcing the discovery of human embryonic stem cells emerged in 1998. Stem cell research field has rapidly expanded as new research and experience broaden our knowledge about different aspects of stem cell biology and applications. In the past decade, the stem cell field has grown very rapidly, and continues to be one of the most exciting aspects of biomedical research. This book brings together a number of topics that are related to stem cell development and behavior as well as stem cell applications in the treatment of different human diseases.




      Although we could not hope to be comprehensive in the coverage of stem cells of different tissues, our main aim in compiling this book was to bring together a selection of the current progress in understanding stem cell biology and development as well as potential applications of stem cells in the treatments of different human diseases.




      In preparing this book, we aimed at making it accessible to not only those working in stem cell biology field, but also to non-experts with a broad interest in stem cells and in human health. Our hope is that this book will be of value to all concerned with stem cell biology, development and application in medicine.




      



    




    

      Ahmed El-Hashash


      Children’s Hospital Los Angeles


      Keck School of Medicine and Ostrow School of Dentistry


      University of Southern California


      USA


    


  




  




  




  

    

      List of Contributors


    


  




  

    

      

        	Ahmed A. Abd-Rabou



        	Hormones Department, Medical Research Division, National Research Center, Cairo, Egypt



      




      

        	Ahmed El-Hashash



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Ahmed R. N. Ibrahim



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Alhassen Wadah



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Azza El Amir



        	Zoology Department, Faculty of Science, Cairo University, Giza, Egypt



      




      

        	Deshna Majmudar



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Elham M. Youssef Elabd



        	National Research Center, Suez University, Suez, Egypt



      




      

        	Hadeer A. Aglan



        	Hormones Department, Medical Research Division, National Research Center, Cairo, Egypt



      




      

        	Haifen Huang



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Hani S. Hafez



        	Suez University, Suez, Egypt



      




      

        	Hanaa H. Ahmed



        	Hormones Department, Medical Research Division, National Research Center, Cairo, Egypt



      




      

        	Jesse Garcia Castillo



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	John Ku



        	Anatomy Department, Faculty of Medicine, Mansoura University, Mansoura, Egypt


        Rehabilitation Science Department, College of Applied Medical Sciences, King Saud University, Riyadh, KSA



      




      

        	Manal E. Elsawaf



        	Faculty of Medicine, Tanta University, Tanta , Egypt



      




      

        	Marwa E. Elgayyar



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Mohamed Berika



        	Anatomy Department, Faculty of Medicine, Mansoura University, Mansoura, Egypt


        Rehabilitation Science Department, College of Applied Medical Sciences, King Saud University, Riyadh, KSA



      




      

        	Marwa Adel HasbySaad



        	Faculty of Medicine, Tanta University, Tanta , Egypt



      




      

        	Nahla M. Shoukry



        	Suez University, Suez, Egypt



      




      

        	Noha M. Osman



        	National Research Center, Suez University, Suez, Egypt


        Department of Molecular and Computational biology, University of Southern California, Los Angeles, USA


        Washington State University, University of Southern California, Pullman, USA



      




      

        	Safia Gilani



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Salaheldin S. Soliman



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Sameh Elshahawy



        	Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern California, 4661 Sunset Boulevard, Los Angeles, USA



      




      

        	Sara M. Abdo



        	Chemistry Department, Faculty of Science, Helwan University, Cairo, Egypt



      




      

        	Wajeet Nabil



        	Zoology Department, Faculty of Science, Cairo University, Giza, Egypt



      


    


  




  




  




  

    Stem Cells, Developmental Biology and Reparative/ Regenerative Medicine: Tools and Hope for Better Human Life




    


    Ahmed El-Hashash*




    

      Stem Cells, Regenerative Medicine and Developmental Biology Program, Children’s Hospital Los Angeles, Keck School of Medicine and Ostrow School of Dentistry, University of Southern, California, USA


    






    

      



    




    

      Keywords: Stem Cells, Developmental Biology, Regenerative Medicine.


    




    


    * Correspondence author Ahmed El-Hashash: Developmental Biology, Regenerative Medicine and Stem Cell Program, Saban Research Institute, Children’s Hospital Los Angeles, 4661 Sunset Boulevard MS 35, Los Angeles, California 90027, USA; Tel: 323-361-2764, 323-361-2258; Fax: 323-361-3613; E-mail: aelhashash@chla.usc.edu


    


  




  

    The development of all humans begins after the union of male and female gametes or germ cells during fertilization or conception. The fertilized egg or zygote is a large diploid cell that is the beginning, or primordium, of a human being. This fertilized egg undergoes rounds after rounds of both highly organized and tightly controlled cell division until it comprises many billions of stem and lineage specific cells that have self-renewal and self-repairing capabilities and form the human body. These processes are studied in a branch of science called developmental biology that explores how organisms develop and progress. As a developmental and stem cell biologist, who have investigated the mechanisms of organogenesis in different tissues and organs such as neural crest cells, placenta, kidney and lung, it becomes clear to me that, if we can understand these normal and fundamental mechanisms of developmental biology, then correcting abnormalities caused by congenital defects, repairing the injured tissues and even generation of functional whole organs from stem cells should be theoretically




    achievable. The stem cell field has grown very rapidly over the past decade, and continues to be one of the most exciting aspects of biomedical research. Stem cell is a fast growing filed of research, with an astonishing annual growth rate of 77% since 2008. The volume of research output, and thus publication, has therefore increased significantly in all areas of stem cell research. By now, the first functioning whole organ, thymus, has been generated in the laboratory, and the first in vitro fertilized human baby girl has children of her own. Research is currently underway in different laboratories worldwide to generate other functioning whole organs such as the intestine and kidney.




