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Preface


The Color Atlas of Embryology is the product of an extraordinarily intense interaction between the author and illustrators. The design of each plate was perfected by Astried Rothenburger and Rüdiger Gay in collaboration with the author, enhancing the didactic effectiveness associated with a color atlas. The juxtaposition of the text and illustrations, as well as the corresponding headings, can be comprehended at a glance.

New topics are introduced by easily understandable overview plates, followed by detailed plates. This “window technique” allows a general orientation before the reader delves into more specific details. The student can use the overviews as introduction or as summaries and reviews for recapitulation and test preparation. The relevance of the individual plates is explained briefly in the introduction to the corresponding chapter.

Embryology, as a branch of anatomy, is a medical discipline. At the same time, it is concerned with the scientific question of how genetic information is processed during differentiation. The justifiable attempt to streamline medical education has led to curriculum restrictions in embryology, at the expense of the understanding of molecular biological correlations. In this atlas, therefore, the scientific background information has been included. However, it is presented apart from the information necessary for medical study. It thus can be called upon for understanding, but need not be worked through in an obligatory manner. The medically relevant knowledge, has been subdivided into human reproduction, a detailed description of the stages of human embryonic development, and the development of organ systems (see the table on the inside cover page). The three large portions of the book, “Human Development” (Chapter 2), “Scientific Foundations” (Chapter 3), and “Organ Systems” (Chapter 4–9) are correlated by crossreferences. Malformations are discussed in connection with the organ systems and in Chapter 10.

Chapter 2, “Human Development,” is based on the classic material from the Carnegie collection and from embryos of the Blechschmidt collection. In 1983,1 had the opportunity to become personally acquainted with the great embryologist, Erich Blechschmidt, at his home in Glottertal near Freiburg. I hope that his enthusiasm for morphogenesis is revealed in the nature of the presentation, as well as the fascination with the uniqueness of the prenatal development of man, that he made clear.

My special thanks go to Astried Rothenburger and Rüdiger Gay for their productive collaboration, as well as Thomas Bruhns, upon whose graphic reconstructions the following plates are based: in Chapter 2 plates 2.7A, 2.9, 2.11 to 2.15, 2.19, and 2.39; in Chapter 3 plate 3.20; in Chapter 4 plates 4.5B, 4.7A, 4.9B, 4.11, 4.19, 4.20, and 4.21B, as well as in Chapter 6 plates 6.2B, 6.3C, 6.6, 6.8, and 6.10 for heart development. Gesine Bachmann collaborated on the plates for comparative embryology. Petr Raikhmann set up the model for intestinal rotation (plate 7.7) with the Softimage program. I thank my colleague F. Degenhardt from Hannover for coordinating his ultrasound illustrations with the embryological preparations on plates 2.2, 2.32, and 2.37. I thank Anna Drews for reading and editing the proofs and Ute Drews for her collaboration in writing and putting together the text.



	Rottenburg, Summer 1993
	Ulrich Drews







The English translation was prepared by David B. Meyer and revised by K. Tamussino (Chapter 1) and S. Bieger. My thanks go to Dr. C. Bergmann at Thieme and the translators. On this occasion I would like to thank the Thieme publishing house, in particular Achim Menge, who initiated and supported the production of the atlas of embryology over many years.
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A. Neural folding takes place in stage 10 of human development

B. The anterior neuropore of the neural tube is shifted to the prosencephalon and the posterior neuropore to the tail bud

4.3 Spinal Cord

A. Proliferation of the neuroepithelium: for cell division, the neuroepithelial cells migrate toward the central canal, where finally the matrix zone forms

B. Differentiation: differentiated neurons settle in the mantle layer, the developing gray matter of the spinal cord

4.4 Spinal Nerves

A. Pioneer fibers lay down the tracks for the spinal nerves. Motor neurons form the basal plate and sensory neurons the alar plate of the spinal chord

B. The cauda equina develops when the growth of the spinal cord slows down relative to the growth of the spinal canal

4.5 Dermatomes

A. Dermatomes are derived from the somites and later on represent the supply regions of the spinal nerves in the skin

B. Due to plexus formation of nerve fibers, the supply regions of peripheral nerves differ from the dermatomes


4.6 Autonomic Nervous System

The cells of the autonomic nervous system migrate from the neural crest into the periphery. Sympathetic and parasympathetic centers develop in the lateral column of spinal cord and myelencephalon

II. Brain Vesicles

4.7 Neuromeres and Placodes

A. Neuromeres and placodes reflect the original segmental organization of the neural tube in the brain vesicles

B. The segmental organization of the pharyngeal arch nerves is determined by the neuromeres of the rhombencephalon

4.8 Brain Vesicles

The brain vesicles represent the functional organization of the brain. The three primary brain vesicles are shaped by the cephalic and cervical flexures and subdivided into the definitive parts of the brainstem

4.9 Central Sensory Pathways

A. The nerve tracts of the central sense organs first form central sensory pathways in the brainstem

B. After development of the telencephalon, they project from the centers in the brainstem into the cerebral cortex

III. Brainstem

4.10 Basal and Alar Plates

The rhombencephalon, general and special centers of pharyngeal nerves are inserted between the general motor and sensory columns also present in the spinal cord

4.11 Brainstem

The organization in basal and alar plate is recognized in modified form in all segments of the brainstem, from the myelencephalon up to the telencephalon

4.12 Cranial Nerves

A. The definitive course of cranial nerves is understandable from their association with the pharyngeal arches

B. Motor and sensory nuclei of origin are localized in the embryonic brainstem


Cerebellum

4.13 Cerebellum

A. The anatomical and functional organization of the cerebellum is derived from its development in the dorsal lips of the rhombencephalon

4.14 Cerebellar Cortex

B. In the cerebellum, an additional external matrix zone develops, from which the molecular and granular layers of the cerebellar cortex arise

Cerebrum

4.15 Overview: Rotation of Hemisphere

A. The expanding embryonic cerebral hemispheres cover the brainstem by performing a morphogenetic movement known as hemispheric rotation

4.16 Overview: Nuclei and Tracts

The basal ganglia develop at the floor and the cerebral cortex in the wall of the telencephalon vesicle

4.17 Cerebral Cortex

The cerebral cortex develops from neuroblasts, which arise in the inner matrix zone of the neuroepithelium and migrate into the marginal zone to form the cortical stratification by inside-out layering

4.18 Paleo-, Archi-, and Neocortex

A. In phylogeny, the paleo- and archicortex are displaced at the base of the cerebrum by the expansion of the neocortex

B. Paleo-, archi-, and neocortical segments can be delimited in the wall of the telencephalic vesicle at the end of the embryonic period

4.19 Pyramidal Tract

A. The pyramidal tract penetrates the basal ganglia and passes through the brainstem

B. The derivation of the nuclei of the extrapyramidal system correlates with their functional organization

4.20 Limbic System

A. Expansion of the neocortex determines the development of the lateral ventricles



B. Intercalation of the neocortex and the corpus callosum displaces the limbic system at the base and the medial wall of the cerebrum

