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The Reproductive System and Reproduction

PRÉCIS

Vertebrates reproduce and perpetuate their species by sexual reproduction. The method of sex determination, the pattern of reproduction, and the structure of the gonads and reproductive passages vary greatly among vertebrates and relate to their modes of life and the environments in which they live. Reproduction is integrated by gonadal hormones that interact with the hypothalamus and hypophyseal hormones.
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Tunicates can reproduce asexually by budding, as well as sexually, but the reproduction of cephalochordates and craniates is exclusively sexual. Sexual reproduction is thought to ensure the recombination of genetic material necessary for the maintenance of genetic variation and evolutionary flexibility in a population. However, some vertebrate species and populations within a species are entirely female. The eggs are activated in ways other than by normal fertilization, a chromosome doubling restores the diploid number, and the eggs develop parthenogenetically (Gr., parthenos 5 virgin 1 genesis 5 descent or birth). This would seem to reduce genetic recombination, but the known parthenogenetic populations have evolved by interspecific hybridization, so considerable genetic diversity is maintained by the way parental chromosomes become distributed during meiosis and subsequent chromosome doubling. Examples are seen in the whip-tailed lizards, Cnemidophorus, in some populations of the salamander Ambystoma (which are triploid), and in a tropical teleost species, the Amazon molly, Poecilia.

Sex Determination

Genetic recombination through sexual reproduction requires that some individuals in a population be female, and others, male. Determining sex is far more complicated than generally realized. Sex is determined in birds and mammals genetically at the time of fertilization. This pattern is known as genotypic sex determination. In mammals, the expression of a gene known as SRY directs the differentiation of the embryonic gonad in the male direction (Haqq et 
al., 1994). SRY promotes the synthesis of the male hormone (testosterone) and the production of Müllerian-inhibiting substance, which inhibits the differentiation of female structures. (The embryonic oviduct is called the Müllerian duct.) Usually the 
genetic factors are carried on distinctive sex chromosomes. Male mammals are the heterogametic sex because their sperm-forming cells have X and Y chromosomes. The SRY gene is located on the Y chromosome. The sex chromosomes segregate during meiosis to form two kinds of sperm, X and Y. Female mammals are homogametic (XX) and produce only one kind of egg, X. Although determined genetically at the time of fertilization, sex may be altered during development by hormonal influences. Genotypic sex determination also 
determines sex in birds, but the females are the heterogametic sex. To avoid confusion, different symbols are used in birds: females are WZ, and males, ZZ.

Genotypic sex determination also occurs in snakes and some lizards. Whether the male or the female is the heterogametic sex varies considerably. In turtles, many lizards, and crocodiles, sex is determined by the incubation temperature, a phenomenon known as temperature-dependent sex determination. The critical period during development occurs before the developing gonad begins to express the distinctive characteristics of a testis or an ovary. Turtle eggs incubated at temperatures above 30C produce a preponderance of females; those incubated below 25C hatch primarily as males. Although the first studies were done in the laboratory, field studies of the green sea turtle have confirmed these results. Mostly females emerge from nests on open beaches, whereas mostly males emerge from shaded nests. The position of an egg within a clutch can be a determinant when incubation temperatures are close to the thresholds. Eggs near the center of a clutch are exposed to more metabolic heat from their siblings than peripheral eggs, and they hatch as females. Most of the peripheral eggs hatch as males. Less is known about sex determination in anamniotes.

Just how temperature determines sex is not clear. If the female sex hormone, estrogen, is administered to eggs during the critical period, it overrides the effects of lower temperatures (which produce males) and the eggs hatch as females (Wibbels et al., 1994). Factors that determine sex in cases of temperature-dependent sex determination are now being studied at several laboratories.

As far as we know, temperature-dependent sex determination is found only among egg-laying reptiles. Reptiles that retain the young in the body of the female until hatching have genotypic sex determination. This appears to be necessary because the body temperature of reptiles, even though they are ectotherms, tends to be maintained at a high level during their diurnal period of activity. Reliance on temperature-dependent sex determination would produce so many individuals of the same sex that the continuation of the species would be endangered. The evolution of endothermy by birds and mammals also may have been a factor in the evolution of their sex chromosomes.

When sex is not rigorously determined by genetic factors, hermaphroditism may evolve. Hermaphroditism (Gr. mythology, the son of Hermes and Aphrodite became united in one body with a nymph) is the presence in one individual of both testes and ovaries. Many tunicates are synchronous hermaphrodites: both testes and ovaries function concurrently. A few teleosts, such as certain sea bass, are also synchronous hermaphrodites and have a combined ovotestis (Fig. 21-1). Self-fertilization, possible in these cases, ensures reproduction in the absence of the other sex. This could be an advantage to sessile tunicates, but cross fertilization normally occurs because of slight differences in the timing of gamete release or because spawning behavior is sometimes necessary to stimulate gamete release.

Many species in five orders of teleost fishes are sequential hermaphrodites, for the gonad changes function during the life of an individual. Sea basses, most wrasses, and parrot fishes are protogynous. Protogynous (Gr., gyne 5 woman) species are first female and then male. In protogynous species, males usually are territorial and mate selectively with large females. Protandrous (Gr., andr 5 man) species begin as functional males and change into females later in life. Protandrous species are typically nonterritorial and mate randomly. Many sex reversals occur at some species-specific age when gonadal tissues and ducts are capable of responding to a shift in the balance of male and female hormones. But other factors, including social interactions, may cause a reversal. For example, in some species of coral reef fishes, in which a group of females breeds with a single male, the death of the male (or his experimental removal from the population) stimulates the dominant female to transform into a male. An advantage of sex reversals is that every individual is a potential female, and the population can increase rapidly if some misadventure occurs.

Reproductive Patterns

We considered the structure of mature gametes, fertilization, and early development in Chapter 4. Here, we will examine other aspects of the reproductive system and the major patterns of reproduction. The reproductive system consists of the gonads (Gr., gone 5 seed), testes or ovaries, which produce the gametes (Gr., gamet 5 spouse), sperm or eggs, and usually a set of ducts that carry them from the body. Sperm are small, motile cells surrounded only by their plasma membrane. Eggs are much larger cells that contain food reserves. They are surrounded by their plasma membrane, the plasmolemma, and by an acellular primary envelope that is deposited while they are in the ovary.

Most male vertebrates use certain excretory passages for the discharge of sperm. Parts of these ducts or associated glands produce secretions that help carry the sperm and sometimes assist in their nutrition and maturation. If fertilization is internal, the male usually has a penis or other type of copulatory organ by which sperm are transferred to the female.

Most female vertebrates have evolved a separate oviduct for the transport of eggs. Parts of it usually secrete secondary envelopes around the eggs—jelly, albumenous layers, or shells that help nourish and protect the embryos. The structure and function of the oviduct are closely related to the pattern of reproduction of vertebrates.

Most fishes, amphibians, reptiles, and all birds are oviparous (L., ovum 5 egg 1 parere 5 to bring forth). Oviparous fishes and amphibians lay macrolecithal or mesolecithal eggs containing sufficient yolk for the embryos to develop into free-swimming larvae that can provide for their own needs. Courtship behavior at the onset of the reproductive season ensures that the males and females are together, and sperm is discharged over the eggs as they are laid. Large numbers of eggs and sperm must be produced by these oviparous species, for not all eggs are fertilized, and the mortality rate of eggs and larvae is high. Some teleosts, such as the cod, may lay many millions of eggs in a season. Some toads of the genus Bufo lay as many as 30,000 eggs in a season. Salamanders and frogs that brood their eggs, however, lay only a dozen or two. Most species of fishes and amphibians are repeat reproducers, or iteroparous (L., iterare 5 to repeat). They spawn many times in their lifetime. In contrast, most lampreys and some teleosts (e.g., the salmon and eel) are semelparous (L., semel 5 once), meaning that they reproduce only once in a lifetime. A semelparous strategy in anamniotes is adopted in those species with stable, predictable, well-circumscribed spawning grounds.

The probability of successful fertilization and embryonic development is greater in oviparous reptiles and birds. Fertilization is internal; they lay cleidoic eggs with extraembryonic membranes and enough yolk to provide for the needs of the embryos until they hatch as miniature adults. The eggs are encased in shells and are deposited in hidden or protected nests. Egg numbers are reduced. Turtles may lay nearly 100, but lizard and snake clutch sizes range from 1 to about 40. Reduction in egg numbers is correlated with the emergence of some degree of parental care.

Other vertebrates, including chondrichthyans, some teleosts, probably all caecilians, a very few frogs and salamanders, about 20% of squamates, and all living mammals, have internal fertilization and retain their embryos in an expanded part of the oviduct, called the uterus, for all of their embryonic development. These are described as live-bearing, or viviparous, species (L., vivus 5 living 1 parere 5 to bring forth) because their embryos are born as miniature adults. The source of inorganic and organic nutrients for the developing embryos ranges along a continuum from a complete dependence on material stored in the egg while it is in the ovary to a complete dependence on the transfer of materials in the uterus from the mother. The first extreme has been called ovoviviparity, whereas the term “viviparity” has sometimes been limited to the last extreme. No fully satisfactory terms exist for intermediate conditions, and in many cases, the degree of dependence on the mother is unknown. For these reasons, many investigators prefer to use the terms placental viviparity for cases in which a fully functional placenta is present, and aplacental viviparity for cases of less dependence on the mother but in which the young are born as miniature adults. Fertilization is internal in all viviparous species and usually occurs in the upper part of the oviduct. Fewer sperm and eggs need be produced than in oviparous species because the likelihood of individual survival is much greater, but the eggs must have a great deal of yolk if few nutrients are transferred to them from the mother while they are in the uterus. In a sense, viviparous species are mobile incubators.

In addition to the primary sex organs that produce and carry gametes, many vertebrates develop secondary sex characteristics that are important in sex recognition, as signals of sexual maturity and receptivity, in courtship behavior, and sometimes in combat among males for access to females (Fig. 21-2). Secondary sex characteristics include body colors, special ornamentation, antlers, beards, and so on. Another is body size. Male mammals commonly are larger than are females, but the reverse is true in many other vertebrates. For instance, the females of many raptorial birds (hawks, kestrels) are larger than the males. Secondary sex characteristics develop at maturity under the influence of sex hormones. In cases in which sex reversal occurs, the secondary sex characteristics often change too, as exemplified by the large parrot fishes. Behavior also is affected strongly by the sex hormones. The biological purpose of life is reproduction, and much of an animal’s structure and activity is devoted to this end. The number of viable offspring produced commonly measures biological fitness.

Development of the 
Reproductive System

The early development of the gonads and reproductive ducts is the same in both sexes. The embryo passes through a sexually indifferent stage, in which the primordia of both male and female structures are present. Potentially, the embryo may become either a male or a female. If subsequent differentiation is toward a male, male structures continue to develop, and female ones atrophy. The opposite occurs during the differentiation of a female. Because of their similarity in early development, many male and female reproductive organs may be homologized. Often, vestiges of female organs remain in males, and vice versa. The development of the reproductive system is best known in mammals but is similar in most other vertebrates. Teleosts are a notable exception and are considered separately.