    Embryonic stem cells (ESCs) were isolated from mouse blastocysts by scientists in 1981, while human ESCs were first reported in 1998. Currently, adult-derived stem cells (ASCs) are also a favorite subject of intensive research investigation. Recently, ESCs are almost routine in the face of more advances in the medical field. More recent advances show the possibility to drive fully differentiated cells back-wards towards a more embryonic like state of induced pluripotency. This occurs by means of as few as four factors, and represents a major scientific discovery. Moreover, it has been recently shown that several classes of stem-like cells, which are originating from different mesenchymal compartments of the body such as the amnion, marrow, amniotic fluid, adipose, exert promising exert therapeutic effects in some inflammatory and fibrotic and diseases. In addition, neural stem cells can be programmed to selectively travel and attack inaccessible brain tumors. Furthermore, recent identification of endophenotypes, or latent risk factors, for certain types of aggressive cancers my eventually lead to designing novel strategies for cancer treatments. Together, these recent discoveries could identify the next generation of treatments emerging from our scientific discoveries.




    Scientists worldwide are applying new stem cell discoveries to the betterment of human diseases, which has brought forth much hope for better human life. The branch of translational research in tissue engineering and molecular biology, which takes advantage of rapid progress in our understanding of stem cell biology during development and adulthood, is called regenerative medicine. The hope for cures of different diseases has prompted different countries worldwide to invest in stem cell research and regenerative medicine.




    The United States, for example, plays a critical role in stem cell research, likes several other countries in the world. Many countries in Europe and Asia, in addition to Canada and Brazil, have leading centers for stem cell research and regenerative medicine. These research centers have significantly expanded the scope of stem cell research and their applications in the treatment of different human diseases.




    This book contains a global collection of monograph essays from collaborating research scientists at different research institutes and countries. They describe exciting progress in basic stem cell biology and regenerative medicine, including the application of stem cell therapy in different human diseases.
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      The question of how could a single cell develop into an animal has been asked for centuries. Since the seventeenth century, epigenesis and preformation theories have been two persistent ways seeking to explain the development of individual organic form. Nowadays, it is proved that both zygote’s genome and cytoplasmic determinants control development. Cell division, cell differentiation and morphogenesis then take place. To build an animal’s body, fertilization is the first step where a diploid number of chromosomes is restored. Fusion of egg and sperm activates the egg. Three stages then follow; cleavage, gastrulation and organogenesis. Cleavage pertains to the repeated mitotic division of a zygote into smaller cells, blastomeres. More cleavage results in a solid ball of cells called morula. With further cleavage a hollow ball of cells, the blastocyst, is produced. Gastrulation is a necessary event in developing a multicellular animal. During this process, the embryonic cells are rearranged to form a three layered embryo. Accordingly, cells acquire new positions enabling them to interact with cells that were initially far away from them. Many inductive interactions then occur to start neurulation and organogenesis. Early in vertebrate organogenesis, the notochord which forms in mesoderm leads to neural plate induction from the covering ectoderm. This neural plate forms the neural tube that will become the central nervous system. All other organs develop from folds, splits and condensations of cells. Thorough understanding of early mammalian development has initiated the era of embryonic stem cell generation and its use in medicine.
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      INTRODUCTION




      The question of how could a single cell develop into an animal has been asked for centuries. In the late 17th century, the scientists suggested the preformation theory. They suggested that the zygote contains an invisible miniature infant which becomes unfolded and expanded, and hence becomes larger during development. On the contrary, Aristotle, in his book “on the generation of animals” originated the theory of epigenesis. He proposed gradual emergence of form from un-form. Nowadays, it is proved that both zygote’s genome and cytoplasmic determinants control development [1, 2].




      Embryology is a part of a broader science, developmental biology, which deals with the study of emergence of a new individual from fertilized egg. Most of our knowledge in this field is collected from studying mice embryos and to a less extent other animal species including human. During the past decades, researches in the field of developmental biology have grown up dramatically through the extensive knowledge of whole genome sequences from different organisms, the advancement of imaging techniques, and thorough understanding of the role of stem cells in development and regeneration of organs and tissues. These studies have increased our knowledge regarding the cellular origins of organs and tissues and provided more understanding to the mechanisms coordinating cellular reorganization in morphogenesis. Morphogenesis in a complex multicellular organism means its ability to recruit, reorganize, and reshape groups of cells to form functionally specialized tissues and organs. The right cells must be relocated in the accurate place and interact at the right time in order to produce a tissue or an organ specified for a particular function. Monitoring cell fates provides valuable information about the origin of different organs and tissues. The behavior of cells appears to be a destiny rather than being a chance or a choice. When cells do not obey the rules, birth defects may result in. Moreover, prenatal experiences in combination with molecular and cellular factors may determine the potential to develop certain adult diseases.




      Mammalian development from fertilization till the first steps of organogenesis is the scope of this chapter. Although the duration of intrauterine development of mammalian embryos varies in length from 16 days in golden hamster up to 15-17 months in the rhinoceros or the cachalot, morphogenetic changes in the early phases of embryonic development are similar in different mammals [3]. These changes occur in an uninterrupted, overlapping developmental stages based on external and morphological criteria irrespective to age or length of the embryo [4]. Moreover, several reports suggested that the mechanisms of lineage specification may differ in a great extent among different species of mammals [5-8]. Thus, the aim of this chapter is to describe the early morphogenetic changes that happen in all mammalian embryos. We will focus on the specific characters confined to mammals which characterize the development of their embryos from other species. These characters can be summarized as follows:




      

        	Fertilization is internal.




        	The zygote produces two different groups of cells with different fates; embryonic and extraembryonic tissues.