4.21 Choroid Plexus and Hippocampus

A. Choroid plexus and hippocampus are invaginated into the medial wall in the ventricle and participate in hemispheric rotation

B. The hippocampus represents the displaced part of the archi-cortex

4.22 Commissures

The fiber tracts connecting the cerebral hemispheres course through the commissural plate in the lamina terminalis

Pineal and Pituitary Glands

4.23 Pineal Gland

A. The pineal gland originates from light-sensitive cells in the roof of the diencephalon in lower vertebrates

B. Pinealocytes stem from the neuroepithelium and differentiate into endocrine cells. The pineal gland is secondarily connected with the eye

4.24 Pituitary Gland

The anterior lobe of the pituitary arises from a placode in the roof of the stomodeum, the posterior lobe from an outpocketing of the diencephalon

Summary

4.25 Central Nervous System: Synopsis

The CNS is organized in functional levels superimposed to each other: the reflex arcs in the spinal cord and in the rhombencephalon, the extrapyramidal system, and the pyramidal tract. The cerebrum contains the representation of the central sensory tracts. It is subdivided into an epicritical neocortex and an emotional limbic system.


Chapter 5: Sense Organs

5.0 Introduction

Sensory Cells and Placodes

5.1 Evolution

A. Sensory cells in the ectoderm assemble into sensory fields (placodes)

B. Stimulus conduction is different in primary and secondary sensory cells

5.2 Placodes

A. In addition to the sensory placodes, dorsolateral and epipharyngeal placodes are formed in the embryo that are related to the pharyngeal arches

B. Before differentiation of sensory cells, mesenchymal cells migrate from the placodes

5.3 Transduction Chain

The transduction cascade of sensory cells involves G-proteins similar to those of hormonal receptors

Sense of Taste

5.4 Lateral Line Organs and Taste Buds

A. Hair cells, as water current sensors in the lateral line organs of fish and disseminated taste buds in the ectoderm, disappeared from the vertebrate head on transition to life on land

B. In the human embryo, still the majority of rudimentary taste buds regresses

Sense of Smell

5.5 Olfactory Organ

The olfactory placode gives rise to generating primary sensory cells, which send their axons to the brain

Sense of Vision

5.6 Optic Cup

A. The optic cup arises an invagination of the optic vesicle

B. The optic cup fissure (choroid fissure) results from the course of the hyaloid artery


5.7 Accessory Organs of the Eye

C. The stroma of the cornea is the continuation of the sclera, which, in turn, continues into the dura of the brain

Auditory and Vestibular Organs

5.8 Derivation of the Ear

A. The inner ear derives from the otic vesicle, the middle ear from the first pharyngeal pouch, and the external ear from the first pharyngeal cleft

5.9 Inner Ear

B. The endolymph of the otic vesicle corresponds to the internal and the perilymph to the external cerebrospinal fluid

C. Sensory hair cells in the cochlea develop and function similar to the sensory cells in the ampullae of the semicircular canals

5.10 Displacement of Primary Jaw Point

D. The primary jaw point is displaced into the chain of auditory ossicles

E. The auricle develops from the auricular hillocks around the first pharyngeal cleft


Chapter 6: Heart and Vessels

6.0 Introduction

Embryos such as aquatic vertebrates possess a simple circulation that prepares during development for the separation into a systemic and a pulmonary circulation

6.1 Overview: Circulatory Systems in the Embryo

In the embryo, the vitelline and placental circulation fulfill the functions of the portal and the pulmonary circulation

Heart Tube and Heart Loop

6.2 Formation of the Heart Tube

A. The heart tube arises in the visceral mesoderm and is separated in vertebrates with an embryonic disc in a left and a right blastema

B. During embryonic folding, the left and right heart primordia fuse under the pharyngeal gut to form the heart tube

6.3 The Cardiac Tube in the Human

C. In the human, the cardiac blastema lies as cardiogenic plate in front of the head fold and is shifted by a rotational movement below the foregut

Formation of Cardiac Septa

6.4 Transformation of the Heart Loop into the Heart

A. The left heart arises from the descending and the right heart from the ascending limb of the heart loop

B. In the heart loop, the structure of the definitive heart is performed via two laminar blood streams

6.5 Sinus and Atrium

A. The sinus venosus is transformed into the sinus cordis

B. In the atrium, the overlapping septum primum and septum secundum form around the main bloodstream from the inferior vena cava

6.6 Ventricles and Outflow Tract

In the outflow tract, the bloodstreams are separated by a spiral septum and the displacement of bulboventricular fold


Vascular System

6.7 Arteries

The large arteries are derived from the aortic arches (pharyngeal arch arteries)

6.8 Veins

The vitelline veins become the portal vein, and the cardinal veins become the venae cavae

6.9 Changes at Birth

At birth, the uniform placetal circulation is separated into the systemic and pulmonary circulations

6.10 Malformations

Defects in septum formation lead to incomplete separation of circulations after birth, the prognosis of which depends on the shunt volume


Chapter 7: Gastrointestinal Tract

Introduction

7.1 Overview: Digestive Tube

The intestinal tube arises by folding off from the yolk sac

Foregut

7.2 Derivatives of the Pharyngeal Gut

The endodermal pharyngeal pouches are transformed into the branchiogenetic organs comprising thyroid gland, tonsils, thymus, parathyroid glands, and ultimobranchial bodies

7.3 Cervical Sinus and Cervical Cysts

A. The tongue develops from the floor of the pharyngeal arches

B. The operculum, an extension of the first arch, grows over the 3rd and 4th arches, thus forming the cervical sinus from which branchiogenic fistulae or cysts may be left behind

Respiratory System

7.4 Lung Buds

A. Lung buds and trachea are derivatives of the foregut. Defective abscission from the esophagus may lead to esophageal atresia and esophagotracheal fistula

B. The lung buds grow dorsally and medially into the coelomic canals, which are transformed into the pleural cavities

7.5 Differentiation of the Lungs

C. The lung grows out like a gland. Its terminal pieces are the canaliculi, which after extensive branching, give rise to the alveoli

Umbilical Loop and Mesenteries

7.6 Overview: Mesenteries

Embryonic mesenteries are the routes for the vessels to the intestine, the course of which determines mesenteric relations after birth


7.7 Gastrointestinal Rotation

The rotation and tilting of the stomach and the rotation of the umbilical loop determines the position of the mesenteries and leads to displacement of ventral pancreas and fusion of bile and pancreatic ducts

7.8 Derivation of Situs

The definitive situs is derived from outpocketing of the greater omentum and fusion of mesenteries with the body wall

7.9 Liver

A. The liver differentiates from the endodermal liver recess; although the liver is originally a gland, the biliary ducts are only formed secondarily from liver plates in the functional units of the venous lobules

7.10 Malformations

Malformations arise from disturbances in the closure of the body wall and various degrees of malrotation of the gut


Chapter 8: Urogenital System

8.0 Introduction

8.1 Overview: Urogenital System

Female genital ducts arise from the pronephros and male genital ducts from the mesonephros, whereas the metanephros becomes the definitive kidney