Development of the Gonads

In all embryos, gonad development begins as a thickening of the coelomic epithelium and mesenchyme adjacent to the medial border of the mesonephric kidneys. As mesenchyme accumulates, a genital ridge appears on each side of the body (Fig. 21-3A). Only the central part of the genital ridge forms the functional gonad in most vertebrates; more cranial and caudal parts regress. The coelomic epithelium overlying the developing gonad thickens as a germinal epithelium, and primordial germ cells, which are the progenitors of the gametes, invade it. The primordial germ cells can be recognized first as large, distinctive cells in the wall of the yolk sac or gut next to the endoderm. The primordial germ cells migrate, primarily by amoeboid motion, through the dorsal mesentery, and into the germinal epithelium. Although few in number at first (20–30 in a human embryo), they 
multiply en route and in the germinal epithelium. By this stage, the indifferent gonad has a well-defined medulla of mesenchymal origin and a cortex of epithelial origin. Cords of germinal epithelium then grow into the medullary tissue to form the primary sex cords (Fig. 21-3B).

If the embryo becomes a male, the primary sex cords, probably under the influence of medullary tissue, multiply, enlarge, and differentiate into the sperm-producing seminiferous tubules of the testis (Fig. 21-3C and D, right column). All the primordial sex cells become incorporated into the primary sex cords in male amniotes, but some sperm-forming cells remain in other parts of the testis in anamniotes. Next, a peripheral extension of mesenchyme separates the cords from the cortex and, in mammals, thickens 
to form a dense, connective tissue, the tunica 
albuginea, at the surface of the testis (Fig. 21-3F, right column). The testis is primarily an organ that develops in the medulla of the indifferent gonad. The cortex regresses, leaving only the visceral peritoneum that covers the surface of the testis and the tunica albuginea. Some other parts of the medulla, and possibly some epithelial cells that do not contribute to the seminiferous tubules, form the interstitial cells of the testis that produce the male sex hormone. As the testis enlarges, it separates from the mesonephros or its derivative, to varying extents in different groups of vertebrates, but it remains connected to the kidney by a mesentery known as the mesorchium (Gr., mesos 5 middle 1 orchis 5 testis).

A few primary sex cords also invade the medulla of the gonad during the differentiation of the female. These are known as the medullary cords, and a rudimentary tunica albuginea separates them from the cortex (Fig. 21-3C and D, left column). Other primary cords remain in the cortical region, and they are joined in mammals and some other vertebrates by a proliferation of secondary sex cords. In mammals, the remaining primordial germ cells in the germinal epithelium are carried into the ovary by the secondary sex cords, but some sex cells remain in the germinal epi-thelium in many female vertebrates. As the cortex is thickening, blood vessels and connective tissue invade it from the medulla, and the medulla itself regresses, although traces of the medullary cords may remain. The secondary sex cords in the cortex break up into spherical clusters of cells, each of which contains a developing egg surrounded by a layer of epithelial cells. These groups of cells are the primordial follicles. The ovary, unlike the testis, develops primarily in the cortex of the indifferent gonad. As the ovary enlarges, it, too, separates from the mesonephros, but it remains connected to the body wall by a mesentery known as the mesovarium.
Development of the Reproductive Ducts

Lampreys and hagfishes, as we shall see, lack reproductive ducts, but they are present in other vertebrates. As the testis or ovary is developing, a network of potential tubules begins to form deep in the medullary region of the indifferent gonad between the primary sex cords and the anterior mesonephric tubules. They are called rete cords, or cords of the urogenital union, for they have the potential to connect the gonad and cranial mesonephric tubules (Fig. 21-3C and D). The rete cords canalize during the development of most male vertebrates, and the route through the mesonephros and its archinephric duct becomes the definitive sperm passage. The mesonephros and archinephric duct are also parts of the excretory system in male anamniotes but not in amniotes that evolve a metanephros and ureter (Chapter 20). The rete cords regress in females or, at most, leave functionless vestiges. Female anamniotes also retain mesonephric tubules and the archinephric duct as parts of their excretory system, but in female amniotes, these, too, regress or become vestigial.

Both sexes also begin to develop an oviduct (often called the Müllerian duct in embryos). The oviduct of chondrichthyans and some amphibians arises by a longitudinal splitting of the archinephric duct (Fig. 
21-4). Its anterior opening into the coelom, known as the ostium tubae (L., ostium 5 door), appears to represent the coelomic funnels of one or more cranial renal tubules. This may be the way an oviduct evolved, but in other vertebrates, it simply arises as a longitudinal, groovelike invagination of the coelomic epithelium on the lateral surface of the mesonephros (Fig. 21-3A to D, left). As the groove extends caudad, it deepens, folds on itself, and forms the oviduct, which continues to grow posteriorly to the cloaca. The oviduct regresses in males, sometimes leaving traces, but in females, it continues to develop and becomes the passage for the removal of eggs. As the oviduct enlarges, it separates from the mesonephros but remains connected to the body wall by a mesentery known as the mesotubarium.

The Mature Gonads

Although their structure varies to some extent among vertebrates, the gonads are relatively conservative organs, and those of mammals are representative. Important differences in other groups will be indicated.

Testes

Amniotes. The testes of amniotes are compact organs composed of long, highly convoluted seminiferous tubules, which lead to a system of ducts (cords of the urogenital union or rete testis) through which sperm leave. Many tubules end blindly, but others branch and anastomose or form loops, both ends of which connect to the duct system of the testis. Humans may have as many as 600 seminiferous tubules in a testis, some of which are 80 cm long. The tubules are surrounded by a loose connective tissue that contains the interstitial cells of Leydig, which secrete the male sex hormone, testosterone (Fig. 21-5A). Tubules often are grouped into lobules by dense connective tissue septa.

The tubule wall consists of sperm-forming cells and Sertoli cells (Fig. 21-5B). Sertoli cells rest on the basal lamina on the periphery of a seminiferous tubule and extend inward to the tubule lumen. They are large and irregularly shaped, with many recesses that surround groups of developing sperm cells, and probably contribute to their nutrition and maturation. Processes of Sertoli cells branch extensively in the wall of the tubule and contribute to its supporting framework.

The stem sperm-forming cells are diploid spermatogonia, which lie in the periphery of the tubule (Fig. 21-5B). Spermatogonia divide mitotically near the beginning of a reproductive season or, in humans and other species without reproductive seasons, throughout reproductive life. Some cells always remain as spermatogonia; others continue to grow to form primary spermatocytes (Fig. 21-6). The primary spermatocytes then divide once meiotically to form secondary spermatocytes, and these undergo a second meiotic division to form haploid spermatids. During the process of their development, the sperm-forming cells move from basal compartments in the Sertoli cells to compartments next to the lumen. Spermatids do not divide again but undergo a complex transformation to become the motile spermatozoa. A flagellate tail and acrosome form, and much of the cytoplasm is lost (Chapter 4). Sometimes the separation of daughter cells is incomplete and double-headed sperm are formed. The whole process of sperm formation, or spermatogenesis, requires several weeks (64 days in humans). In species with extended reproductive periods, successive waves of spermatogenesis travel along the seminiferous tubules, so different regions of the tubules are in different stages of spermatogenesis.

The testes lie within the body cavity close to their site of embryonic development in all vertebrates except for many mammals, in which the testes descend into an external pouch known as the scrotum (L., 5 pouch). In a few mammals, including monotremes, edentates, elephants, sirenians, and cetaceans, the testes remain in the abdomen. The testes of bats, most rodents and lagomorphs, and some carnivores and ungulates descend into the scrotum during the breeding season and are withdrawn into the body cavity after reproduction (Focus 21-1).

The scrotum is a pair of sacs formed by the evagination of all the layers of the body wall. Early during development, a cord of tissue known as the gubernaculum (L., 5 rudder) extends from the caudal end of each developing testis, through the incompletely formed body wall in the region of the groin, and into the skin of the future scrotum (Fig. 21-7A and B). Each testis descends in a retroperitoneal position soon afterward. As a testis approaches the groin, its descent is accompanied by an evagination of the muscular and connective tissue layers of the body wall and by a coelomic sac, the vaginal sac (or processus vaginalis; L., vagina 5 sheath), which enfolds the testis with its sperm duct, nerve, and blood vessels. These layers and the skin constitute the wall of the scrotum, but the muscular and connective tissue layers form a well-defined sac that travels a short distance beneath the skin of the groin before entering the scrotal skin (Fig. 21-7C). It sometimes is convenient to refer to this sac as the cremasteric pouch, for the muscular tissue within its wall is the cremasteric muscle (Gr., kremastos 5 hung). The area of the body wall from which the cremasteric pouch arises is the inguinal canal. The cord of blood vessels, nerve, and sperm duct that travels to and from the testis within the vaginal sac is the spermatic cord. The vaginal sac remains open in most mammals, but its proximal part normally atrophies in humans, leaving only a distal part surrounding the testis.

The mechanisms for the descent of the testis are not well known. The gubernaculum, being composed of soft tissue, may provide a route of low resistance. The failure of the gubernaculum to elongate after its formation and the continued growth of surrounding regions of the body may, in effect, pull the testis caudad. In species in which the testis migrates, intra-abdominal pressure contributes to its descent, and the contraction of the cremasteric muscles shortens the pouch and pulls the testis inward.

Anamniotes.  Fertilization is external in most anamniotes, so enormous amounts of sperm must be produced to ensure fertilization. The testes of most fishes are large and often fill the body cavity prior to spawning. The paired testes unite to form a single organ in lampreys and many teleosts. The testes of frogs are composed of seminiferous tubules, but those of most anamniotes consist of seminiferous ampullae, or lobules, of developing sperm cells. Cells in the walls of the ampullae appear to function as Sertoli cells. The ampullae are completely evacuated when sperm are discharged, and the ampullae themselves may regress. Before the next reproductive season, stem sperm-producing cells move into old and newly formed ampullae from a permanent population of spermatogonia that reside in other parts of the testis. Hormone-secreting interstitial cells are not present in the testes 
of all anamniotes, but they have been found in those of elasmobranchs and many amphibians. Branching, finger-shaped fat bodies are attached to the gonads of many amphibians and contain reserves of energy probably utilized in sperm and egg production (Fig. 21-8). In temperate species, gamete production begins during the late winter period of dormancy, when the animals are not feeding.