        	The zygote is implanted into the maternal uterus.




        	The embryo gets his nourishment through his mother.


      




      Based on these characters, early mammalian development, from fertilization till the start of organogenesis, can be classified into three periods:




      

        	Mammalian pre-implantation development.




        	Mammalian development during implantation.




        	Early mammalian post-implantation development.


      




      Study of early development of mammalian embryos and thorough understanding of cell behavior open the door towards the era of embryonic stem cell generation and its clinical application. This current chapter is going to throw light on this issue.


    




    

      1. MAMMALIAN PRE-IMPLANTATION DEVELOPMENT




      The mammalian embryo is characterized by being attached to the maternal uterine epithelium during most part of its development. Accordingly, the mammalian zygote produces two different groups of cells: embryonic and extraembryonic tissues. The extraembryonic tissues are formed during the period of pre-implantation development and are required for implantation of the embryo into the uterus. This period starts with fertilization and formation of the zygote that is followed by multiple mitotic divisions called cleavage till the formation of blastocyst [9].




      

        Fertilization




        Building up an animal’s body is switched on by fertilization in which union of two radically different - looking haploid cells, sperm and egg, occurs. When the ovulated egg and ejaculated sperm meet each other in the uterine tube, subsequent multi-step events occur to form a zygote. However, prior to formation of a zygote, many biochemical, physiological and morphological changes must happen in both male and female gametes.




        

          Changes in Male Gamete




          At coitus, millions of sperms are deposited in the female vagina. However, only a small percentage of these sperms ascend to the uterus. Muscular contractions of the uterus and uterine tube draw the sperm from the cervix. Little movement is shown by sperm’s own propulsion. Researches have been done to study the essential genes that govern the journey of the sperm towards the uterine tube. Many observations have postulated that there is a recognition system between the sperm and the uterotubal junction which allows sperm entry to the uterine tube [10-12]. In addition, some evidence indicates that the arrival of sperms towards the egg side does not occur by a chance but rather by a chemo- attractant released from the follicle cells surrounding the egg [13]. In most of the studied mammalian species, including man, ejaculated spermatozoa are not able to bind to an egg and fertilize it immediately. They require a period of residence in the female genital tract through which they undergo multiple biochemical and physiological changes to become functionally competent cells. This period of conditioning is referred to as capacitation [14, 15]. Although numerous studies discussed this process, the actual mechanisms that govern capacitation have been obscure [16, 17]. During this process, the plasma membrane covering the sperm’s acrosome loses a glycoprotein coat as well as seminal plasma proteins. Only capacitated spermatozoa can pass freely through corona cells and interact with the extracellular glycocalyx egg coat, the ZP (Zona Pellucida) [13-15].




          The binding capacity of sperm to the ZP is species- specific [18]. After capacitation, the sperm must undergo a process called acrosome reaction prior to fertilization. The acrosome is a subcellular organelle located at the top of the sperm head. It contains multiple lytic enzymes and zona pellucida binding proteins. Multiple mechanisms take place to allow fusion of both the plasma membrane and outer acrosomal membrane, and hence the release of acrosomal contents. The release of these enzymes helps sperm to pass through the zona and come in contact with the plasma membrane of the oocyte [19, 20]. Finally, sperm binds to the plasma membrane and fuses with it.


        




        

          Changes in Female Gamete




          Sperm entry initiates Ca2+ oscillations in the oocyte. This sharp rise in Ca2+ activates the egg and stimulates the second meiotic division to be completed [21]. Activation of the egg also initiates the cortical reaction in which cortical granules release their contents outside the egg. As a result, the egg plasma membrane does not fuse with any other sperm that have penetrated the ZP. Further, the permeability of the ZP is altered and the species-specific receptors for sperms on the zona surface are inactivated. These changes act as a block to polyspermy [22] (Fig. 1).




          Upon fertilization, the definitive oocyte is formed while the second polar body is extruded. The nucleus of the definitive oocyte is known as the female pronucleus while that of the spermatozoon swells to form the male pronucleus. Both male and female pronuclei approach each other and then lose their nuclear envelopes. During this period, both nuclei must replicate their DNA. After DNA replication, chromosomes arrange on the spindle. A single diploid cell, the zygote, has been formed now and is ready for its first mitotic division [13].
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Fig. (1))


          Fertilisation: A. Spermatozoa meat the egg. B. Spermatozoa pass through corona radiata cells, and fuse with zona pellucida leading to acrosome reaction. C. One spermatozoon penetrates the egg membrane leading to cortical reaction.

        


      




      

        Cleavage




        Cleavage pertains to the repeated mitotic division of a zygote into smaller cells called blastomeres. Although, the number of cells within the embryo increases, its total cellular volume remains the same. The cytoplasm is distributed approximately equally among daughter blastomeres. More cleavage results in the formation of a solid ball of cells called a morula. Further cleavage produces a hollow ball of cells called the blastocyst. This process occurs post fertilization, while the conceptus migrates down the uterine tube. Because the maternal stores are of small amount, activation of the zygotic genome of the embryo must occur early at the end of the 1-cell stage by a minor burst. This is followed by a major burst at the end of the 2-cell stage with degradation of the maternal mRNAs [23-25].