Urinary System

8.2 Ascent of the Kidney

Ascent of the kidney is associated with the descent of vertebral column, the ascent of cauda equina, and the descent of heart and abdominal viscera

8.3 Differentiation of the Kidney

Renal pelvis and collecting ducts of kidney arise from the ureteric bud and the nephrons from the metanephrogenic blastema

8.4 Malformations of the Urinary System

The most frequent complication of an anomaly of kidney or urinary pathways is the ascending infection

Sexual Organs

8.5 Sex Determination

A. The “Sex determining region” on the Y-chromosome induces a testis, the hormones of which induce male development. Female development is constitutive

B. AMH and testosterone determine the sexual phenotype

8.6 Gonads

Primordial germ cells migrate from the yolk sac into the indifferent gonad, the somatic sex of which determines the development of oogonia or spermatogonia

8.7 Genital Ducts

The genital ridges fuse between the rectum and bladder to form the primordium of the broad ligament. In the male the par-amesonephric and in the female the mesonephric ducts regress


8.8 Downward Growth of Vagina

A. The ureters are separated from the genital ducts by incorporation of duct openings in the bladder, while the mesonephric and paramesonephric ducts grow further downward

B. In the female, downward growth leads to formation of the vaginal anlage, while in the male, downward growth is stopped by testosterone

8.9 External Genitalia

The male and female phenotypes arise from the indifferent anlage of the genital tubercle, urethral folds, and labioscrotal swellings

8.10 Intersexuality

A. The expression of an intersexual phenotype depends on the AMH and testosterone levels during development

B. Possible chromosomal, gonadal, and hormonal causes of intersexuality can be deduced from the cascade of sex determination


Chapter 9: Head

9.0 Introduction

The “head problem” comprises the question whether the vertebrate head is of metameric origin and whether metamerism is principally the same as in the trunk

9.1 Facial Swellings

The face develops from the facial swellings, disturbances of which can lead to cleft formation

9.2 Skull Base

A. The anatomical and functional organization of the cranial base can be deduced from development

9.3 Braincase and Facial Skeleton

B. The cartilaginous skeleton of the cranial base is expanded by the membranously ossifying neurocranium and viscerocranium

9.4 Cerebral Veins and Meninges

A. The venous plexus at the surface becomes enclosed between the layers of the dura by the expansion of the cerebrum

B. Sinus cavernosus and venous sinuses of the head correspond to the epidural venous plexus of the spinal cord

9.5 Malformations

Disturbances in neural tube closure lead to severe malformations of head and central nervous system


Chapter 10: Causes of Malformations

A. Definition of Congenital Malformations

Congenital malformations are morphological defects apparent by birth

B. Genetic Causes of Malformations

Genetic causes are spontaneous mutations, dominant and recessive inheritance, chromosomal anomalies, and disturbed expression of homeotic genes. Defined or unknown genetic defects lead to complex malformation syndromes, such as fragile X syndrome

C. Exogenous Causes

Exogenous causes are intrauterine infections, drugs, or radiation. Rubella or cytomegalovirus can cause specific malformation syndromes

The teratogenetic effect depends on the stage of embryonic development. Most organs are sensitive to teratogens during their blastemal stage of development in the embryonic period

D. Teratology

Teratology is the experimental or descriptive approach in the study of malformations. Teratogens act on the DNA level or may affect embryonic transduction chains. Phenocopy is the imitation of a known genetically determined malformation by treatment with a teratogenetic drug
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Chapter 1: Reproduction

Introduction



 

1.1 Life Cycle. In organisms with sexual reproduction, a maternal and a paternal set of chromosomes are united within a single cell, enabling an exchange of genes in the diploid organism. In the next reproductive cycle, the diploid set of chromosomes is again reduced to a haploid set. In Fungi and primitive plants, haploid and diploid cells constitute organisms with equal rights in the life cycle of the species.

The human life cycle similarly passes through a haploid and a diploid phase, the haploid phase being confined to the germ cells. A sperm cell thus corresponds to an independent unicellular organism (→3.0). From this perspective, the continuity of species resides in the germ cells; the diploid organism serves only to pass on the species’ DNA. As exemplified by the bacterial sex factor, recombination and passing on of chromosomal genes are fundamental molecular principles that already exist in bacteria.

1.2 Cell Cycle. The cell cycle refers to the events occurring in the life of a dividing cell. These consist of a G1 phase, followed by DNA replication (S phase), leading into the G2 phase with duplicated chromosomes, which finally segregate in mitosis. Meiosis represents a cell cycle with a single S-phase and two cell divisions, resulting in the formation of four haploid gametes. Diploidy is restored at fertilization by means of a cell cycle with cell.fusion.

As with other cell lines with stem cells, the germ cells go through a phase of proliferation and a phase of differentiation (→3.28). In germ cells, the proliferative phase occurs during embryonic development and is separated from the differentiative phase by a resting stage. Differentiation does not start before puberty and is preceded by the meiotic divisions.

In oocytes the basic pattern is modified. Meiosis already begins during embryonic development and is arrested in prophase of the first meiotic division. The “resting stage” (dictyate) comprises a true resting phase between the embryonic period and puberty and a highly active phase of differentiation during oogenesis. This modification reduces the number of mature ova, in which considerably more is invested than in spermatozoa. The coupling of the second meiotic division with fertilization is probably a protective mechanism that prevents the parthenogenetic development of the oocyte.

1.3 Chromosomes. The schematic illustration of chromosome structure in the mitotic cell cycle facilitates an understanding of meiosis. The representation of chromosomes as X-shaped structures is due to the microscopic technique employed to visualize chromosomes. Chromosomes are arrested in metaphase by colchicine. At this stage the chromatin fibers are duplicated and condensed. They have already separated from each other and are held together only in the centromere region, forming an X-shape.

1.4 Meiosis. The two essential processes occurring during meiosis are pairing of homologous chromosomes and recombination between chromatin strands. Exchange of DNA between paired chromatids occurs before the sites of “crossing over” (chiasmata) become visible under the light microscope. Crossovers are adhesive points between the nucleoproteins of chromosomes and are secondary to the actual DNA recombination event (although they had been interpreted as true breakage sites by early light microscopists).

“Lampbrush chromosomes” arise when chromosomes in the prophase of the first meiotic division, which have already become condensed for cell division, are uncoiled at genetic loci that are necessary for differentiation of the oocyte (maternal factors for embryonic development). Although transcription normally occurs only in G1, these loci can thus be transcribed in G2 phase.

1.5 Fertilization. For about 100 years, events occurring during fertilization could only be studied in marine animals with external fertilization, such as sea urchins. The use of appropriate physiological salt solutions has made it possible to carry out fertilization of eggs from mammals (i.e., organisms with internal fertilization) in vitro. In vitro fertilization is a medical treatment for infertility, for example in cases of inflammatory closure of the fallopian tubes.