Developmental stages are found in some sexually immature anamniotes, in which the anterior part of the gonad resembles an ovary while the posterior part more closely resembles a testis. This is not hermaphroditism but a reflection of the potential of the embryonic gonad to develop into either a testis or an ovary. Only one part of the gonad normally functions, but the potential for sex reversal exists. Male toads of the family Bufonidae have a Bidder’s organ at the front of the testis that resembles an arrested ovary (Fig. 21-8). Seasonal changes in its size suggest an endocrine function, but when the testis ceases to function in old males, a Bidder’s organ may become a functional ovary.

Ovaries

The eggs undergo their maturation, or oogenesis, within the ovaries. The ovaries of most vertebrates are paired organs, but in lampreys and many teleosts, they unite to form a single organ. In some species, either the left or the right ovary atrophies. Many viviparous sharks retain only the right one. The ovaries are paired in a few birds, including hawks, but most birds retain only the left one. Monotremes have both ovaries, but eggs mature only in the left one. The adaptive significance of the loss or reduction in function of an ovary is unclear.

Mammalian Ovaries.  The ovaries of mammals are relatively smaller organs than in other vertebrates. Few eggs are produced in a reproductive period, and they contain less yolk than do the eggs of reptiles or birds. Therian embryos undergo at least part of their development in a uterus, but monotremes are ovoviviparous. The eggs of monotremes are retained for a while and laid at a relatively later stage, at about 4 mm in diameter, when they leave the ovary; a human egg has a diameter of about 140 µm when it leaves the ovary. Mammalian ovaries, like the testes, become connected by a gubernaculum to the body wall during their development, but they undergo only a partial descent. The gubernaculum often persists in an adult female as a round ligament of the ovary extending between the ovary and the groin.

Mature mammalian ovaries are dense organs consisting of a vascularized, connective tissue stroma in which the follicles are embedded (Fig. 21-9). Unlike spermatogonia, the oogonia cease multiplying during embryonic life. Eggs in the primordial follicles, which are located around the periphery of the ovary, have reached the primary oocyte stage of oogenesis. A human ovary contains approximately 2 million of these follicles at birth, but most atrophy, leaving only about 40,000 at puberty. Most of these also atrophy, and only 400 or so will ovulate. As the remaining eggs and follicles continue to develop after puberty, the follicular cells multiply and form many layers of granulosa cells around each egg. Surrounding layers of connective tissue contribute a sheath, or theca, to the wall of the follicle. The follicle protects and transfers nutrients to the egg. It is also an endocrine gland that secretes female sex hormones. As a follicle continues to develop, a follicular liquor accumulates in spaces among the granulosa cells. These spaces gradually enlarge, coalesce, and form a large central cavity, making the egg eccentric in position. A mature or Graafian follicle may be 10 mm or more in diameter, and it bulges outward on the ovary surface. During these processes, the primary oocyte enlarges and undergoes its first meiotic division to form a secondary oocyte and a minute, first polar body. Food reserves are kept within one functional cell. The second meiotic division, which will give rise to the mature ootid and a second polar body, begins shortly before ovulation but normally requires the stimulus of fertilization to be completed. As an egg cell matures, the follicular cells secrete around it the primary envelope, known in mammals as the zona pellucida. The number of follicles that mature during a reproductive period depends on whether the species normally gives birth to single or multiple young.

Each mature follicle ruptures at the ovary surface at ovulation, and the eggs, still surrounded by some granulosa cells, are discharged into the coelom to be picked up by the reproductive tract. A ruptured follicle is converted to a hard, yellowish body, the corpus luteum, which also secretes female sex hormones, estrogen, and progesterone. Corpora lutea begin to atrophy before the next reproductive cycle.

Nonmammalian Ovaries.  The ovaries of other vertebrates are relatively much larger than those of mammals. So many eggs are produced by oviparous anamniotes, and the eggs of oviparous amniotes contain so much yolk, that the ovaries fill all the available space in the body cavity prior to egg laying; they regress to a small size after the reproductive season. The ovaries do not have so extensive a stroma as in mammals (Fig. 21-10). Often they are hollow and contain a lymph space. Oogenesis occurs within 
follicles and passes through the same stages as in mammals. Oogonial divisions are completed during embryonic life in birds, some reptiles, and chondrichthyans, but the germinal epithelium remains 
active in most other vertebrates, and they produce many eggs during their reproductive lives. The follicles of most vertebrates have very thin walls and consist of only one or a few layers of granulosa cells. As an egg accumulates yolk, it enlarges and fills the follicle. A follicular cavity is not present. Usually, several generations of developing follicles are present at one time. The remains of the follicles usually are reabsorbed after ovulation. Functional corpora lutea may develop from the follicles in some species, but chiefly those that have some degree of viviparity: most sharks, several amphibians, and some lizards and snakes. Birds lack corpora lutea.

Evolution of the 
Reproductive Passages

Hagfishes and lampreys lack reproductive ducts. Both sperm and eggs are discharged into the coelom at the time of spawning. Gametes leave the caudal end of the coelom through a pair of genital pores that enter 
the most caudal part of the archinephric ducts, where these ducts conjoin to form a urogenital papilla that protrudes into the cloaca (Fig. 21-11). The genital pores open under the influence of sex hormones only a few weeks before spawning. Genital pores may be the ancestral vertebrate method of gamete discharge. This certainly is the simplest way morphologically, and the discharge of gametes into the coelom also occurs in many invertebrate groups. Chondrichthyan fishes have a pair of abdominal pores of uncertain function that lead from the coelom to the cloaca. Some investigators regard them as vestiges of a primitive method of gamete discharge, but all gnathostomes have evolved reproductive ducts that remove the gametes.

Male Reproductive Passages

Amphibians.  The simplest morphologically, and probably the ancestral pattern of male reproductive ducts, is found in oviparous amphibians. The duct system of the testis, which develops embryonically from the rete testis, converges to a testis canal, located in the center or along one margin of the testis (Fig. 
21-12A). A variable number of connecting tubules, also called efferent ductules in amphibians (L., ex 5 out 1 ferent 5 carrying), carry sperm from the testis canal, through the mesorchium, to the anterior end of the opisthonephros, where they connect to a lateral kidney canal or directly to kidney tubules. The lateral kidney canal, when present, develops from anterior mesonephric tubules. The connecting tubules appear to develop from the testicular duct system (rete testis), but contributions from mesonephric tubules cannot be ruled out. Sperm then pass through a few anterior opisthonephric tubules to the archinephric duct, through which they continue to the cloaca. In caecilians and some salamanders, sperm-carrying kidney tubules retain glomeruli, but in other groups, the tubules lose them and their urinary function. In a few salamanders, the adjacent part of the archinephric duct becomes highly coiled and stores sperm. This part of the duct sometimes is given the name of its mammalian homologue, the duct of the epididymis. The archinephric duct of most amphibians carries both sperm and urine, although not at the same time (Fig. 21-8). A few salamanders have evolved one or more accessory urinary ducts that transport most of the urine (Fig. 21-12A). The embryonic Müllerian ducts often remain as vestigial oviducts in males (Fig. 21-8).

Chondrichthyan Fishes.  The reproductive passages of male cartilaginous fishes represent a modification of the pattern, seen in amphibians, that evolved with internal fertilization. One or more accessory urinary ducts drain the caudal urinary portion of the kidney, and the rest of the kidney and its archinephric duct are taken over by the reproductive system (Fig. 21-12B). Most of the opisthonephric tubules between those receiving sperm and those carrying urine are modified as Leydig’s gland and secrete a seminal fluid. Seminal fluid transports the sperm to the female and probably has some of the nutritive and activating functions that it has in mammals (p. 670). The archinephric duct is wide as it crosses the urinary part of the kidney and forms a seminal vesicle, which contributes to the seminal fluid and helps store sperm. Part of each pelvic fin is modified as a copulatory clasper that transfers sperm to the female. A long siphon with muscular walls is associated with each clasper. Water taken into the siphon plus its own secretions help propel sperm into the female. Vestiges of the oviducts commonly occur in males.

Bony Fishes.  Lungfishes and early actinopterygians retain the primitive gnathostome pattern of male reproductive passages, except that the testis connects with caudal rather than cranial renal tubules in some lungfishes (Fig. 21-12C). Teleosts have evolved a unique sperm duct, which develops as an extension of the testis canal, completely bypasses the kidneys, and continues caudad to open on the outside of the body adjacent to the excretory openings. It joins the caudal end of the archinephric duct in a few species (Fig. 21-12D).

Amniotes.  Except for the location of the testis within a scrotum, the pattern of reproductive ducts in all male amniotes is similar to that in mammals (Fig. 21-13). The kidney, now a metanephros, is drained by a ureter. The archinephric duct and the part of the embryonic mesonephros connecting to the testis function only as reproductive passages. The developing testis does not separate far from the mesonephros, so the rete testis leads directly into modified mesonephric tubules, now called the efferent ductules. The efferent ductules of amniotes develop from mesonephric tubules; they are not homologous to the connecting tubules (sometimes called efferent ductules) of anamniotes, which develop from the rete testis and pass through a rather wide mesorchium to the testis. The distal ends of the efferent ductules are highly coiled and become the head of a band of tissue, called the epididymis (Gr., epi 5 upon 1 didymos 5 testis), that lies on the surface of the testis. The body and tail of the epididymis are composed of an extensively convoluted part of the archinephric duct called the duct of the epididymis. The amniote epididymis is homologous to the cranial end of the anamniote opisthonephros and adjacent parts of the archinephric duct. The continuation of the archinephric duct, now called the deferent duct (L., de 5 from 1 ferent 5 carrying), extends caudally to the cloaca or to the part of the mammalian urethra that is derived from the cloaca (p. 682). In mammals with a scrotum, each deferent duct travels in the spermatic cord and enters the body cavity through the inguinal canal. Vestiges of caudal mesonephric tubules (the paradidymis) and an embryonic Müllerian duct (appendix testis, prostatic utricle) sometimes persist in adult males (Fig. 21-14 and Table 21-1).

Spermatozoa are stored in the epididymis and deferent duct, where secretions nourish them and appear to play a role in their maturation. Sperm removed from the epididymis before they have stayed there for a few hours are incapable of becoming motile and fertilizing eggs.

Several accessory sex glands that secrete the seminal fluid develop along the sperm passages. They are particularly well developed in mammals and may include the prostate gland, vesicular gland, and bulbo-urethral gland (Figs. 21-13A and 21-14C). In addition to transporting sperm, the seminal fluid of mammals nourishes the sperm, helps make them motile, and neutralizes acids and other materials in the female reproductive tract that would interfere with their survival.

Most male amniotes have evolved a single or bifid intromittent organ with which sperm are transferred to the female. This organ, known in mammals as a penis, develops in the ventral wall of the cloacal region. It lies in the tail base in reptiles. When not engorged with blood and erect, it usually is withdrawn into a sheath. Most male birds transfer sperm to the females simply by a brief cloacal apposition, but an intromittent organ is present in phylogenetically more primitive birds, such as the ratites, ducks, geese, and a few other species.