        Up to the formation of eight cells, blastomeres are spherical and touch each other loosely with a symmetrically organized cytoplasm and a centrally located nucleus. Then, a process known as compaction proceeds. During this process, blastomeres flatten on each other. Thus, intercellular contact between blastomeres increase and adherens junctions appear between cells [26, 27]. The cytoplasm of each blastomere is reorganized into a highly asymmetric phenotype, while their nuclei migrate towards the centre of the embryo, and their surface microvilli are redistributed to the exposed surface. Thus, all the eight cells forming the embryo are polar with their apices facing outwards and their basolateral surfaces facing internally. However, with further division and formation of the 16-cell embryo, two cell populations are identified; polar and apolar. The polar cells are the outer or superficial cells which differentiate an epithelial phenotype, the trophectoderm. The apolar cells are the inner cells which form the ICM (inner cell mass). This means that compaction is crucial for generating cell diversity so early in the embryo [28, 29]. Thus, segregation of cell diversity takes place in the 16-cell embryo before blastocyst formation. After this initial segregation toward trophectoderm and ICM, their identities are governed by a small number of transcription factors [30, 31].




        In the next division (16 to 32 cells), cells divide leading to formation of both polar and apolar populations which join the trophectoderm and ICM respectively. After formation of 32- cell embryo, the outer polar cells (trophectoderm) permit transport of fluid in an apical to basal direction to create a cavity called blastocoel. With further division to 64 cells, this cavity enlarges to convert the morula to blastocyst. The inner cell mass cells appear at one pole and form the embryoblast, while the trophoblast (outer cells) forms the wall of the blastocyst. In late blastocyst, the trophoblast is identified as polar trophoblast that covers the embryoblast and mural trophoblast that surrounds the blastocyst cavity [32-34] (Fig. 2).




        Thus during early stages, cells become fully devoted to either trophectoderm or inner cell mass. Accordingly, the trophectoderm is considered the first differentiated tissue in the embryo. This tissue is necessary for the process of implantation of the embryo and later provides a contribution to the placenta. During early stages also, cells of the ICM begin to be arranged into two layers of cells namely primitive endoderm or hypoblast and epiblast cells. Cells that face the blastocoel form the primitive endoderm which later becomes the tissues of the yolk sac. The other deep cells form the epiblast which is the progenitor for all cells in the embryo [35].
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Fig. (2))


        Cleavage: A. Fertilized ovum. B. Two-cell stage. C. Four-cell stage. D. Eight-cell stage. E. Morula. F. Blastocyst.



        At the blastocyst stage, a polarity axis can be recognized where the ICM forms the embryonic pole while the trophectoderm facing the blastocyst cavity forms the abembryonic pole. Later, this embryonic – abembryonic axis represents the dorsoventral axis of the post- implantation embryo. Thus, at or even before implantation, the developing embryo shows both established dorsoventral axis and a bilaminar arrangement of its ICM cells [33, 36].


      


    




    

      2. MAMMALIAN DEVELOPMENT DURING IMPLANTATION




      Implantation is a necessary event during mammalian development which allows mammals to provide nourishment and protection for their embryos. The eventual objective of implantation in all mammals is to enable the conceptus to attain the maternal blood supply. The onset of implantation differs in different animals. It occurs 4 days post coitum in mice and 9 days in humans while it needs about 30 days after fertilization in cows [37]. The physiological mechanisms that govern the process of implantation and the morphological changes occurring in the embryo during this process can be easily studied and observed in different animal models [38-40].




      Although the morphological changes of the embryo during implantation are similar in all mammals, the blastocyst–uterine cell interactions differ in different species. Implantation in mammals has been classified into centric, eccentric and interstitial. The first category, centric implantation, occurs in cases where the blastocyst grows and comes into contact with uterine epithelium but without penetrating through it. This type is demonstrated in rabbits, dogs, cows, pigs, and sheep. In eccentric implantation, as in mice, rats and hamsters, the uterine epithelium shows an invagination which surrounds the trophoblast. In interstitial type of implantation, the trophoblast invades through the uterine epithelium and becomes imbedded into the endometrium. This type appears in humans and guinea pigs [41].




      Implantation involves multiple events starting from attachment of the blastocyst to the endometrial surface till the establishment of the utero- placental circulation. As a result of this blastocyst-endometrium interaction, morphological changes occur in both. At the site of implantation, the endometrium undergoes decidual reaction in which the endometrial stromal cells proliferate and differentiate into morphologically different decidual cells. The endometrium becomes extremely vascular and edematous. The endometrial glands become elongated and tortuous and secrete abundant glycogen and mucus. Soon after, the decidual reaction occurs throughout the endometrium [42]. There is evidence that decidual cells secrete insulin-like growth factor binding protein1 and prolactin which may be taken up by the trophoblast. These secretions probably play a role in the maintenance and growth of the conceptus in the early part of postimplantation development [33]. Meanwhile, multiple changes occur in the blastocyst involving the trophoblast and the ICM as well as the blastocyst cavity.




      For implantation to begin, the blastocyst hatches from its ZP, with the help of an enzyme similar to trypsin [33]. Hatched blastocyst expands and cells of the ICM are arranged into two layers to form a flat bilaminar disc. One layer is formed of small cuboidal cells roofing the blastocyst cavity (primitive endoderm or hypoblast), while the other layer consists of high columnar cells away from the blastocyst cavity (the epiblast). Soon, the epiblast layer acquires a small cavity known as AC (amniotic cavity). The epiblast cells which intervene between the AC and the trophoblast is termed amnioblast. Thus, the bilaminar disc lies between the amniotic cavity dorsally and the blastocyst cavity ventrally. Blastocyst approaches to the uterine wall to start the process of implantation. The trophoblast cells over the embryoblast pole are oriented towards the endometrium and adhere to it. L selectin on the trophoblast cells mediates the initial attachment of the blastocyst to the carbohydrate receptors on the endometrial epithelium. Moreover, the trophoblast cells express integrins for further attachment and invasion of the blastocyst to the uterine wall. Interaction of integrins with laminin molecules of the extracellular matrix enhances attachment, while integrins interaction with fibronectin promotes migration. This means, implantation is a mutual trophoblastic and endometrial action [13].