1.6 Germ Line. The “germ line” concept was formulated by Nußbaum in 1886 and dates back to the observation that the primordial germ cells do not arise in the “germinal epithelium” of the gonad (→ 8.6). In amphibian oocytes, a cytoplasmic region that gives rise to germ cells can already be delimited at the oocyte stage. This cytoplasmic region contains mRNA that is partitioned to prospective germ cells by cleavage divisions. The mRNA that determines the differentiation of germ cells was transcribed in lampbrush chromosomes, and is therefore a “maternal factor” for embryonic development in amphibians. In mammalian and human development, these genes are not “switched on” until the third week, when germ cells arise in the yolk sac. The germ cells resemble the stem cells of the blood and are not unique in comparison with other determined cell lines.

1.7 Male Genital Organs. The description of these organs is centered on the path taken by sperm and on the function of the male glands in producing ejaculate. The representation of the prostate emphasizes the clinically important distinction between prostatic hypertrophy and prostatic carcinoma. In prostatic hypertrophy, the increased estradiol produced with age leads to the proliferation of periurethral glands, which displaces the actual androgen-dependent glandular tissue of the capsule and obstructs urinary flow. Prostatic carcinoma arises in the androgen-dependent glandular tissue itself.

1.8 Spermatogenesis. The Sertoli cells of the testis correspond to the follicular epithelial cells of the ovary. In the ovarian cycle, follicular epithelial cells develop into granulosa cells (→1.11). Sertoli cells and granulosa cells respond to FSH. The Leydig cells of the testis correspond to the theca cells of the ovary; these cells are stimulated by LH. The Leydig cells produce testosterone, which is converted into estradiol by the Sertoli cells. By analogy, the theca cells produce androgens that are converted into estradiol by granulosa cells.

1.9 Waves of Spermatogenesis. A standardized staging system is essential for the evaluation of spermatogenesis in the case of hormonal or genetic disturbances. The sequence of stages in the seminiferous epithelium results from waves of spermatogenesis. These waves are due to clones of spermatocytes synchronously undergoing spermatogenesis, with the daughter cells linked to each other by syncytial bridges.

1.10 Female Genital Organs. The description of these organs is centered on the physiology of sperm ascension and the prerequisites for fertilization in the ampulla of the fallopian tube. The significance of collagen for the closure of the vaginal part of the cervix (portio) during pregnancy and its loosening by relaxin at the onset of parturition is addressed in Plate 1.17. The physiological irritations at the portio and the overgrowth tendency of the vaginal squamous epithelium are significant factors in the development of epithelial carcinoma of the cervix.

1.11 Oogenesis. The size of the group of about 10–15 primordial follicles that constitutively begin oogenesis (i.e., without hormonal stimulation), may correspond to the original litter size of a mammal. In humans, the cycle is controlled by the dominant follicle, which initially profits from the hormone production of the remaining tertiary follicles of the group, but then induces their degeneration. In the case of an artificially induced ovulation, the dominant follicle as well as the remaining tertiary follicles can ovulate, so that multiple pregnancies can occur.

1.12 Ovulation. The oocyte is released from the ovary into the body cavity and picked up by the ciliated Fallopian tube, which is ontogenetically related to renal excretory ducts (→8.1). The evolutionary preservation of this primitive mechanism is explained by the fact that ovulation is a central step in the reproduction of a species and therefore permits no fundamental change. The hormonal control of ovulation, in contrast, is becoming more and more finely tuned by evolutionary selection, for example in regulating the exact movements of the Fallopian tube as an oocyte is collected.

1.13 Menstrual Cycle. The original hierarchy in the control of the sexual cycle begins in the pineal gland, in which the circadian rhythm originally is coupled to the length of the day and night by means of pineal light receptors (→4.23). The seasonal rhythm regulated by the lengths of the days and nights can be uncoupled from exogenous light stimuli and converted to an endogenous rhythm. The cyclic activities of the rhythm-generating center in the central nervous system (CNS) induce cyclic FSH and LH secretion from the pituitary gland and thus determine the maturation of the follicles and the cyclic reappearance of sexual receptivity (estrus). In the estrus phase, ovulation is subject to another central feedback mechanism: it is coordinated with mating behavior via the LH peak. In humans, regulation by external stimuli is further reduced. Ovulation is triggered independently of external influences by the dominant follicle itself, via an estrogen peak, which secondarily induces the LH peak. The induction of the LH peak and thus of ovulation can be inhibited by exogenously supplied steroid hormones (ovulation inhibitors). In a cycle without ovulation, the corpus luteum is absent. The decidua fails to differentiate in the second half of the cycle. The falling off of hormone levels at the end of the cycle leads to sloughing off of the endometrium.

1.14 Endometrium. The function of the endometrium is to nourish the fertilized oocyte and to implant the embryo. Its glands produce a nutrient-rich mucosal film in which the free blastocyst swims. In the compact zone, connective tissue cells are transformed into nutrient-rich decidual cells that can be phagocytized by the penetrating trophoblast cells. After menstruation or curettage, the endometrium regenerates from the basal zone, which contains the undifferentiated glandular ends and contracted stumps of spiral arteries embedded in the trabeculae of the smooth musculature of the myometrium.

1.15 Course of Pregnancy. Embryonic development has different implications for the clinican than for the embryologist. Until the conclusion of implantation, the embryo produces no signs of pregnancy. Defective implantations do not prevent menstruation but can lead to a prolonged and delayed menstruation. Up to the 10th week, pregnancy and embryonic development goes nearly unnoticed and has few effects on the mother. Clinically, pregnancy is the long period during which the fetus develops and influences the psychological and physical well-being of the mother. For the embryologist, in contrast, the major events occur in the embryonic period in early pregnancy.

1.16 Gravidarium (Pregnancy Calculator Wheel). A pregnancy can be precisely dated and a birth date calculated by means of a gravidarium. Because the gestation period, like all biological processes, is subject to a natural fluctuation, this calculation is only an estimate. To avoid ambiguity between lunar and calendar months, obstetricians date pregnancies in weeks. The weeks of pregnancy are calculated from the last menstruation so that a discrepancy of two weeks exists with respect to the true age of the embryo.

1.17 Hormone Levels. During pregnancy the hormone levels in the mother are profoundly changed. Steroid hormone metabolism is determined by the placenta and the fetal adrenal gland. Hormone levels are thus clinically important indicators in the course of pregnancy.

1.18 Birth. The difficulty associated with birth in humans is due to the size of the fetal head, which results from the development of the brain. The painful birth process is one of the key stimuli for the development of the mother-child bond.

 


Germ Cells

1.1 Life Cycle



A. Life Cycle in Diploid Organisms

Sexual reproduction is based on an alternation between the haploid and diploid phase of the life cycle. In the diploid phase, cells contain two sets of chromosomes, whereas in the haploid phase, only one set is present.