Female Reproductive Passages 
and Reproduction in 
Nonmammalian Vertebrates

Embryonic mesonephric tubules and the archinephric ducts are never used in gamete transport by females; rather, the eggs take an independent route through the oviducts. The mesonephric tubules in female anamniotes are incorporated in the opisthonephros, which is drained by the archinephric duct. These structures are vestigial in female amniotes (paroöphoron, epoöphoron), for the metanephros and ureter are the functional excretory organs (Fig. 21-14B and Table 21-1).

Amphibians.  The reproductive passages of female oviparous amphibians, like those of the male, are closer to the ancestral vertebrate pattern than are the more specialized passages of most fishes (Fig. 21-15A). A pair of long, convoluted oviducts extend along the dorsal body wall beneath the kidneys from the anterior end of the body cavity to the cloaca. The anterior end of each oviduct is expanded slightly to form a funnel-shaped infundibulum (L., infundibulum 5 funnel), which opens into the coelom through an ostium tubae. Its caudal end sometimes expands to form an ovisac, in which eggs accumulate for a brief period before they are laid. Reproductive hormones stimulate the development of cilia on the peritoneum, so as the eggs are ovulated, they are swept toward the ostium. Ciliary action carries them into the ostium, and ciliary action within the oviduct and muscular contractions of its wall carry them caudad. As the eggs pass down the oviduct, they become coated with secondary envelopes secreted by oviductal cells. The secondary envelopes of amphibians are jelly-like layers that imbibe water and swell after the eggs have been laid and fertilized. These layers help protect and insulate the eggs.

Fertilization is external. Usually, sperm are sprayed over the eggs as they are laid. Before egg laying, many male salamanders release their sperm in mucous clumps called spermatophores (Gr., phoros 5 bearing), which the female collects with her cloacal lips and stores for a short time in cloacal recesses. Only a few species build nests. Most eggs are simply deposited in the water, but they often clump to each other and to surrounding objects. A few salamanders that lay in damp locations on land wrap their bodies around their eggs and brood them. This helps maintain a high level of moisture.

Some degree of viviparity has evolved in most or all caecilians, several frogs, and some salamanders of the genus Salamandra that retain eggs in the oviducts. A number of tropical frogs have evolved other ways to protect and brood their tadpoles, including carrying them on their backs, in vocal sacs, or even in their stomachs.

Chondrichthyan Fishes.  Primitive cartilaginous fishes are oviparous, but the male has a copulatory organ, and fertilization is internal. Although only a few eggs are produced, these contain enough yolk to provide for the young until they hatch. Eggs are large—5 cm or more in diameter. Both oviducts curve ventrally anterior to the liver and unite. They share a common ostium tubae in the falciform ligament (Fig. 21-15B). The ventral position and large size of the ostium tubae are specializations for receiving the exceptionally large eggs. Secondary envelopes, which take the form of a horny, proteinaceous egg case, are secreted by a nidamental gland (L., nidamentum 5 nesting material). The egg cases of oviparous species bear tentacles that become entangled in seaweed or other material, and the young pass through a larval stage in the egg cases (Fig. 21-16). Embryos of viviparous species are lodged in an expanded uterus that develops from the caudal part of the oviduct. Only thin-walled egg cases are secreted around the eggs in these species, and they are later reabsorbed. The degree of vascularity and the complexity of folding within the uterus correlate with the degree to which the embryos depend on the mother for nutrients, from very little to full placental viviparity (reviewed by Hamlett and Koob, 1999). The placenta, when present, is formed by the apposition of the embryo’s vascular yolk sac to the uterine lining, so it is called a yolk sac placenta.
Bony Fishes.  Lungfishes and nearly all actinopterygians are oviparous. The oviducts of primitive species receive eggs that are ovulated into the general body cavity, but most teleosts have evolved a unique ovary and oviduct. The ovary contains a large central cavity representing a part of the coelom that has become separated from the main body cavity by a folding of the ovary against the body wall or on itself (Fig. 21-15C and D). Eggs are discharged into this cavity and are not free in the general coelom. The oviduct usually is 
a simple tubelike extension of the ovary, so it is not 
homologous to the oviducts of other vertebrates 
(Fig. 21-15E). Both oviducts fuse caudally and open through a genital papilla located near the anus and excretory openings. These modifications are correlated with the large number of eggs, sometimes numbering in the millions, that teleosts release in a season. Fertilization is external in oviparous species. Some teleosts build nests, and a few brood their young. One or both parents protect them from predators and help circulate water across them. The embryos of the few viviparous species develop in the oviduct, in the coelomic space within the ovary, or in the follicles themselves.

Reptiles and Birds.  Reptiles, such as turtles, have a pair of long, convoluted oviducts (Fig. 21-17A), but the right one is reduced or lost in most birds, together with the right ovary (Fig. 21-17B). The eggs of reptiles enter the oviduct from the coelom, but in birds, they directly enter an exceptionally large ostium tubae of the infundibulum, which partially invests the ovary and mature follicles. The eggs are fertilized in the upper region of the oviduct, and the glandular oviduct wall 
secretes the secondary membranes.

Most reptiles and all birds are oviparous, but the evolution of a cleidoic egg permits them to bypass the aquatic larval stage and reproduce in a terrestrial environment (Chapter 4). Large amounts of yolk are stored in the eggs, and other materials are provided by the albumen that is secreted around the eggs by the oviduct. The egg is completely surrounded by a shell membrane and a shell, which are secreted by the lower end of the oviduct. The shell is composed of a meshwork of proteinaceous fibers impregnated with calcium salts. In turtles and crocodilians, the eggshell is more calcified than in lepidosaurs, in which the eggshell is thin and parchment-like; the bird eggshell is more heavily calcified. Gas exchange and, depending on the external environment, some loss or gain of water vapor occurs through it. The need for gas exchange precludes cleidoic eggs from being laid in the water. Most reptiles bury their eggs in nests on land, where they will be incubated by environmental temperatures, but a few reptiles and all birds brood their eggs. As the embryo develops, its extraembryonic chorion and amnion help protect it, and its allantois allows gas exchange and stores excretory products. The eggs of reptiles and birds are large because they contain so much yolk. Some turtles and snakes may lay nearly 100 eggs, but most reptiles lay fewer, and birds lay only 1 to 20 in a season. Viviparity has evolved independently in many lizards and snakes, and many degrees of dependence on the mother are known (Focus 21-2).

Passages and Reproduction in Mammals

Monotremes.  In monotremes, the oviducts have become differentiated into many of the distinctive regions that characterize other mammals (Fig. 21-18A). Each oviduct has an infundibulum that partly enfolds the ovary, and a narrow uterine tube, or Fallopian tube, that continues to an expanded uterus. The two uteri independently enter a urogenital sinus that, after also receiving the excretory products, continues to the cloaca. As the fertilized eggs pass down the uterine tube and enter the uterus, the secondary envelopes that characterize cleidoic eggs are secreted around them, but the shell is very thin, permeable, and expansile. The egg accumulates additional food from uterine secretions while in the uterus and grows from its ovulation diameter of 4 mm to 15 mm by the time it is laid. The shell thickens after an egg has reached its final size. Embryonic development begins while the egg is in the female reproductive tract. The embryos of monotremes and some lizards and snakes first depend on food stored in the egg while it is in the egg and later become dependent on food provided by uterine secretions. This shift appears to be an intermediate stage in the evolution of placental viviparity. An advantage of this intermediate condition is less waste of maternal resources if the egg does not become fertilized or fails to develop. Eggs are brooded by the female after they are laid; echidnas develop a temporary skin pouch that folds over them. Hatched young lap up milk secreted by the mammary glands. Nipples are not present. The evolution of the female’s ability to secrete milk after the hatching or birth of the young, and the maternal care associated with nursing, are particularly important features that have contributed greatly to the success of mammals.

Marsupials.  All therian mammals are placentally viviparous, but metatherians and eutherians have evolved different patterns. In marsupial females, the caudal end of each oviduct becomes specialized as a vagina, and the vaginae enter the urogenital sinus (Fig. 21-18B and C). The urogenital sinus opens directly to the outside because the cloaca becomes divided in all therians (p. 680). The anterior ends of the vaginae unite to form a vaginal sinus, into which the uteri enter. Each uterus has its own neck, or cervix, so it is independent, a condition described as duplex. A narrow uterine tube continues from each uterus to the infundibulum. The penis of many male marsupials is bifid, and sperm travel up both vaginae. Shortly before birth in primitive marsupials, such as the opossum, the vaginal sinus grows caudad and connects directly with the urogenital sinus to form a shorter and more direct birth canal. This pathway, known as the pseudovaginal canal, is a permanent structure in most marsupials following the first parturition (e.g., in the kangaroo).

Fertilized marsupial eggs receive a mucoid coat and a shell membrane as they travel down the uterine tubes to the uteri, but no shell is secreted. The embryos develop within the shell membrane during the first two thirds of their gestation period. Gestation periods are very brief, ranging from ten days in the opossum to about a month in some kangaroos. Nutrients secreted by the uterus are absorbed through the shell membrane, and gas exchange also occurs across it. After the reabsorption of the shell membrane, an 
expanded and vascular yolk sac reaches the chorionic ectoderm (Fig. 21-19A) and forms a yolk sac, or choriovitelline placenta, that is applied loosely to the uterine lining. The early expansion of the yolk sac prevents the allantois from reaching the chorion in most species, but the allantois does reach it in a few marsupials, including the koala, and forms an additional chorioallantoic placenta (Fig. 21-19B). These placentas do not penetrate the uterine lining in most species, but in the bandicoot, the chorioallantoic placenta is invasive.

The placental relationship of marsupials lasts only a short time before the young are born. The young complete their development attached to the nipples of the mammary glands, which often are located within a skin pouch, the marsupium (L., marsupium 5 pouch). A marsupium is particularly well developed in hopping and arboreal species. The reasons for an early birth are not entirely understood. Because half of the embryo’s genes are paternal, the embryo is partly foreign tissue to the mother. It is hypothesized that the shell membrane, which is maternal tissue, prevents foreign embryonic antigens from reaching the mother and stimulating the synthesis of antibodies. Antibodies are synthesized, however, when the shell membrane is reabsorbed and a placenta is established because the chorionic ectoderm, or trophoblast, does not function as an immunological barrier, as it appears to do in eutherian mammals (p. 144). Thus, the early birth is partly an immunological rejection.