      Contact with the uterine endometrium induces the trophoblast at the embryonic pole to differentiate into an inner layer of mononucleated cells called cytotrophoblast and an outer multinucleated layer called syncytiotrophoblast. Cells of the cytotrophoblast layer continue to divide and migrate to the syncytiotrophoblast, where they lose their cell membranes and fuse together [13, 33]. Vacuoles appear in the syncytium at the embryonic pole and fuse together to form large lacunae. Meanwhile, cells of the syncytiotrophoblast invade the endometrial stroma and erode the lining of the maternal blood sinusoids. Accordingly, the maternal blood sinusoids become continuous with the syncytial lacunae leading to flow of maternal blood into the lacunar system and establishment of the uteroplacental circulation [43]. As implantation progresses, the expanding syncytiotrophoblast gradually envelops the blastocyst.




      Meanwhile, the hypoblast gives rise to a group of flattened cells which form an exocoelomic or Heuser’s membrane. This membrane lines the cavity of the primitive yolk sac while the hypoblast roofs it. Another type of cells appears between the cytotrophoblast and the lining of the primitive yolk sac, theextraembryonic mesoderm. This layer of cells is believed to originate in humans from the hypoblast/ primary yolk sac. In the mouse embryo, it arises from the caudal end of the incipient primitive streak and in addition, the trophoblast may contribute cells as well [34]. Then, the extraembryonic mesoderm spreads between the trophoblast externally and the amnion and the exocoelemic membrane internally. This is followed by the appearance of cavities in the extraembryonic mesoderm which fuse together to form the extraembryonic cavity (chorionic cavity). The chorionic cavity surrounds both the primitive yolk sac and the amniotic cavity except at the connection between the embryonic disc and the trophoblast, the connecting stalk (future umbilical cord). Cytotrophoblast cells proliferate and form cellular columns which penetrate through the syncytiotrophoblast to form primary villi. Further, the hypoblast gives rise to cells which migrate along the inside of the exocoeleomic membrane with formation of a new cavity within the chorionic cavity known as the definitive or secondary yolk sac [13, 33] (Fig. 3).




      Thus, when the implantation process is completed, the implanting embryo contains three cavities where the blastocyst cavity is now termed the chorionic cavity. This cavity is large and surrounds two much smaller cavities; the amniotic cavity and the secondary yolk sac. Later, a fourth cavity protrudes into the connecting stalk as a caudal hypoblastic diverticulum and is termed the allantois.


    




    

      3. EARLY MAMMALIAN POST-IMPLANTATION DEVELOPMENT




      When the process of implantation is completed, the embryo undergoes the process of gastrulation with formation of the three germ layers. Two crucial events then occur to induce organogenesis; the formation of the notochord and folding of the embryo. Meanwhile, further development of the trophoblast occurs where the central part of the primary villi is invaded with mesoderm to form the secondary villi. Later, some mesodermal cells, in the center of the secondary villi, differentiate into blood vessels to form the tertiary villi.
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Fig. (3))


      Implantation (interstitial type): A. Blastocyst adheres to the endometrium. B. Trophoblast differentiates into cytotrophoblast and syncytiotrophoblast and begins to penetrate through endometrium. Inner cell mass segregates into hypoblast and epiblast. C. The bilaminar embryonic disc separates between the amniotic cavity and primitive yolk sac. Multiple trophoblastic lacunae appear in the syncytiotrophoblast. The endometrial blood vessels are dilated. D. The trophoblastic lacunae join the maternal sinusoids with establishment of utero-placental circulation. Three cavities are present: amniotic cavity, secondary yolk sac and chorionic cavity. Note the extra-embryonic mesoderm and primary villi.



      

        Gastrulation




        After implantation of blastocyst, morphogenetic movements begin to occur to arrange the embryo into three germ layers; ectoderm, mesoderm and endoderm. Cells in these germ layers are the primitive building blocks for formation of organ rudiments. Thus, the cells in the different layers will ultimately have different developmental fates. These morphogenetic movements involve shape changes, migration, and intercalation of individual cells and groups of cells. As a result of these movements, cell populations from different germ layers that are required for formation of different organs or body parts are brought together. This approximation of tissues facilitates inductive interactions that are essential for lineage specification and tissue patterning [34, 44, 45].




        The first step in the process of gastrulation is the genesis of the primitive streak on the dorsal epiblastic aspect. The primitive streak is considered the site of the organizer cells. It appears at the caudal region of the embryonic disc as a collection of pluripotent cells oriented along its long axis in the median position. Its appearance determines the future craniocaudal axis of the embryo. The formation of primitive streak is induced by its underlying visceral hypoblast. The cephalic end of the streak is called primitive node which surrounds the primitive pit. At the primitive streak, the epiblast cells show a period of active proliferation [13, 46].




        Some epiblast cells migrate towards the primitive streak where they become flask shaped and separate from the epiblast to lie underneath it in a process called invagination or ingression. Migration of epiblast cells is controlled by FGF8 (fibroblast growth factor 8). FGF8 downregulates the protein, E-cadherin, which normally binds the epiblast cells. In addition, it regulates Brachyury T expression to control cell specification into the mesoderm. These ingressed cells either replace the hypoblast to form the embryonic endoderm or locate between the epiblast and the newly formed endoderm to form the intraembryonic mesoderm. The other cells in the epiblast layer form the ectoderm. Thus, great evidences denote that the epiblast cells produce all the germ layers that will differentiate to all tissues and organs in the developing embryo [13, 47] (Fig. 4A).