The diploid organism arises by the union of haploid gametes at fertilization (A1). The gametes fuse to form a diploid zygote (A2). The zygote grows by mitotic cell division to form the embryo (A3) and ultimately the diploid individual (A4). Early in embryonic development, the germ cells become segregated from the remaining somatic cells as a separate cell line. The germ cells multiply by mitosis in the gonads and undergo meiotic divisions (meiosis A5).

In mitosis (A4) all chromosomes of the diploid set duplicate and segregate into two identical daughter cells. In meiosis the duplication is followed by pairing and recombination of the homologous chromosomes. (Homologous chromosomes are the corresponding chromosomes that were contributed to the zygote by the two haploid gametes.) By means of two meiotic divisions, four haploid gametes (A6) arise without additional DNA synthesis. These gametes contain novel combinations of the homologous chromosomes in the diploid parent.

The normal individual (A7) consists of diploid somatic cells that withdraw from the life cycle upon death and are not reproduced in the next generation. Only the germ cells function in the passing on and the recombination of genetic information. The development of germ cells separately from the somatic cells is referred to as the germ line. Germ cell proliferation and differentiation take place in the gonads of diploid individuals, where there is protection from external influences. In mammals, not only fertilization but also fetal development is moved to the protected interior of the female sexual organs.

B. “Sexuality” in Bacteria

Sexuality may have originated as a mechanism of gene recombination, as exemplified in bacteria by the modified mode of infection used by bacteriophages.

1. Infection. Bacteria possess a ring chromosome of DNA. Bacteriophages are viral parasites of bacteria that can inject their DNA into a bacterial cell through a sex pilus. Inside the bacterium, synthesis of viral proteins proceeds until the bacterium undergoes lysis.

2. Transfection. Alternatively, after injection into the bacterium, the viral DNA may remain in the form of a ring-shaped plasmid. These plasmids often encode important genetic information for bacteria, such as resistance to antibiotics. Plasmids are passed on to other bacteria by transfection, a modified mode of infection involving the sex pili, which are encoded by the plasmid.

3. Conjugation. If the plasmid is integrated into the bacterial ring chromosome, the entire ring chromosome can be transferred to another bacterium of the same species via the sex pili. The homologous ring chromosomes pair, and crossing over and recombination of genes can occur.

In the ensuing cell division, unequal daughter cells are generated. One of the two daughter cells carries the genes encoding the sex pili, i.e., the “male determinants” necessary for conjugation. This mechanism corresponds to the species-specific adhesion of sperm to the zona pellucida, leading to the fusion of sperm with the membrane of the oocyte (→ 1.14 A4).
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A. Life cycle
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B. “Sexuality” in bacteria

 


1.2 Cell Cycle



A. Cell Cycle in the Germ Line

1. Mitotic Cell Cycle. A mitotic cell division begins with the S-phase (DNA synthesis) in which DNA and structural proteins of the chromosomes are replicated. After a brief G2 phase, the cell automatically proceeds with mitosis (M). In prophase of mitosis, the chromosomes become visible. In metaphase, they become organized at the mitotic spindle. The chromatids are separated and segregated to opposite cell poles prior to reconstitution of the 46 chromosomes in the nuclei of the daughter cells. Homologous chromosomes are independent of each other in the mitotic cell cycle.

2. Meiotic Cell Cycle. Meiosis consists of a cell cycle with one S-phase and two cell divisions (meiotic divisions). In prophase of the first meiotic division, the homologous chromosomes pair and undergo recombination. In the pairing process, the 46 individual chromosomes form 23 pairs of chromosomes, each containing 4 DNA strands, since the chromosomes were replicated prior to synapsis (pairing). Through the two meiotic divisions, in which Metaphase I and Metaphase II follow each other without S-phase, the chromosomes are ultimately distributed to four gametes, each of which contains 23 nonreplicated chromosomes (1.1 A5).

3. Cell Cycle with Cell Fusion. To restore the diploid state, meiosis must be followed by cell fusion. After the fusion of the haploid gametes (fertilization), two pronuclei arise in which the two sets of 23 chromosomes are replicated in an S-phase. The replicated chromosomes are arranged on a common spindle, which thus contains 46 replicated, unpaired chromosomes. This is the spindle of the first cleavage division.

B. Development of Male and Female Gametes

The development of germ cells comprises a phase of proliferation (mitotic divisions), meiosis, and the differentiation of the gametes. A resting stage is present between the embryonic period and puberty. Male germ cells rest as mitotic spermatogonia. Female germ cells pass through the resting stage and through differentiation in prophase of the first meiotic division.

1. Spermatogenesis. Sperm are small, motile cells that are produced in extravagant numbers. The stem cell of spermatogenesis is the spermatogonium. After puberty, spermatogonia proliferate in the seminiferous tubules of the testis. The last mitotic division produces primary spermatocytes, each of which give rise to two secondary spermatocytes by the first maturation division. The second maturation division yields four spermatids that differentiate into spermatozoa.

2. Oogenesis. The stem cells of oogenesis are called oogonia. Because only few mature ova are necessary, the majority of oogonia die during development. Oogonia undergo a phase of mitotic multiplication and enter into prophase of the first meiotic division during embryonic development. After pairing of homologous chromosomes, meiosis is arrested in the dictyate stage. During the ovarian cycle, growth and differentiation of oocytes take place while the oocytes remain in prophase of the first meiotic division. Transcription reaches maximum levels in the paired chromosomes, as structural constituents of the oocyte and mRNA for the young embryo are synthesized. The haploid state is ultimately produced when meiosis resumes. A series of unequal divisions takes place, during which the differentiated oocyte is preserved and the superfluous chromosomal sets are expelled as polar bodies containing minimal volumes of cytoplasma. The first polar body is expelled shortly before ovulation, whereas the second polar body is shed after fertilization.
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A. Cell cycle in the germ line
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B. Development of male and female germ cells

 


1.3 Chromosomes



A. Chromosome Structure

1. DNA Double Helix. Genetic information is encoded in the sequence of four nucleotides in a DNA double helix. The DNA spiral is 2 nm thick. Its morphological structure was revealed indirectly by X-ray crystallography.

2. Nucleosome. The DNA strand of a chromosome is wound in spirals around a chain of nucleosomes, which consist of basic nuclear proteins, the histones. The DNA filament makes 2 1/2 turns around each nucleosome. Nucleosomes are closely linked to each other by a small connecting protein that also belongs to the hi-stone family (H1). Preparation of chromatin for electron microscopy, however, leads to the stretching of chromatin strands so that nucleosomes resemble beads on a 10 nm-thick string.

During the evolution of eukaryotes, histones have remained highly conserved. These basic nucleoproteins are contrasted with the acidic nucleoproteins, which include enzymes such as DNA and RNA polymerases and other acidic regulatory proteins that determine the functional state of DNA (not shown).

3. Transcription. During transcription in the G1-phase of the cell cycle, the nucleosomes break down into their histone subunits. The coding and noncoding strands of the DNA double helix separate; mRNA molecules are transcribed from the coding (template) strand by RNA-polymerase. The double helix and the nucleosome structure are regenerated behind the transcription site.