The pattern of marsupial reproduction should not be regarded as a step toward the eutherian chorioallantoic placenta and relatively long intrauterine life. Marsupials and eutherians evolved independently from an ancestral therian group. The reproductive success of marsupials is at least as high as in eutherians. Marsupial reproduction is particularly well adapted to the stressful and unpredictable environments where most recent species live. Food is plentiful on the Australian continent after a rainfall, but it becomes scarce and patchy during droughts, some of which last for years. Few maternal resources are invested in the young during their short intrauterine life, and young in a pouch can easily be aborted when environmental resources fail. Marsupial mothers live to reproduce again, but eutherian mothers, drawing on their own stored reserves to support the embryos when food is in short supply, may weaken themselves and jeopardize their lives. Moreover, marsupials can reproduce very rapidly during favorable periods because pregnancy does not interrupt the cyclical production of eggs, as it does in eutherians. A kangaroo may have one joey hopping about at heel, which occasionally crawls into the marsupium for milk; a younger offspring attached to a nipple and being supplied with a different type of milk; and a third in utero. The development of the intrauterine embryo is arrested in an early stage because the lactation for its older siblings prevents further development and additional pregnancies. When they are weaned, development of the intrauterine embryo is resumed and additional pregnancies may occur.

Eutherians.  An infundibulum, uterine tube, uterus, and vagina also differentiate along the oviducts of eutherian mammals, but the vaginal portions unite to form a single, median organ that leads to the urogenital sinus, or vaginal vestibule (Fig. 21-20A). The uteri are duplex in lagomorphs, many rodents, and elephants, for each enters the vagina independently and has its own cervix. The caudal ends of the uteri have fused in most eutherians to form a small uterine body from which a pair of long, convoluted uterine horns extend. Uterine tubes extend from the horns. Development occurs within the horns. A slight partition remains within the uterine body of the bipartite uterus of most carnivores and many ungulates, but not in the bicornuate uterus of other ungulates, many carnivores, and whales (Fig. 21-20B and C). A complete fusion of the uteri into a single, large body occurs in armadillos and most primates, including humans (Fig. 21-20D). Although called a simplex uterus, this type represents the most advanced degree of uterine fusion.

Secondary envelopes are not secreted around the fertilized eggs of eutherians during their passage down the uterine tubes to the uterus. Rather, each embryo quickly develops a surface trophoblast and establishes a placental relationship with the mother soon after reaching the uterus. The placenta is chorioallantoic, for the allantois and not the yolk sac vascularizes the trophoblast, which is the mammalian homologue of the chorionic ectoderm, very early in development (Fig. 21-19C). The degree of union between the embryo’s chorioallantoic membrane and the mother’s uterine lining, or endometrium (Gr., metra 5 womb), varies considerably among groups. The fetal component of the placenta does not penetrate the endometrium in a few ungulates, including pigs, so the uterine lining is not disrupted and is not shed at birth. This is described as a nondeciduous placenta (L., decidere 5 to fall down or off). In most eutherians, however, the early embryo becomes partly or completely embedded within the endometrium. Much of the uterine lining is cast off at birth with these deciduous placentas. The degree to which the endometrium is eroded by the fetal trophoblast also varies; the terms used describe the maternal and fetal tissues that are in contact. No disruption of the endometrium is seen in the epitheliochorial placenta of pigs (Fig. 21-21A). With a hemochorial placenta, found in insectivores, bats, many rodents, and anthropoid primates, maternal blood vessel walls break down so that villi on the surface of the fetal chorion are bathed by maternal blood (Fig. 21-21B). Lagomorphs and some rodents have a hemoendothelial placenta, for most of the trophoblast on the surface of the chorion also is lost, and maternal blood flows across the endothelial walls of fetal capillaries (Fig. 21-21C).

Division of the Cloaca:
The External Genitalia

Most vertebrates have a common chamber, the cloaca, that receives the intestine and the excretory and reproductive ducts (Fig. 20-7). Most actinopterygian fishes have lost the cloaca, and their excretory and reproductive ducts open on the body surface, often through a common papilla, just posterior to the anus. The urinary bladder of amphibians, and those amniotes that have one, is a ventral outgrowth from the cloaca. Monotremes retain the cloaca, but it has become partly divided into a dorsal portion, which receives the intestine, and a ventral urogenital sinus, which receives the urinary bladder, ureters, and female uteri (Fig. 
21-22). The points of entrance of the ureters have shifted more ventrally than in reptiles, and they enter the urogenital sinus beside the neck of the bladder, or urethra. The deferent ducts of the male join the distal end of each ureter. The union of a ureter and deferent duct reflects the embryonic condition, in which the ureter is an outgrowth from the caudal end of the archinephric duct (now the deferent duct). The intestinal and urogenital parts of the cloaca enter a common chamber posteriorly.

The cloaca of an adult therian mammal is completely divided, so the intestine and urogenital passages have separate openings on the body surface. The way the division comes about can be seen clearly during embryonic development. An early, sexually indifferent embryo has a cloaca very similar to that of monotremes (Fig. 21-23A). A urorectal fold grows caudally and gradually divides the cloaca into a dorsal part, which becomes the rectum, and a ventral urogenital sinus. The allantois, the base of which will form the urinary bladder, connects with the anteroventral part of the urogenital sinus, and the still conjoined archinephric ducts and ureters attach close to the entrance of the allantois. The oviducts also enter the urogenital sinus close by. A genital tubercle begins to form on the anteroventral wall of the cloaca. In a later, sexually indifferent stage, the ureters separate from the archinephric ducts and shift to the developing bladder (Fig. 
21-23B). The neck of the bladder begins to narrow to form the urethra, which joins the urogenital sinus. A genital groove flanked by genital folds develops along the cloacal side of the enlarging genital tubercle.

If the embryo differentiates into a male (Fig. 
21-23D), the oviducts regress, but their distal ends often remain as a prostatic utricle within the prostate (Fig. 21-13). The urogenital sinus has narrowed and continues the urethra through the prostate and pelvic canal. The genital tubercle enlarges further to form the penis, and the genital folds unite to enclose the genital groove within it as the penile part of the urethra. The male urethra is composed of three segments that develop from the neck of the urinary bladder, the urogenital sinus, and the genital groove. The scrotum first appears as a pair of scrotal swellings. As the testes descend into them, the scrotal swellings unite around the base of the penis. Several columns of spongy and vascular erectile tissue develop within the penis. The erectile tissue becomes engorged with blood during an erection. A corpus spongiosum forms around the penile urethra, and its distal end expands as the glans penis. A pair of corpora cavernosa forms on the opposite side of the penis (Fig. 21-24). The glans penis is encased in a pocket of skin called the prepuce.
If the embryo differentiates as a female (Fig. 21-23C), the archinephric ducts are lost, and in eutherians, the lower ends of the oviducts unite to form a median vagina. The vagina and urethra enter the urogenital sinus, which becomes the vaginal vestibule in an adult female. Separate openings of the urethra and vagina are only seen in primates and a few other eutherian species. The female urethra is comparable to only the first segment of the male urethra, that is, to the part that develops from the neck of the bladder. The vaginal vestibule is a long, tubular passage in most female mammals, but it is a shallow depression in some, including humans, that is flanked by liplike skinfolds. The labia minora develop from the genital folds, so they are the sexual homologues of the part of the male penis surrounding the urethra. The labia majora are homologous to the scrotal swellings. A glans clitoridis lies at the anterior junction of the labia minora and is comparable to the male glans penis. Small columns of erectile tissue form the body of the clitoris and are comparable to the male corpora cavernosa.

Because the male and female reproductive systems develop from common primordia present in a sexually indifferent embryo, they share many features. The pattern of development of the entire reproductive system of both male and female amniotes is shown in Figure 21-14, and a comparison of adult structures is given in Table 21-1.

Reproductive Hormones

The Hormones and Their Effects

Besides producing eggs and sperm, the gonads also are endocrine glands that secrete sex hormones under the influence of the adenohypophyseal gonadotropins: follicle-stimulating hormone (FSH) and luteinizing hormone (LH). FSH and LH have important roles in the production and release of the sex hormones, as we shall see. The major male sex hormones, known as androgens, are cortical androgen, secreted by the adrenal cortex (Chapter 15), and testosterone, secreted by the interstitial cells of the testis. The major female sex hormones are estrogens (chiefly estradiol) and progesterone, which are produced by the ovary. Androgens, estrogens, and progesterone have much in common, for they are steroid derivatives of cholesterol, and the biochemical pathways by which they are synthesized overlap considerably. Enzymes needed for their synthesis occur in both the ovary and the testis, as well as in some other tissues, so it is not surprising that some androgens are synthesized by females, and some estrogens and progesterone, by males. Males and females differ not in the types of hormones they produce but in their quantity. Mature male humans have only about one tenth of the blood level of estrogens found in females at ovulation, and mature females have only one fifth of the amount of androgens as males.

The balance of these hormones is an important factor in controlling the direction of differentiation from the sexually indifferent stage of the embryo. Androgens promote protein synthesis and growth in both sexes. High levels of androgen are necessary for the maturation of the male gonads and reproductive passages and for the development of male secondary sex characteristics. In many species, abnormally high androgen levels during development can cause genetic females to differentiate in a male direction and become intersexes, that is, have morphological features that are intermediate between the two sexes. Unlike true hermaphrodites, intersexes usually either are sterile or function only as one sex. Normal differentiation in the female direction results from low androgen levels, supplemented in many species by an increase in the level of estrogens. Estrogens are needed for females to mature and develop their secondary sex characteristics.

Reproductive periods also are regulated largely by gonadotropins and sex hormones. A few vertebrates, including humans, rats, and domestic chickens, reproduce throughout the year. Mature males of these species produce sperm continuously, but egg production is cyclical. During a mammalian ovarian cycle, the follicles and eggs enlarge, the eggs mature and ovulate, and the follicles transform into corpora lutea, which finally regress. Cyclical changes in the size of the female reproductive passages, in the amount of their glandular secretions, and often in behavior accompany the ovarian cycle. Many female mammals come into heat, or estrus (Gr., oistros 5 gadfly; frenzy), near the time of ovulation. Their behavior advertises their sexual condition, and they will permit copulation only at this time. This behavior increases the probability of fertilization. The length of an ovarian cycle varies greatly. It is 28 days in humans but only 4 to 5 days in rats. Species with repetitive cycles throughout the year are called polyestrous.
Reproduction is seasonal in most vertebrates. Birds and most ectotherms of the temperate region are spring breeders, but deer and many other mammals copulate in the autumn and give birth in the spring. Dogs and cats typically have two or three reproductive periods in a year. Seasonal breeders have one or more ovarian cycles during their reproductive season, and then they enter a long period of anestrus: testes and ovaries become small and nonfunctional, and reproductive passages become smaller and lose their secretory state.

Integration of Reproduction

These seasonal and cyclical changes are controlled and integrated by the hypothalamus, which acts by the cyclical production of gonadotropin–releasing hormone (Chapter 15). This releasing hormone travels through the hypophyseal portal system to the adenohypophysis and stimulates the synthesis and release of FSH and LH. These gonadotropins, in turn, stimulate the secretion of sex hormones by the gonads. The cyclical activity of the hypothalamus is controlled to a large extent by negative feedback from the fluctuating levels of the sex hormones, but it also is affected by nerve stimuli in many cases. The hypothalamus of some species may have an inherent rhythm, or biological clock, that is modulated by the sex hormones and nerve stimuli. Control mechanisms have been studied most thoroughly in birds and mammals, but considerable evidence indicates that these mechanisms operate in many other species as well. Much more research in this area is underway.