        Studies of cell destiny have suggested that the fate of epiblast cells is determined at or even before the time of their ingression into the primitive streak, denoting the high significance of their ingression for future differentiation. Many cells that ingress through the primitive streak and lie between epiblast and hypoblast start to move laterally and cranially. Some of these cells reach to the disc margin and even contact with the extraembryonic mesoderm. Passage through the streak is specified according to position. Cells that pass through the primitive node differentiate into the prechordal mesenchyme, the notochord, the definitive endoderm, and medial halves of the somites. The lateral halves of the somites arise from the most cranial aspect of the streak. The middle region of the streak gives the lateral plate mesoblast. The caudal aspect of the streak produces the primordial germ cells, whereas the terminal caudal portion contributes cells to the extraembryonic mesoblast.
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Fig. (4))


        Gastrulation and neurulation : A . Gastrulation: epiblast cells ingress through the primitive streak to replace the hypoblast cells with endoderm and to form the intraembryonic mesoderm. The remaining epiblast is considered ectoderm. B . The trilaminar embryonic disc is formed of the three primary germ layers; ectoderm, mesoderm and endoderm. Note the notochord in the mesodermal layer. C . Induction of neural groove and segmentation of mesoderm into paraxial, intermediate and lateral plate mesoderm. Note the neural crest. D . The neural tube is formed. The paraxial mesoderm differentiates into somites and the lateral plate mesoderm shows the intra-embryonic cavity inside.



        The remaining cells in the epiblast layer produce the neural plate and surface ectoderm of the embryo [33]. The ectoderm and endoderm are tightly adherent at both cranial and caudal ends of the embryonic disc to form the oropharyngeal and cloacal membranes respectively. When the cloacal membrane is formed, the allantois appears as a diverticulum from the posterior wall of the yolk sac projecting into the connecting stalk [13, 34].




        The first migrating cells through the node in the midline move cephalically to form the prechordal plate. It is seen between the oropharyngeal membrane and rostral part of the notochord. It is described as a temporary collection of cells which underlies the neural plate and it is composed of cells that are similar to, or larger and more spherical than, the ingressing endodermal cells [48]. First, the prechordal plate is formed of many cell layers that extend along the long axis of the embryonic disc. Then, the lateral cells of the plate migrate laterally and the height of the plate reduces. Later, these migrating cells form bilateral premandibular mesenchymal condensations [33]. Prechordal plate may also contribute to the oropharyngeal membrane [34]. In addition, the prechordal plate plays an important role in inducing forebrain [13, 34].


      




      

        Formation of the Notochord




        Some epiblast cells invaginate through the primitive node and go towards the prechordal plate along the midline. These cells are called prenotochordal cells that will form the notochordal plate. Because both the notochordal cells and the endodermal cells ingress at the same time, they are initially mixed together. However, when the hypoblast is replaced by endoderm, the notochordal cells proliferate and leave the endoderm to form the definitive notochord. For a short time during development of the notochord, the amniotic cavity and the yolk sac are communicated through an opening in the primitive pit termed neuroenteric canal. The primitive notochord helps in maintenance and development of the neural floor plate and has a role in induction of motor neurons. The definitive notochord is important for development of the axial skeleton [13, 34, 49].


      




      

        Establishment of the Body Axes




        When the primitive streak is formed along the midline of the caudal part of the dorsal aspect of the epiblast, the embryo becomes bilaterally symmetric. Three body axes; anteroposterior, dorsoventral, and left-right, can be identified so early. However, establishment of these axes are signalled by specific cells which express many transcription factors and secreted factors. In mouse embryos, cranial patterning actually occurs before the appearance of the primitive streak, as a result of signalling from the anterior visceral endoderm. This area produces genes crucial for head formation [1, 13, 34].


      




      

        Changes of the Shape of the Embryonic Disc




        Initially, the embryo appears as a flat rounded disc which gradually elongates and becomes pear shaped with its cephalic end broader than its caudal end. Growth of the cephalic end is because of the continuous migration of the cells through the primitive streak. Later, the primitive streak itself regresses, shrinks and disappears. The germ layers of the cranial part of the embryonic disc begin specific differentiation earlier than the caudal part. Thus, while the process of gastrulation is still proceeding in the caudal embryo, its cephalic part is differentiating, causing the embryo to develop cephalocaudally [13].


      




      

        Organogenesis




        Organogenesis or the embryonic period is the period when the three germ layers of the embryo differentiate into specific tissues and organs. It has been reported that both humans and mice encounter similar embryogenesis process and share most of their genes. However, the mechanisms that regulate these genes are so different that they lead to evident variations between species [50]. One of the major morphological changes in this stage is conversion of the flat embryonic disc into a somewhat cylindrical form by a process termed as folding.




        

          Embryonic Folding




          Embryonic folding occurs early during the period of organogenesis as the embryo rapidly grows and folds around the yolk sac, and thus creates the basic vertebrate body form, called the tube- within- a tube body plan. The main force responsible for embryonic folding is the differential growth of different portions of the embryo. As the cephalic and caudal ends curve around the ends of the yolk sac, the embryo becomes C-shaped with his head and tail almost touching. Meanwhile, the lateral margins of the embryonic disc fold around the sides of the yolk sac to form the ventral aspect of the embryo. The ventral body wall closes completely except for the umbilical region where the connecting stalk and yolk sac duct remain attached. This lateral folding encloses the primitive gut which later produces the digestive tract. Thus as a result of folding, each of the endodermal, mesodermal, and ectodermal layers of the embryonic disc fuse to the corresponding layer on the opposite side creating a tubular three dimensional body form [1, 34].