4. Euchromatin and Heterochromatin. In transciptionally active regions of chromatin, the nucleosome chain is dispersed in the nucleoplasm (euchromatin). In regions in which transciption does not occur, the nucleosome chain is wound into a superhelix (heterochromatin).

5. DNA Synthesis. During replication of DNA in the S-phase of the cell cycle, nucleosomes again break down into their histone subunits. Replication of the two DNA strands by DNA polymerase produces a chromosome with two chromatin fibers, the DNA strands of which are wound around nucleosomes. The 46 unpaired chromosomes (2n), with a DNA content of 2c, thus give rise to 46 unpaired replicated chromosomes (2n) with a DNA content of 4c. Replicated chromosomes are not transcribed (exception: lampbrush chromosomes in oogenesis, → 1.4 A4b).

6. Superhelix. Chromosome condensation into a superhelix (35 nm) during prophase of mitosis resembles the process of heterochromatin formation.

At metaphase, the condensed chromatin fibers thicken into irregular loops inside a framework of structural proteins, forming the two chromatids (1000 nm) of the metaphase chromosome.

7. Metaphase Chromosomes. The free arms of an X-shaped (metacentric) chromosome are the separated chromatids, which are connected only in the region of the centromere, and which give rise to the chromosomes of the daughter cells in anaphase of mitosis. In the region of the centromere, the chromosome is attached to the spindle fibers (microtubules). The point of attachment consists of structural proteins and is called the kinetochore.

8. Chromosome Complement of Humans. The representation and classification of chromosomes in a chromosome complement is always based on the condensed, replicated metaphase chromosomes, since chromosomes are only visible in this state under the light microscope. Cells are lysed by treatment with a hypotonic salt solution, then are dropped onto a slide. Well-spread chromosomes are stained and photographed. The chromosomes can then be cut out of the photograph and aligned according to size in a karyotype.
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1.4 Meiosis



A. Chromosomes in Meiosis

Pairing of homologous chromosomes and recombination of genes occur in prophase of the first meiotic division (Prophase I). The protracted prophase is divided into four stages based on the light microscopic appearance of the chromosomes:

1. Leptotene (slender). Chromosomes are visible in the nucleus as slender filaments, with their ends anchored in the nuclear membrane. The adhesive points are grouped in a region of the nuclear membrane opposite the centriole (bouquet arrangement). The chromatin filaments of the 46 chromosomes are still tightly intertwined. As the chromosomes condense, the linkages are cut by specific DNAses and the integrity of the chromosome strands is restored by other enzymes (ligases).

2. Zygotene (paired). While continuing to unravel and condense, the homologous chromosomes pair (synapse), forming synaptonemal complexes. Each chromosome is schematically represented as a double line, although the replicated chromatin strands still cannot be recognized at this stage as individual chromatids. During the zygotene phase, recombination of genes by crossing-over takes place. When the paired chromosomes are spread and contrasted with electron-dense metal atoms, a central strand and two lateral elements, connected by banded structures, can be distinguished by electron microscopy (2a). The central filament and the lateral elements are composed of glycoproteins. The condensed and replicated nucleoprotein fiber of each homologous chromosome is arranged on a lateral element. The crossed-over loops representing sites of crossing-over are hypothetical.

In spermatogenesis, the X and Y chromosomes pair along the short arm. This pairing occurs in the “sex vesicle” (2b) which can be recognized light microscopically in the nucleus of spermatocytes. In spreads of metaphase I chromosomes, the sex chromosomes exhibit a tandem arrangement due to the end-to-end pairing.

3. Pachytene (short and thick). The chromosomes are maximally condensed. Cross-overs are still not visible. The paired chromosomes begin to separate from each other. In spermatogenesis, the primary spermatocytes persist longest in the pachytene stage (→1.8 A3).

4. Diplotene (doubled). Four individual chromatids (tetrads) and crossovers (chiasmata) become visible. A chiasma indicates where crossing-over has occurred. The homologous chromosomes no longer adhere to each other at the centromere, but remain connected at the chiasmata (4a). In oocytes, the first meiotic division is arrested at the diplotene stage (dictyate) and the chromosomes decondense. At the end of the resting phase, genetic loci necessary for maturation of the oocyte are activated as the oocyte begins differentiation in the ovarian cycle. Loops of DNA are unfolded from the nucleosome chains of the paired chromosomes and transcription takes place. In amphibia, the loops of these lampbrush chromosomes can be viewed under the light microscope (4b).

Metaphase I. As the centromeres of the recombined homologous chromosomes separate further, the chiasmata move to the ends of the chromosomes (terminalization). This results in the formation of a typical ring structure or double-cross structure of meiosis I chromosomes. The first meiotic division gives rise to two daughter cells with 23 replicated chromosomes.

Metaphase II. The second meiotic division immediately follows the first, without or with only a brief decondensation of chromosomes. As in mitosis, the chromosomes are separated last in the region of the centromere. Cytoplasmic bridges are preserved between the spermatids (as between the ova and polar bodies) (→ 1.8 A1).
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1.5 Fertilization



A. Stages of Fertilization

1. Acrosome Reaction. The acrosome of the sperm head contains hydrolyzing enzymes that are necessary for the penetration of the corona radiata and zona pellucida. The enzymes, in part, are firmly linked to the inner membrane of the acrosome. The acrosome corresponds to a large lysosome covering the apex of the cell nucleus. The acrosome reaction occurs shortly before contact with the oocyte. The cell membrane and the external membrane of the acrosome fuse with one another at many points (1a). The zones of fusion develop pores, through which the contents of the acrosome are released. The perforated remains of the membrane are cast off as the corona radiata is penetrated (1b). The basal segment of the acrosome remains intact at the equator of the spermatozoon, forming a membranous sac. At this point, the inner membrane of the acrosome covers the sperm head and is fused posteriorly with the original cell membrane (1c).

2. Adhesion of Sperm. The corona radiata consists of follicular epithelium, which plays a role in chemotaxis of sperm and in the induction of the acrosome reaction. The spermatozoon penetrates the corona radiata in a few seconds with powerful tail movements and then adheres for several minutes to the zona pellucida. This adhesion is species-specific, utilizing a mechanism similar to a receptor-ligand interaction.

3. Penetration of Zona Pellucida. After the adhesion phase, the spermatozoon penetrates the zona pellucida within a few minutes. It passes through the zona pellucida at an angle and meets the cell membrane of the oocyte tangentially.

4. Fusion of Cell Membranes. Small vesicles (cortical granules) lie under the cell membrane of the mature oocyte. Contact of the spermatozoon induces a circulating excitatory potential at the cell membrane of the oocyte, leading to exocytosis of the vesicles by a chain reaction. The vesicles release their contents into the perivitelline space between the zona pellucida and the oocyte cell membrane. Factors are liberated that modify the structure of glycoproteins of the zona pellucida, so that it is impenetrable to further spermatozoon (zona pellucida reaction). Contact of the spermatozoon with the oocyte cell membrane induces three processes: (1) The zona pellucida reaction is initiated, preventing the penetration of additional spermatozoa (block to polyspermy) (2) The block of metaphase II in the oocyte is removed (3) The metabolism of the oocyte is activated. Embryonic development begins.