Seasonal breeders clearly respond to one or more seasonal environmental changes that affect the hypothalamus. Many environmental changes have been shown to act on the hypothalamus in some species: food quantity, day length, temperature, and even social interactions in colonial seabirds. Day length is particularly important. As the hours of light increase in late winter, spring breeders’ gonadotropin and sex hormone production increases, and the gonads and reproductive passages enlarge. In fall breeders, a decrease in day length triggers these events. Light, which can penetrate the skull and brain in small species, may stimulate the hypothalamus directly, but stimuli usually reach the hypothalamus from the image-forming eyes or, in some species, by the median eye or pineal gland.

Females.  Under the influence of gonadotropin-releasing hormone produced by the hypothalamus, the adenohypophysis of mature female mammals produces some FSH and LH throughout the reproductive period. But the amounts of these gonadotropins fluctuate. Increasing levels of both LH and FSH are needed for the growth and enlargement of the follicles and the synthesis by the follicles of estrogen (Fig. 21-25). The thecal cells of the follicles have receptors only for LH. Under the influence of LH, they produce androgen, the male sex hormone that is the biochemical precursor for estrogen. The granulosa cells of the follicles at first have receptors only for FSH, and FSH activates the enzymes that convert androgen to estrogen. Estrogen acting with LH and FSH promotes the rapid growth of one or more follicles.

In some species of mammal, estrogen also causes the uterine lining to thicken in preparation for the reception of an embryo. Estrogen may also bring the female into heat. Estrogen causes the granulosa cells to develop receptors for LH. The positive feedback to the hypothalamus of increased and sustained levels of estrogen produced by one or more follicles nearly ready to ovulate promotes a surge in the secretion of LH. Because all of the follicle cells can now respond to LH, the high levels of LH also cause them to release a proteolytic enzyme that breaks down the follicle wall. Ovulation occurs. Most mammals are spontaneous or cyclic ovulators because ovulation occurs regardless of whether males are present. The shrew, mink, rabbit, cat, and a few other species are induced ovulators—the hypothalamus does not release the hormone needed for an LH surge unless nerve stimuli from copulation reach it. A single copulation induces ovulation in rabbits, but repetitive and frequent copulations are necessary in many induced ovulators.

Continued production of LH causes the ovulated follicles to transform into corpora lutea. Prolactin, which also is secreted by the adenohypophysis at this time, has luteinizing effects in rats and mice but not in all mammals. It does help maintain the corpora lutea. The corpora lutea secrete some estrogens, but their primary product is progesterone. Progesterone increases the vascularity and glandular secretion of the endometrium. It also feeds back to the hypothalamus and inhibits the release of gonadotropin-releasing hormone in eutherian mammals. Follicle development stops when this releasing hormone decreases to low levels. If pregnancy does not occur, the corpora lutea soon regress, progesterone secretion stops, and the inhibition of the hypothalamus on gonadotropin-releasing hormone production no longer exists. Under the influence of this gonadotropin, FSH and LH production increase, follicles begin to develop, and the ovarian cycle starts anew, unless the animal goes into a period of anestrus. The uterine lining cannot be maintained in its receptive condition in the absence of progesterone. It sloughs off abruptly in most primates in a period known as menstruation.
If a eutherian becomes pregnant, the embryonic trophoblast of many species soon secretes chorionic gonadotropin. This hormone promotes the growth of the corpora lutea and the continued secretion of estrogens and progesterone, which are needed to maintain the uterine lining and form the placenta. Human pregnancy tests are based on the detection of this gonadotropin. A continued secretion of prolactin by the adenohypophysis, rather than chorionic gonadotropin, maintains the corpora lutea in other species. Corpora lutea persist until late in pregnancy in many mammals, but the placenta itself synthesizes estrogens and pro-gesterone in humans and some other species. When this placental activity begins, chorionic gonadotropin secretion falls off and the corpora lutea regress. Because the continued high levels of progesterone block the ovarian cycles in eutherians, they cannot become pregnant again. This blockage does not occur in marsupials.

As pregnancy continues, the ovaries and placentas of many mammals secrete relaxin. This hormone peaks just before birth and relaxes the pelvic symphysis and other pelvic ligaments. The increased flexibility of the pelvis facilitates the passage of the fetus through the pelvic canal. Many other hormonal changes occur at birth. Estrogen and progesterone secretion decrease, and prolactin production increases. The release of oxytocin from the neural lobe of the hypophysis helps bring about the uterine contractions that expel the fetus.

Estrogens, progesterone, and placental lactogen stimulate the proliferation of the ducts and alveoli of the mammary glands during pregnancy, but not the secretion of milk. Milk secretion is, in fact, blocked by progesterone. It does not begin until after birth, when progesterone secretion abruptly decreases and the adenohypophysis increases its output of prolactin. Prolactin is essential for milk production, and it also promotes maternal behavior in many species. The ejection of milk is caused by a combined neuronal and hormonal reflex (Fig. 21-26). When nerve impulses resulting from the tactile stimulus of the infant’s sucking reach the hypothalamus, oxytocin is released from the neural lobe of the hypophysis. Oxytocin reaches the mammary glands through the circulatory system and causes smooth muscle contraction and milk ejection. Mammary gland growth, milk secretion, and milk ejection are separate processes mediated by different hormones. Prolactin secretion continues as long as the infant is suckling, and its presence inhibits the release of gonadotropic hormones and new ovarian cycles in both eutherians and marsupials. Most mammals cannot become pregnant during lactation. When nursing stops, prolactin secretion falls off and ovarian cycles begin again.

Males.  The control of male reproduction is diagrammed in Figure 21-27. FSH and LH also are produced in males under the influence of hypothalamic releasing hormone. Their production is cyclical in seasonal breeders, though it is not as strongly cyclical as in polyestrous females. FSH is necessary for the development of the seminiferous tubules and for the enlargement of the testes at maturity and during the reproductive season in seasonal breeders. It also promotes the synthesis by the Sertoli cells of an androgen-binding protein. LH acts on the interstitial cells and causes them to secrete testosterone. Some testosterone enters the seminiferous tubules, unites with androgen-binding protein, enters the germinal epithelium, and promotes the development and maturation of the sperm. Testosterone traveling throughout the body causes the enlargement and secretion of the reproductive passages and accessory sex glands; the development of the secondary sex characteristics; and usually, by its effects on the nervous system, courtship and other behavioral changes.

Major Features
of Urogenital Evolution

The reproductive and excretory apparati are functionally very disparate, but developmentally they are so similarly canalized that it is logical to review their evolutionary transformations in unison. As shown in Figure 21-28, in all craniates, the archinephric duct develops in embryogeny (1). It is only in the adult female of the amniotes that the archinephric duct is much reduced or lost. Hagfishes develop a single gonad (5) and possess functional genital pores through which gametes are extruded in the absence of reproductive ducts. The archinephric duct is used to drain urine. Hagfishes also have a functional pronephros in the larva and an adult kidney that approaches the holonephros in its morphology (4).

All other craniates, the vertebrates, have differentiated a new kidney, which in anamniotes is an opisthonephros (2). Lampreys also have a single gonad (7), but the resemblance to that of hagfishes is only superficial because the single gonad develops ontogenetically as a fusion of two gonads. In addition to the presence of an opisthonephros, primitive vertebrates have seminiferous ampullae (3) that make up their testes.

All gnathostomous vertebrates have reproductive ducts (6) that transport gametes from the gonads to the outside. Internal fertilization first appears among the chondrichthyans, the males of which possess intromittent organs, the claspers (9). Male cartilaginous fishes also have the anterior part of their opisthonephros taken over by the reproductive system to become Leydig’s gland (10), which secretes seminal fluid used during internal fertilization. The posterior part of the opisthonephros maintains renal functions. Female chondrichthyan fishes develop an oviduct, also called the Müllerian duct, by a longitudinal splitting of the archinephric duct (8).

Among actinopterygian fishes, teleosts and Amia have lost the cloaca in both males and females, and they have unique reproductive ducts. The teleostean sperm duct is a direct extension of the testis canal, whereas the oviduct is a simple tubelike extension of the central canal of the ovary (12).

In all remaining vertebrates (i.e., coelacanths, lungfishes, amphibians, reptiles, birds, and mammals), the oviduct arises in ontogeny as a longitudinal, groove-like invagination of the coelomic epithelium on the lateral surface of the mesonephros (11). Coelacanths and lungfishes resemble each other and primitive fishes in the retention of the cloaca and drainage of urine by the posterior archinephric duct. Frogs among amphibians and the amniotes have males with testes that are composed of seminiferous tubules (13), which differ from ampullae in being long, highly convoluted ductules.

Amniotes share several urogenital specializations (14–17). All possess a cleidoic egg with its extraembryonic membranes that makes reproduction and development on land possible. The metanephros becomes the functional kidney and it is drained by the new ureter. All male amniotes have an epididymis to store spermatozoa, and the archinephric duct, which in females becomes reduced or lost, becomes the deferent duct (17). Birds are unique in having only the left oviduct with an exceptionally large ostium tubae. Their right oviduct is lost (18).

All female mammals have evolved mammary glands (19) and an ovary with an extensive connective tissue stroma not seen before (20). Each oviduct has a new narrow cranial portion, the uterine or fallopian tube (21), which widens posteriorly to form the uterine horns and uterine body. Monotremes have separate uteri and the mammary glands. The distal end of the oviducts differentiates as a vagina in Metatheria and Eutheria (22). The vaginae and usually parts of the uteri fuse in metatherians and eutherians (23). Nipples (25) are associated with the mammary glands in both metatherians and eutherians. Although a placental relationship between mother and embryo has evolved independently in a few members of many groups, all metatherians and eutherians are distinguished from all other vertebrates in being completely dependent on the mother for supplying their nutritional needs (24). This is accomplished early in development by uterine secretions and later by a very well-developed placenta. The Metatheria possess the yolk sac placenta (26) and are born relatively early (27); Eutheria develop a chorioallantoic placenta (28), and they are born later in development (29).

SUMMARY


1.
Vertebrates reproduce sexually. The eggs of a few hybrid populations of fishes, amphibians, and reptiles can develop parthenogenetically.


2.
Mammals, birds, and a few other vertebrates have genotypic sex determination using heteromorphic sex chromosomes. The environmental condition in which the eggs develop is an important determinant of sex in many other vertebrates. Temperature-
dependent sex determination is widespread among egg-laying reptiles.


3.
A few fishes are synchronously hermaphroditic, but cross fertilization normally occurs. Many fishes are sequential hermaphrodites.