        




        

          Morphogenetic Changes of the Ectodermal Germ Layer




          Once formation of the definitive endoderm and intraembryonic mesoderm is complete, epiblast cells no longer ingress through the primitive streak. Thus, the remaining epiblast contributes the ectoderm, which quickly differentiates into the central neural plate and peripheral surface ectoderm. The ectoderm overlying the notochord and prechordal mesoderm is thickened to form the neural plate. Neural plate induction is regulated by inactivation of the growth factor BMP4 (bone morphogenetic protein 4). Thus, the initial step in the process of neurulation is the neural plate formation. Absence of inactivation of BMP4 directs the ectoderm towards the formation of epidermis and the mesoderm towards the formation of intermediate and lateral plate mesoderm. In general terms, the ectodermal germ layer differentiates into the epidermis, the nervous system, and the sensory epithelium of ear, nose and eye. In addition, it produces the enamel of the teeth, the hair, the nails and some glands as subcutaneous glands and mammary glands [13].




          After formation of the neural plate, multiple morphogenetic events occur leading to formation of the neural tube. The lateral edges of the neural plate become elevated to form the neural folds while its midregion becomes depressed to form the neural groove. The two neural folds approach each other to fuse forming the neural tube (Fig. 4B, C, D). The fusion level differs among species. In the human embryo fusion starts at the cervical region and proceeds cranially and caudally. Neural tube is connected by openings called neuropores at its cranial and caudal ends with the amniotic cavity. Later, both cranial and caudal neuropores close rendering a closed neural tube which will form the future spinal cord and brain vesicles [13, 51, 52].




          Cells from the lateral border of the neuroectoderm form theneural crest (Fig. 4C). The neural crest cells are multipotent migratory cells characteristic to the vertebrate embryo. These cells detach from the neighboring cells and migrate to the underlying mesoderm and undergo an epithelial-to-mesenchymal transition. The migrating crest cells give rise to a heterogeneous collection of structures as adrenal medulla, dorsal root ganglia and sympathetic chain ganglia. In addition, they contribute to formation of other tissues as pigment cells, smooth muscles and craniofacial cartilage and bone [53, 54].


        




        

          Morphogenetic Changes of the Mesodermal Germ Layer




          The ingressed cells that lie between the definitive endoderm and the epiblast form the intraembryonic mesoderm. Initially, these cells arrange on each side of the midline to form the paraxial mesoderm. More laterally, the mesodermal cells form the lateral plate mesoderm. Many cavities appear and communicate inside the lateral plate mesoderm to form the intraembryonic cavity which communicates with the extraembryonic cavity. The wall of the cavity which is related to the amnion is called the parietal mesoderm while that in relation to the yolk sac is called visceral mesoderm. Intermediate mesoderm intervenes between paraxial mesoderm and lateral plate [13].




          The paraxial mesoderm begins to be organised into segments termed somites. These somites form periodically in an obvious head-to-tail sequence. Thus, the age of the embryo can be accurately determined during this early time by counting somites. However, the paraxial mesoderm in the future head region forms bands of cells that remain unsegmented as the head mesoderm [34]. Later, each somite is divided obliquely into ventromedial part called sclerotome and dorsolateral part called dermomyotome. Many structures are derived from somites including the vertebral column, part of the occipital bone, the voluntary musculature of neck, body wall and limbs and also the dermis of the back [34, 55, 56].




          The cells of the intermediate mesoderm differentiate into segmental cell clusters in the cephlaic part of the embryo termed nephrotomes and caudal unsegmented mass of tissue termed nephrogenic cord. Urogenital structures develop from this intermediate mesoderm [13, 34].


        




        

          Morphogenetic Changes of the Endodermal Germ Layer




          The first ingressing epiblast cells invade the hypoblast and displace its cells thus create the definitive endoderm. As a result of embryonic folding, the endodermal germ layer is incorporated inside the body of the embryo to form the primitive gut tube which is divided into foregut, midgut, and hind gut. The gut tube communicates with the yolk sac at the region of the midgut by the vitelline duct. The cephalic end of the foregut is closed by the oropharyngeal membrane which when ruptures the oral cavity connects with the primitive gut. Similarly, the hind gut is bounded caudally by the cloacal membrane which when ruptures form the opening for the anus. Definitive endoderm produces the epithelial lining of the alimentary tract, respiratory tract and urinary bladder. In addition, it contributes in formation of a variety of multiple cells and tissues including liver hepatocytes, pancreatic ß cells, lung alveolar cells, thymus and thyroid [57, 58].


        


      


    




    

      EMBRYONIC STEM CELLS




      

        Introduction




        The study of early development of mammalian embryos suggests that a diverse range of pluripotent cells exists in vivo. As previously mentioned, the blastocyst stage shows two distinct lineages that possess morphological and molecular differences: the trophectoderm and the inner cell mass. Later, the ICM segregates into epiblast and hypoblast, which differ in their molecular signature [59, 60]. The epiblast cells are pluripotent and they differentiate during gastrulation, to give rise to the three primary germ layers from which all adult tissues are derived. After the process of gastrulation is completed, the only source of pluripotent stem cells in the embryo is the primordial germ cells derived from the epiblast.




        ES (Embryonic stem) cells are derived mostly from pre-implantation embryos and they represent permanent pluripotent stem cell lines. Currently, there is growing interest to study the potential therapeutic uses of human ES cells. ES cells originate from the inner cell mass of the blastocyst. Being pluripotent, these cells have the ability to give rise to different cell types of the body. After implantation, they generate other cell types with more restricted developmental potential. However, in vitro and under certain culture conditions, ICM cells possess the capacity to renew indefinitely in the form of ES cells which retain the pluripotency character. The first reports declaring the generation of mouse ES cells were in 1981 [61, 62], but derivation of human ES cells was first reported in 1998 [63]. The field of stem cell research is rapidly growing and new pluripotent cell lines are progressively isolated. Several research groups have succeeded in generation of stable pluripotent cells from rat and mouse epiplast of post-implantation embryos [64, 65].