As the sperm head penetrates the oocyte, the tail flagellum beats so powerfully that the oocyte is set into slight rotation and the tail of the spermatozoon slips completely into the perivitelline space. The strength of the flagellar stroke subsides suddenly. While the sperm head decondenses and swells to form the male pronucleus, the entire tail flagellum, which beats intermittently, is taken up into the oocyte, where it disintegrates. The oocyte is covered with a dense coat of microvilli (4a). (Only the plasma membrane region above the metaphase II chromosomes of the oocyte is free of villi and bulges out like a hillock.) The sperm head dips into the villi at the oocyte surface. In the postacrosomal segment, the sperm cell membrane fuses with the oocyte cell membrane (4b) and is incorporated into the oocyte membrane. Sperm head, neck, and tail sink into the oocyte yolk (4c).

5. Second Meiotic Division. At ovulation, the oocyte is arrested in metaphase II. Fertilization releases the block and the second polar body is expelled.

6. Pronuclei. The chromosomes of the spermatozoon and oocyte (haploid sets) decondense and form the female and male pronuclei.
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1.6 Overview



A. Human Germ Line

Zygote and Early Embryo. In the zygote and early embryo, each cell can give rise to either somatic or germ cells. Each blastomere of the zygote can give rise to an individual embryo when raised separately. The further development of each cell depends entirely on its future position in the embryo. The primordial germ cells can first be identified in the yolk sac in the 4th week (→ 8.6). They are induced there, together with the stem cells of the blood. On the basis of their high content of alkaline phosphatase(as in other mammals) they can also be identified histochemically in the human embryo.

Migration of Primordial Germ Cells. In the 4th week, the primordial germ cells migrate from the yolk sac to the indifferent gonadal anlage via the dorsal mesentery. During their migration, they multiply by mitotic division.

Colonization of the Gonadal Anlage. The germ cells proliferate further in the coelomic epithelium of the indifferent gonadal anlage.

Sexual Differentiation. Sex determination occurs in the somatic cells of the gonadal anlage. If a Y chromosome is present, a testis develops from the indifferent anlage; if no Y chromosome is present, an ovary is formed.

Germ Cells in the Embryonic Period. The number of oogonia reaches its maximum (7 million) in the 5th month. Following proliferation, the oogonia begin the first meiotic division (meiosis I). Follicular cells envelop the oogonia, forming primordial follicles in which the first meiotic division is arrested. Outside of the primordial follicles, the oogonia die. In the anlage of the testis, the primordial germ cells are incorporated into the testis cords as atogonia and enter into a resting phase.

Germ Cells at the Time of Birth. In the ovary, the oocytes rest in the primordial follicles, arrested in prophase of the first meiotic division (dictyate stage). In the testis, the spermatogonia rest as mitotic cells in the compact testis cords.

Differentiation at Puberty. In the ovary, there are still about 40 000 oocytes present. In each cycle, a group of ova begins differentiation. The paired chromosomes decondense (lampbrush chromosomes) and mRNA necessary for initiation of embryonic development is transcribed and stored in the cytoplasm of the oocyte (maternal factors). The first meiotic division is completed shortly before ovulation with the expulsion of the first polar body. The second meiotic division (meiosis II) is arrested in metaphase II. Ovulation takes place at this stage.

In the testis, the spermatogonia resume proliferation at puberty. The meiotic divisions and differentiation into sperm follow a fixed number of mitotic divisions.

Fertilization. Contact with a sperm releases the block of metaphase II. The second meiotic division proceeds, ending with the expulsion of the second polar body.

Zygote. After the formation of the pronuclei, embryonic development begins with the formation of a new zygote.

Regulation of the Law Protecting Embryos. According to the German embryo protection law of 13 December 1990, all diagnostic and therapeutic manipulations of the human germ line are prohibited. In the mammalian embryo (from fertilization to implantation), each cell of the zygote, and later on of the embryoblast has the potential to develop into a germ cell. Therefore, no diagnostic or therapeutic measure may be carried out, in particular after in vitro fertilization prior to implantation. Diagnostic tests by means of chorionic biopsy are permitted only after implantation.
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A. Human germ line

 


Male Organs

1.7 Male Genital Tract



A. Anatomy of Male Genital Organs

1. Testes and Epididymides. Sperm develop in the seminiferous tubules of the testis. These tubules are derived from the U-shaped testis cords and open at both ends into the rete testis. Each convoluted tubule forms a testicular lobule or segment. These segments are separated from one another by irregular connective tissue septa emanating from the compact testicular capsule (tunica albuginea). Together with fluid produced by the Sertoli cells, sperm are transported passively to the rete testis and then, via 10–20 efferent ductules, into the epididymis. 90% of the fluid secreted by the testis is resorbed in the epididymis. The principal cells in the convoluted duct of the epididymis (1a) possess branched cell processes (stereocilia) and are responsible for the nourishment and maturation of the sperm. The sperm are transported further by the peristaltic action of fibromyocytes lying closely apposed to the epithelium. In the epididymis, they first acquire the ability to move independently. In the tail of the epididymis (cauda), the duct of the epididymis widens; sperm are stored here and resorbed if not ejaculated. Transport through the epididymis takes 10–14 days.

2. Prostate and Seminal Vesicle. Before opening into the urethra, the vas deferens widens to form the ampulla and is joined by the excretory duct of the seminal vesicle. The prostate consists of glands located directly beneath the urethral epithelium (periurethral glands) that increase and become enlarged after the age of 40 (prostatic hypertrophy) and of tubuloalveolar glands extending into the rigid stroma of the prostate, which is permeated by smooth muscle cells.

3. Bulb and Urethra (sagittal section). The urethra of the penis is surrounded by the corpus spongiosum, which is thickened proximally to form the bulb. The bulbourethral glands open into the bulb, and submucosal urethral glands open into the roof of the urethra (3a).

4. Composition of the Ejaculate Preliminary Secretion: Before ejaculation (in the plateau phase), the bulbourethral glands and the urethral glands secrete a clear, alkaline secretion that may contain sperm that have become sequestered in the urethral glands (3a).

Ejaculate: The first fraction of the ejaculate is derived from the prostate and contains few sperm. The prostatic secretion is acidic and rich in citric acid and acid phosphatase. The middle fraction is the main fraction and consists of a mixture of aqueous (tail of the epididymis, site of sperm storage) and gelatinous (ampulla) secretions and the majority of sperm. The terminal fraction is purely gelatinous and is produced by the seminal vesicle. The secretion of the seminal vesicle is alkaline and rich in fructose and prostaglandins. As a whole, the ejaculate is alkaline (4–6 ml, 40-250 million sperm, pH 7.2–7.8); it coagulates within one minute after thorough mixing and becomes fluid again after 20–30 minutes. (In rodents, the secretions of the prostate lobes and the seminal vesicle produce a vaginal plug which retains the sperm in the vagina).