4.
Primitive members of each craniate group are oviparous. Viviparity has evolved independently in some species of every craniate group except for hagfishes, lampreys, and birds.


5.
In viviparous species, the embryos depend on maternal food, which the mother transfers either to the eggs while the eggs are in the ovary (ovoviviparity or aplacental viviparity) or to the embryos while they are in the uterus (placental viviparity). Many intermediate conditions between these extremes occur.


6.
The primary sex cords that invade the medullary region of the gonad become the seminiferous tubules or ampullae of the testis. They regress in females, and secondary sex cords that invade the gonad cortex become the ovarian follicles.


7.
Rete cords develop in the gonad between the primary sex cords and mesonephric tubules. They canalize in males and become part of the passageway for sperm; they regress in females.


8.
An oviduct begins to develop in both sexes, usually by a folding of the coelomic epithelium adjacent to the mesonephros.


9.
The testes of amniotes contain seminiferous tubules, in which spermatogenesis occurs, and interstitial cells, which secrete the male sex hormone. The testes of most anamniotes are composed of seminiferous ampullae. Spermatogonia multiply throughout sexual maturity.


10.
The testes of most mammals lie permanently in a scrotum or descend to the scrotum during the reproductive season, but the testes of some mammals remain in the abdominal cavity. The reasons for the evolution of a scrotum are not entirely clear. Hypotheses have been proposed that the lower scrotal temperature is necessary for the production or storage of sperm or that a scrotum removes the testes from the inhibiting effects on spermatogenesis of fluctuations in intra-abdominal pressure resulting from certain patterns of locomotion. Evolution has proceeded from scrotal to ascrotal, but never the reverse, and the loss of testicular descent is rare and restricted to mammals that evolved special cooling mechanisms for the testes.


11.
Oogonia cease dividing in mammalian ovaries prior to birth. The eggs mature within the ovarian follicles and are discharged into the coelom at ovulation. In mammals, each follicle transforms into a corpus luteum after ovulation.


12.
Mammalian ovaries are relatively small, but those of other vertebrates are large during the reproductive season because many eggs are produced, and in oviparous species, they are laden with yolk. Oogonial divisions continue throughout sexual maturity in the ovaries of most vertebrates except for mammals, birds, a few reptiles, and chondrichthyan fishes. Corpora lutea develop from ovulated follicles primarily in species that have some degree of viviparity.


13.
Hagfishes and lampreys lack reproductive ducts. Sperm as well as eggs are shed into the coelom. They leave through a genital pore that opens into the caudal end of the archinephric duct.


14.
The sperm of amphibians, and probably ancestral jawed vertebrates, are carried from the testis by connecting tubules to cranial opisthonephric tubules, and thence down the archinephric duct to the cloaca. Urine also is carried by the archinephric duct in some species but by accessory urinary ducts in others.


15.
Fertilization is internal in chondrichthyans, and cranial parts of the kidney and much of the archinephric duct are specialized in males to produce a seminal fluid.


16.
Teleosts have a unique sperm duct that leads directly from the testis to the outside, or to the caudal end, of the archinephric duct. Kidney tubules have no role in sperm transport.


17.
The passageway for sperm is the same in amniotes as in amphibians, but the terminology is different. Sperm leave the testis through the rete testis (connecting tubules); pass through efferent ductules (mesonephric tubules) to the duct of the epididymis (part of the archinephric duct); enter the deferent duct (the rest of the archinephric duct); and continue to the cloaca or, in therians, to the urethra. The efferent ductules and duct of the epididymis form the epididymis.


18.
Specializations for internal fertilization in male amniotes include the evolution of accessory sex glands that produce the seminal fluid and, usually, a penis. Birds lack a penis. The accessory sex glands of mammals include the prostate, vesicular, and bulbourethral glands.


19.
A pair of oviducts carries the eggs of amphibians and primitive jawed vertebrates from the coelom to the cloaca. Secondary envelopes usually are secreted around the eggs as they travel down the oviducts.


20.
The upper part of the oviduct of chondrichthyans is specialized to secrete a shell around the fertilized eggs, and the lower part forms a uterus in viviparous species.


21.
Most cartilaginous fishes are viviparous. The dependence of the embryos on maternal food transferred in the uterus ranges from a little to a lot. A yolk sac placenta is present in some species.


22.
Teleosts discharge their eggs into a hollow ovary, part of which forms a unique oviduct that leads directly to the outside.


23.
Reptiles and birds have oviducts (usually only the left one in birds) that secrete the secondary envelopes that characterize the cleidoic egg: albumen, a shell membrane, and a shell.


24.
Each oviduct of monotremes has differentiated into a uterine tube and uterus. A shell membrane and shell are secreted around the eggs. The eggs continue to accumulate food from maternal secretions and begin to develop while in the uterus. Eggs are brooded after they are laid, and newly hatched young are fed milk.


25.
The caudal end of each marsupial oviduct differentiates as a vagina, and these open independently into the urogenital sinus.


26.
A shell membrane, but no shell, is secreted by marsupial mothers around their embryos. The embryos are nourished early in gestation by uterine secretions, which are absorbed through the shell membrane. When the membrane is reabsorbed, a brief placental relationship is established between the uterine lining and, usually, the embryonic yolk sac. Birth occurs soon after the placenta forms, 
apparently because the fetal trophoblast is not 
an immunological barrier. The embryos attach to nipples, which often are located in a marsupium, and complete their development outside of the uterus.


27.
Eutherians have only a single vagina, and the uterine portions of the oviducts usually unite to some degree.


28.
Secondary envelopes are not secreted around eutherian eggs, and a chorioallantoic placenta is established very early. The trophoblast appears to be an effective immunological barrier, so the embryos are not rejected.


29.
Details of placental structure, including the intimacy of the union between maternal and fetal tissues, vary considerably among eutherian groups.


30.
The cloaca becomes divided in therians, so the intestine and urogenital passages continue directly to the surface of the body.


31.
The male sex hormones are cortical androgen, produced by the adrenal cortex, and testosterone, produced by the interstitial cells of the testis; the female hormones are estrogen and progesterone, secreted by the ovarian follicles and corpora lutea. All of the sex hormones are chemically related steroids. Males have some female hormones; females have some male ones.


32.
Androgens promote protein synthesis and growth in both sexes. High levels of cortical androgens and testosterone allow males to mature and develop their secondary sex characteristics. Low androgen levels and high estrogen levels permit females to mature and develop their secondary sex characteristics.


33.
Reproductive periods, ovarian cycles, the production of sperm, and many aspects of reproductive behavior are integrated by complex interactions among a hypothalamic releasing hormone, gonadotropins secreted by the adenohypophysis, and the gonadal hormones.
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Figure 21-1

A section through the ovotestis of a sea bass (Serranidae). (After D’Ancona.)

Figure 21-2

Examples of secondary sex characteristics. A, The shape of the snout and body of a sexually mature male salmon (Oncorhynchus) differs from those of a female. B, The male creek chub (Semotilus) has nuptial tubercles on its head. These are not present in females. C, Male mule deers have antlers. D, A bearded man. (A and B, After Lagler et al.; C, after Vaughn; D, after Austin and Short.)
Figure 21-3

Transverse section through the mesonephros and developing gonad. A and B, The development of the sexually indifferent gonad. C, An early stage in the differentiation of an ovary (left) and testis (right). 
D, A later stage in the differentiation of the ovary and testis. (After Williams et al.)
Figure 21-4

A ventral view of the developing oviduct of a chondrichthyan in which the oviduct forms by a longitudinal splitting of the archinephric duct. (Modified from van den Broek.)
Figure 21-5

Seminiferous tubules and spermatogenesis in mammals. A, A transverse section of a part of the testis, showing seminiferous tubules and interstitial cells. B, Detail of a portion of a seminiferous tubule, showing Sertoli cells and some of the stages in spermatogenesis. Many of the stages lie in recesses of the Sertoli cells. (After Fawcett.)

Figure 21-6

Mammalian spermatogenesis. (After Fawcett.)
Focus
21-1
The Descent of the Testes

The evolutionary reasons why the testes descend into an external scrotum in many mammals are not entirely clear. Temperatures are several degrees lower in the scrotum than intra-abdominal temperatures, 3°C in humans. Moore (1926) proposed that the lower scrotal temperatures are critical for certain stages in spermatogenesis, especially for the transformation of the spermatids into spermatozoa. If the testes fail to descend in young boys, normal spermatogenesis does not occur at puberty. Conversely, if scrotal temperatures are elevated in experimental animals, sterility results. Several factors reduce scrotal temperatures. The scrotum is exposed, its skin is thin and often sparsely haired, sweat glands are abundant, and subcutaneous fat is absent. Moreover, each testicular artery and vein is closely entwined to form a pampiniform plexus (L., pampinus 5 tendrile 1 forma 5 shape), which acts as a heat exchanger (Fig. A). Much of the heat in the warm blood going to the testis in the artery is transferred to the cooler venous blood returning from the testis before the arterial blood reaches the testis. The cremasteric muscle and smooth muscle fibers in the dartos tunic, which insert into the scrotal skin, fine-tune the mechanism. If temperatures become too cool, contraction of these muscles pulls the testes closer to the warmth of the body wall. Bedford (1977) has proposed that the critical thermosensitive stage is not a part of spermatogenesis in the testis but rather the storage of spermatozoa in the adjacent epididymis.

Experiments confirm that in many species, sperm cannot develop normally or survive at the higher body core temperatures. Several additional lines of evidence support the hypothesis that lower temperatures are needed for sperm development or storage. The testes are permanently descended in many species, they migrate into the scrotum during the reproductive season in other species, and some species that have a high core body temperature but lack a scrotum have alternate cooling mechanisms. Cetaceans appear to have a countercurrent cooling mechanism in which branches of veins bringing cool blood from the dorsal fins and flukes entwine with an arterial plexus that supplies the testes (Rommel et al., 1992). Birds, which do not have scrota, also have high core temperatures, although air sacs may lower the temperature in the immediate vicinity of their testes.

Frey (1991) proposed an alternate hypothesis that he believes explains why some mammals have descended testes and others do not. He points out that the last stage in spermatogenesis (when spermatids are transformed into spermatozoa) is highly sensitive to fluctuations in pressure. Oogenesis lacks this last pressure-sensitive stage. He further points out that intra-abdominal pressures fluctuate widely in mammals that gallop or jump or the vertebral column of which is strongly flexed and extended during locomotion. The testes of mammals with these patterns of locomotion must be shielded from the damaging fluctuations in intra-abdominal pressures. Frey reasons that a scrotum evolved as a protection against pressure fluctuations as many mammals adopted new locomotor strategies. Mammals without these specialized patterns of locomotion had no need for a scrotum. Once the testes were descended, they may have become secondarily adapted to the cooler scrotal temperature. Frey also believes that the pampiniform plexus is more a peripheral pump than a heat exchange device. Pulsations of the testicular artery help drive venous blood back into the caudal vena cava and thus prevent its peripheral accumulation, which could increase pressures in the testis. Not all investigators agree with Frey. Indian elephants, in which the testes are intra-abdominal, are used to move logs and do other heavy work, and this activity probably raises intra-abdominal pressures. Clearly more studies are needed to unravel mysteries of descended testes.