      




      

        Embryonic Sources of Stem Cell Lines




        Currently, human pluripotent stem cell lines have been derived from many embryonic sources. In these approaches, viable cells are isolated during an early phase of development and then, they are grown in suitable culture conditions. One of the methods used for generation of human ES cells is the use of embryos that have been collected for IVF (in vitro fertilization) and are no longer needed for reproductive issues. The ICM cells are derived from a donated blastocyst at approximately five days after IVF and then placed into a specialized culture medium. Stem cell lines are generated and can be directed to give rise to cells and tissues of different lineages [66-68] (Fig. 5). However, ethical considerations may restrict the use of this approach as the embryonic cells are derived from viable embryos. Moreover, cells derived by this approach may encounter immune rejection [13]. ES cell lines can be also generated from IVF embryos which are discarded from implantation in a woman seeking fertility treatment. Although these embryos had stopped dividing, the human stem cells derived from them are still pluripotent and have the ability to generate cells from different germ layers [69, 70].




        Another method for production of human stem cell lines is the isolation of primordial germ cells from post implanted embryos (aged 5-7 weeks). Depending on the sex of the developing embryo, these primordial germ cells are directed to produce either oocytes or sperm cells after being placed into culture. Then, embryonic germ cell lines are generated which resemble the ES cells in many properties [71, 72]. However, the clinical use of these cells needs a comprehensive understanding of their generation and behavior. Most recently, a new approach called somatic nuclear transfer or therapeutic cloning is recorded. In this approach, nuclei are taken from adult cells as skin and reintroduced into enucleated oocytes. Stimulation of oocytes allows them to produce blastocysts, and then ES cells are isolated. Being derived from the host, these cells possess genetic compatibility and this technique gains more acceptability because no fertilization is involved [13].
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Fig. (5))


        Embryonic stem cells: A. Derivation of pluripotent cells from inner cell mass of the blastocyst. B. Incubation of derived cells in culture. C. The cells divide to make copies of themselves. D. The cells can differentiate into different types of cells from various lineages.

      




      

        Non-Embryonic Sources of Stem Cell Lines




        Stem cells can be also derived from non-embryonic tissues like placenta, amniotic fluid and umbilical cord. Other types of stem cells can be also obtained later in development or from the adult from particular tissues as hematopoietic or neural stem cells. Although these cells are expected to differentiate to the tissue from which they originate, great evidence shows their potential to produce other cell types under appropriate environmental conditions [73-76]. Recent researches have used adult stem cells extracted from rat brains in the treatment of Parkinson’s disease in rats [13]. Thus, appropriate extrinsic environmental conditions can overcome stem cell restrictions and increase their plasticity. Currently, researches are done in many laboratories in order to achieve this aim.


      




      

        Embryonic Stem Cell Generation and Fate




        Some studies on mouse embryos have explained that ICM cells change significantly during derivation of ES cells [77]. During this phase, genes controlling the self renewal are up-regulated while genes controlling developmental differentiation are down-regulated. These changes are associated also with alterations of particular epigenetic regulators. Thus, the developmental program which occurs normally in vivo is arrested to allow the conversion of ICM cells to ES cells in vitro. Although there is acquisition of unlimited self renewal, the cells still retain the ability to differentiate into different cell types. Changes in epigenetic regulators render the acquired epigenotype stable which is important for the inherent plasticity of ES cells. Embryonic stem cells possess some new properties that are not found in cells of intact embryos. When ES cells exposed to tissue culture, they are stimulated by a variety of extrinsic factors that are not found in vivo. Adaptation of ES cells to these culture conditions allows them to gain new functions, and thus they possess the ability to proliferate indefinitely in an undifferentiated manner [78, 79].




        Since 1998, many researches have been done to study the function of different genes that control the differentiation of human ES cells to produce different cell types. Actually, numerous factors influence the process of differentiation. Right knowledge of techniques enabling ES cells to produce different cell types can help scientists to use them in research work, transplantation therapy and drug discovery [80-82]. However, a more holistic understanding of the molecular mechanisms that govern the differentiation of pluripotent cells must be needed before the use of stem cells in clinical application. Extensive studies must be done to follow transplanted cells to be sure that they do not continue dividing which may lead to formation of a stem cell tumor. Moreover, scientists must be sure that transplanted cells will not be rejected by the patient’s immune system.


      




      

        Clinical Application of Embryonic Stem Cells




        The pluripotency of ES cells offers an equivalent source for human tissues that can be used in basic research. For decades, researchers have relied on animal models for testing the efficacy and safety of drugs. However, because animal and human tissues possess many species- specific differences, many hazards have been encountered [83, 84]. Hence, cells derived from human ES cells can be used for testing the drugs to ensure more effective and safer treatments.




        Human ES cells also can be used for treatment of some degenerative diseases by producing tissues for transplantation therapies. Cells derived from human ES cells may replace dopaminergic neurons in Parkinson’s disease or insulin producing cells in diabetes, and thus could generate a lifelong treatment for multiple disorders [85-90]. Human embryonic stem cell lines may provide the scientists with a broad understanding of the differentiation of human tissues which may help them in managing infertility, birth defects, abortions, and intrauterine fetal deaths. Moreover, scientists can use stem cell lines derived from embryos identified with genetic disorders, such as thalessemia, muscular dystrophy, Marfan syndrome, neurofibromatosis and other genetically- based disorders for more understanding and exploration of these diseases [91].
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