Sexual exitation. Erection of the penis is triggered by tactile stimuli of erogenous zones or centrally by psychogenic stimuli. The pads in the arterial arm of the cavernous bodies relax and the arteriovenous anastomoses open, causing the cavernous spaces in the cavernous bodies to fill. Since the pressure in the corpus spongiosum is lower than that in the corpora cavernosa, the urethra remains open. Ejaculation is induced by pulsating contractions of the vas deferens and of the muscles of the pelvic floor. According to Masters and Johnson, four phases of sexual excitement can be distinguished: (1) Excitation (psychic), Plateau phase (parasympathetic), (3) Orgasm (sympathetic) and (4) Regression (EPOR).
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A. Male genital organs

 


1.8 Spermatogenesis



A. Development of Leydig Cells and Seminiferous Tubules

Embryonic Period. In the testis anlage, the primordial germ cells colonize the testis cords, which are the anlage of the seminiferous tubules. They consist of Sertoli cells (supporting cells) interspersed basally with light staining spermatogonia. In the 12–20th embryonic week, the Leydig cells (interstitial cells) of the testis produce large amounts of testosterone, which is necessary for the differentiation of the male sexual organs and the male phenotype. During fetal life and early childhood, the seminiferous tubules remain in the resting stage. The Leydig cells regress and cannot be distinguished histologically from other connective tissue cells.

Puberty. At puberty, luteinizing hormone (LH) from the pituitary gland stimulates the Leydig cells while follicle stimulating hormone (FSH) stimulates the Sertoli cells. Testosterone levels rise. FSH and testosterone (T) induce spermatogenesis. The seminiferous tubules develop a lumen, enlarge, elongate, and complete a testicular segment (lobule) with many convolutions (→ 1.7 Al). Enlargement of the testis is caused by the multiplication and differentiation of the germ cells; the number of Sertoli cells remaining constant. Testis size is therefore a direct measure of spermatogenetic activity.

Cooperation of Sertoli and Leydig cells. Sertoli cells take up testosterone produced by the Leydig cells and transform it into dihydrotestosterone (DHT) by 5α-reductase action and into estradiol (E2) by aromatase action. Both hormones are then secreted, together with an androgen-binding protein, into the seminal fluid.

B. Spermatogenesis

The epithelium of the seminiferous tubules is formed by the Sertoli cells, which nourish and regulate the development of the male gametes. Sertolicell nuclei are lobed and possess one or two distinct nucleoli. The germ cells lie densely crowded in the deep invaginations of the Sertoli cells. During development, they advance toward the lumen of the seminiferous tubules.

Spermatogonia. The spermatogonia resume mitotic activity in puberty. All spermatogonia remain in contact with the basement membrane of the seminiferous tubules. The basal compartment containing the spermatogonia is separated from the adluminal compartment by special tight junctions between the Sertoli cells. The daughter cells of the last spermatogonial generation detach from the basement membrane and enter the adluminal compartment, becoming primary spermatocytes.

Meiosis. In the adluminal compartment, the primary spermatocyte enters prophase of the first meiotic division. The leptotene and pachytene stages are followed by formation of the spindle of the first meiotic division (metaphase I). Since the daughter cells (secondary spermatocytes) immediately begin the second meiotic division (metaphase II), a secondary spermatocyte with decondensed chromatin can rarely (in many species never) be observed.

Spermiogenesis. Spermatids emerge as daughter cells from the second meiotic division and differentiate into sperm: The cell nucleus condenses. A vesicle of the Golgi apparatus gives rise to the acrosomal vesicle, which caps the condensed cell nucleus, and forms the acrosome. The centriole develops into a flagellum with 9×2+2 microtubules. Mitochondria accumulate at the neck of the sperm and form a ring around the central filament. Excess cytoplasm is cast off as a residual body and may remain attached to the tail filament of the sperm. After detaching from the Sertoli cells, the sperm are transported passively with the fluid current. They become mobile only in the female genital tract.
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A. Development of Leydig cells and seminiferous tubules
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B. Spermatogenesis

 


1.9 Wave of Spermatogenesis



A. Spermatogenetic Wave and Classification of Stages

1. Syncytium Formation. During the mitotic divisions of the spermatogonia, cytoplasmic bridges remain between the daughter cells and are also preserved during the meiotic divisions. The descendents of a single stem cell thus form a large syncytium in which the developmental steps of spermatogenesis are synchronously completed. Because of syncytial formation, spermatocytes and spermatids in the same stage always reside together in groups within the seminiferous epithelium. The successive groups of syncytial germ cells progressing through stages of differentiation form the spermatogenetic wave.

A spermatogonium goes through six predetermined mitotic divisions. The daughter cells exhibit differences in nuclear structure and stainability, so that one can distinguish four generations of type A spermatogonia, one intermediate type, and one type B. From the clone of spermatogonia, one daughter cell (Type A4) ceases development and reverts to a resting spermatogonium. In this way, a constant number of stem cells are preserved and the germinal epithelium is not exhausted.

2. Spermatogenetic Wave. After stimulation of spermatogenesis by FSH, the spermatogonia along the seminiferous tubules begin development successively, producing a wave of succeeding developmental stages of spermatogenesis. Each developmental stage involves all the daughter cells of a spermatogonium connected in a syncytium (represented as one cell). The temporal and spatial organization of the spermatogenic wave is functionally linked to the seasonal sexual activity of a species.

a Shark: In the simplest case, for example in the shark, a new wave at any site in the germinal epithelium begins only after the mature sperm of the preceding wave have been released into the lumen. In a crosssection of the tubule, therefore, only spermatocytes or spermatids of one developmental stage are seen.

b Mouse: In other species (e.g., rodents) the waves of spermatogenesis overlap, so that two developmental stages of spermatocytes and one or two developmental stages of spermiogenesis are superimposed in the germinal epithelium.

c Human: Whereas in rodents the same combination of spermatocytes and spermatids is present everywhere in a tubular cross-section, in humans several areas with different combinations lie side by side, so that an organization in the sense of a spermatogenic wave is not recognizable. Reconstruction of serial sections shows, however, that waves of spermatogenesis can also be demonstrated in humans. They are arranged in overlapping spirals.

3. Stages in Human Germinal Epithelium. For histological evaluation of spermatogenesis, the combinations of spermatocytes and spermatids appearing in the germinal epithelium are defined by a classification of stages. In the mouse, stages I–XII are distinguished; in the human, stages I–VI. A given segment of the germinal epithelium in the seminiferous tubules passes successively through all the stages. A sequence of stages is called a cycle of the germinal epithelium. If one arranges the stages I–VI of the germinal epithelium in a cross section of the seminiferous tubule and connects the successive developmental stages of spermatogenesis with a line, a spiral is formed that begins with the spermatogonia at the basement membrane and ends with the sperm in the lumen. The spiral represents the spermatogenetic wave. A cycle in the germinal epithelium lasts 32 days in the human. The time of development from spermatogonium to sperm is about 90 days.
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