Werdelin and Nilsonne (1999) have offered a new phylogenetic perspective of the scrotum and testicular descent in mammals. They propose that the presence of a scrotum and descended testicles is primitive for living mammals and that evolution has generally proceeded from a scrotal condition to progressively more ascrotal and to the complete loss of testicular descent. The most derived nondescended testicles occur in monotremes, elephants, sirenians, elephant shrews, and hyracoids. True seals (Phocidae) have retained testicular descent even though they lack a scrotum and have subcutaneous testicles, whereas whales (Cetacea) have their testicles near their kidneys but retain the pampiniform plexus, an indication of the former presence of a scrotum. They conclude that evolution has proceeded from scrotal to ascrotal, but never the reverse, and that the loss of testicular descent is rare. Werdelin and Nilssone conclude that the descent of the testes into the scrotum may have evolved earlier together with endothermy as an adaptation to a constant high core temperature. Subsequent loss of the scrotum and absence of testicular descent are thought to be restricted to those mammals that have evolved special mechanisms to cool the intraabdominal testes (Pabst, et al., 1995). Thus pressure fluctuations and high intra-abdominal temperatures have been implicated as causal factors in the descent of the testes and evolution of the scrotum in mammals.

A. The pampiniform plexus in a human. (After Frey.)
Figure 21-7

The descent of the testis based on a male human. A and B, An early and a later stage in a lateral view. C, A ventral dissection of a nine-month fetus to show the descended testis and its relationship to surrounding structures. (After Corliss.)
Figure 21-8

A ventral view of the urogenital system of a male toad. (After Turner and Bagnara.)
Figure 21-9

A longitudinal section of a mammalian ovary showing developing follicles, ovulation, and the development and regression of the corpus luteum. All of these stages would not be seen at the same time. (After Turner and Bagnara).

Figure 21-11

A stereodiagram of the cloacal region of an adult lamprey, showing the genital pore. (After Knowles.)

Figure 21-10

A section through an amphibian ovary.

Figure 21-12

Ventral views of the male reproductive ducts and their relationship to excretory ducts in representative male anamniotes. A, A salamander. B, A shark. C, The South American lungfish, Lepidosiren. D, A teleost. (After Portmann.)
Figure 21-13

A and B, The reproductive system of a male amniote, based on a human. The pattern of the accessory sex glands varies among mammals. In male reptiles and birds, the testes do not descend, the ducts open into a cloaca, and the penis is embedded in the ventral cloacal wall.

Figure 21-14

A–C, Ventral views of the embryonic differentiation of female and male reproductive tracts in a eutherian mammal. The Müllerian duct (oviduct) and its derivatives are shown in red. Mesonephric kidney tubules and the archinephric duct and its derivatives are shown in blue. Sexual homologies are summarized in Table 21-1. (After Turner and Bagnara.)
Table 21-1
Embryology and Sexual Homology of Mammalian Reproductive Organs*
Embryo
Adult Male
Adult Female

Primary sex cords
Seminiferous tubules
(Medullary cords of ovary)

Secondary sex cords
—
Ovarian follicles

Gubernaculum
Gubernaculum
Round ligament of ovary

Rete testis
Rete testis
—

Mesonephros

  Cranial tubules
Efferent ductules in head of epididymis
(Epoöphoron)

  Caudal tubules
(Paradidymis)
(Paroöphoron)

Archinephric duct
Duct of epididymis
(Duct of epoöphoron)


Deferent duct
(Duct of epoöphoron)

Oviduct (Müllerian duct)

  Cranial end
(Appendix testis)
Uterine tube



Uterus

  Caudal end
(Prostatic utricle)
Vagina

Allantois
Urinary bladder
Urinary bladder


Part of urethra
Urethra

Urogenital sinus
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*Parentheses identify vestigial structures; a dash indicates that the structure has been lost.

Figure 21-15

The reproductive tracts of female anamniotes. A, A salamander. B, A shark. C and D, Transverse sections through the developing ovary of teleosts, illustrating two ways the hollow ovary develops. E, A ventral view of the ovaries and oviducts of a teleost. (A and B, Modified from Portmann.)

Figure 21-16

A section of the egg case of an oviparous shark. Some of the yolk stored in the external yolk sac is transferred to an internal yolk sac later in development. At birth, the external yolk sac is very small, but food reserves remain in the internal yolk sac. (After Hamlett et al., 1993.)
Figure 21-17

Ventral views of the urogenital systems of female reptiles and birds. A, A turtle. B, A bird. Only the left ovary is shown for the turtle, but a right one is present; most birds have only the one shown. (A, After Turner and Bagnara; B, After Portmann.)
Focus
21-2
Squamate Placentation

Of the approximately 20% of squamates that are viviparous, most are aplacental and derive their inorganic and organic nutrients primarily from material stored in the yolk. Blackburn (1993a) proposed that these species, together with oviparous ones, be called lecithotrophic (Gr., lekithos 5 egg yolk 1 trophe 5 nourishment). Only a few species exhibit true placental viviparity and derive an important quantity of nutrients by exchanges with the mother. They are placentotrophic.

Viviparous squamates have evolved many types of placentas, differing in the fetal extraembryonic membranes (Fig. 4-17) that make contact with the uterine lining. (A placenta, by definition, is an intimate apposition or fusion of fetal and maternal tissues for physiological exchange.) This subject has been studied by many investigators, and different aspects have been reviewed by Blackburn (1993) and Stewart (1993). The yolk sac contributes to several types of placentas, and its unique morphology needs a brief description. The yolk sac of squamates is unusual in that the splanchnic layer of mesoderm invades the yolk mass and forms a yolk cleft that separates the distal part of the yolk mass (the isolated yolk mass) from the main yolk sac (Fig. A). The isolated yolk mass is surrounded only by ectoderm and endoderm. This layer is called the bilaminar omphalopleure (Gr., omphalos 5 navel). The most distal pole of the yolk is not covered by extraembryonic membranes and forms a yolk navel.
Early in development, only the wall of the yolk sac, which becomes vascularized by splanchnic mesoderm, contacts the uterine lining, forming a yolk sac, or choriovitelline placenta (L., vitellus 5 egg yolk) This is a transitory placenta in squamates. After the isolated yolk mass forms, its avascular wall (the bilaminar omphalopleure) contacts the uterine lining, forming an omphaloplacenta. In some species, the expanding allantois later invades the yolk cleft and contributes to the omphaloplacenta, forming an omphaloallantoic placenta. In all squamates, the allantois expands as development continues and contacts the chorion throughout the dorsal hemisphere of the egg, forming a chorioallantoic membrane. On contacting the uterine lining, the chorioallantoic membrane forms a type of chorioallantoic placenta, often called the allantoplacenta in squamates. The allantoplacenta is similar in many ways to the chorioallantoic placenta of eutherian mammals.

In all of these placentas, a thin shell membrane at first lies between the fetal extraembryonic membranes and uterine lining but apparently does not interfere with transfers between embryo and mother. It degenerates later in development in most cases. Most oxygen and carbon dioxide exchanges are believed to occur through the allantoplacenta. The chorioallantoic membrane is the only vascularized extraembryonic membrane available to accomplish this task during most of gestation. The transitory choriovitelline placenta could participate earlier in development, and the omphaloallantoic placenta could participate late in gestation in species in which the yolk mass regresses sufficiently to bring the vascular surface of this placenta close to the chorion. Water easily passes into the egg and could be picked up by any of the placental types.

Because most squamates have a large supply of yolk and are highly lecithotrophic, their inorganic and organic nutrients are derived from the yolk. Some nutrients could be derived from the mother and enter the egg through the omphaloplacenta and omphaloallantoic placentas. The embryonic component of these placentas have hypertrophied cells and other specializations, as do the adjacent uterine cells, that imply a role in nutritive transfer. This has yet to be confirmed experimentally. In the few squamates that have a reduced yolk supply and are highly placentotrophic, nutritive transfers must occur through the allantoplacenta. This placenta is the most complex found in squamates (Fig. B). The uterine lining adjacent to the uterine artery and vein forms a series of deep 
infoldings that interdigitate with comparable foldings of the chorioallantoic membrane. Both the cells lining the uterus and the adjacent cells on the surface of the chorion show characteristic structural features of absorptive epithelial cells.A. The extraembryonic membranes of a squamate. The yolk becomes separated by a yolk cleft into the yolk sac and an isolated yolk mass. Part of the chorioallantoic membrane contacts the uterine lining to form the allantoplacenta. Part of the bilaminar omphalopleure contacts the uterine lining to form the omphaloplacenta. (After Blackburn.)
B. Detail of a portion of the allantoplacenta in the Central and South American skink, Mabuya heathi. (After Blackburn.)
Figure 21-18

The reproductive system of female monotremes and marsupials. A, A ventral view of an echidna. B, A dorsal view of an opossum. C, A dorsal view of a kangaroo. (A, After Griffiths; B and C, after Portmann.)

Figure 21-19

The placentas of therian mammals. A, The yolk sac placenta characteristic of most marsupials. B, The combined yolk sac and chorioallantoic placenta of the koala. C, The chorioallantoic placenta of a eutherian. (After Dawson.)

Figure 21-20

A–D, Diagrams of the reproductive tracts of eutherian mammals showing types of uteri.
Figure 21-22

Lateral view of the cloaca of a monotreme. The point of entry into the cloaca of both male and female organs is shown, but an individual would have only one or the other. (After Grant.)

Figure 21-21

Representative chorioallantoic placentas, showing the degree of union between maternal and fetal tissues. 
A, Epitheliochorial placenta. B, Hemochorial placenta. C, Hemoendothelial placenta. (A and B, Modified from Witschi.)
Figure 21-23

Lateral diagrams of the division of the cloaca in a eutherian. A and B, Early and later sexually indifferent stages. C, Differentiation in a male. D, Differentiation in the female. Portions of the urogenital passages leading from the urinary bladder are identified by the same numbers: 1, portion developing from the neck of the bladder (allantois); 2, portion developing from the urogenital sinus; 3, portion or area developing from the genital groove. (After Walker and Homberger.)
Figure 21-24

A cross section of a human penis. (After Fawcett.)
Figure 21-25
Cyclical changes during an ovarian cycle in the ovary and endometrium of a eutherian mammal. Day lengths and the endometrial cycle are based on the human cycle.

Figure 21-26

The hormones and nerve impulses needed for mammary gland development, milk secretion, and milk ejection.
Figure 21-27

The factors that control male reproduction.

Figure 21-28

Major features of urogenital evolution in craniates.
