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Endocrine Integration

PRÉCIS

After examining the general nature of chemical controls and integration, we will focus on the endocrine system. We will first explore the similarities and differences between nervous and endocrine control and their interrelationship, go on to consider the nature of hormones and how they act, and then discuss the major endocrine glands. Those that integrate reproduction will be considered later with the reproductive system.
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Much activity of the body is regulated by the nervous system, but many functions are controlled by approximately two dozen ductless endocrine glands that are widely scattered throughout the body. Endocrine glands (Gr., endon 5 within 1 krino 5 to separate) differ from exocrine glands by discharging their secretions, known as hormones (Gr., hormaein 5 to excite), into body fluids rather than onto epithelial surfaces. This fluid usually is the blood, but some hormones enter the lymph or cerebrospinal fluid.

Endocrine regulation is a special case of chemical regulation, which is ubiquitous and as old as life itself. Individual cells have chemical control systems within them that regulate many processes. An example of such an intracrine (L., intra- 5 within) control mechanism is the activation within a cell of a second messenger by an external first messenger. The second messenger, in turn, activates a series of enzymes that lead to some biological effect, perhaps the synthesis and release by the cell of some secretory product. At the other extreme, organisms may release semiochemicals (Gr., semeion 5 a sign or signal) into their environment that affect the behavior of other organisms. Pheromones (Gr., pherein 5 to carry) are semiochemicals that trigger a response among members of the same species, perhaps enabling opposite sexes to find each other. Allomones (Gr., allos 5 other, different) trigger a response in a different species. The allomones released by a threatened skunk discourage potential enemies.

Between intracrines and semiochemicals, many levels of chemical control occur among the cells within an organism. Paracrines are signaling molecules that are released into the interstitial fluid between cells and send information through the extracellular matrix from one cell to nearby cells (Fig. 4-2B). They include embryonic inducing substances, immune regulators, growth factors, and others. Neurotransmitters, as we have seen, are released into synaptic clefts by a presynaptic neuron and activate, modulate, or inhibit a postsynaptic neuron (Fig. 15-1A). Neurohormones (also called neurosecretions) are synthesized by neurons and released into the blood or cerebrospinal fluid, which carries them to their target cells. Often, the neuron terminals, which temporarily accumulate the neurohormones, and associated blood vessels are organized into a neurohemal organ (Fig. 15-1B). Finally, endocrine glands release hormones into the blood, which carries them to target organs a considerable distance away (Fig. 15-1C).

In this chapter, we will focus on endocrine glands and neurohormones. After considering similarities and differences between nervous and endocrine control, we explore the nature of hormones and their modes of action and then discuss most of the endocrine glands. A discussion of the hormones that regulate reproduction is deferred until we consider the reproductive system (Chapter 21). We know far more about mammalian hormones and neurohormones than about those of other vertebrates, so, for each endocrine gland, we will consider the mammalian condition before making comparisons with nonmammalian vertebrates. An overview of the location of the major endocrine glands of mammals is given in Figure 15-2, and a list of the major vertebrate hormones and their primary effects is given in Table 15-1.

A Comparison of Endocrine 
and Neural Integration

Most multicellular animals have a nervous system and a set of endocrine glands. Both of these control systems resemble each other by exerting their effects by stimulating or inhibiting target cells by means of chemical messengers, neurotransmitters, and hormones, respectively. In a few cases, hormones and neurotransmitters are the same products. A major difference between nervous and hormonal integration, as stated earlier, is the way the chemical messengers are transmitted, whether along neurons to the target cells or through the circulatory system (Fig. 15-1). The nervous and endocrine control systems also differ in other important ways. Neurons are activated by receptor cells or by other neurons. A few endocrine glands also produce and release their hormones in response to a nerve impulse, but most are activated differently. Some endocrine glands respond to changes in the level of a substrate. For example, the entrance of food into the duodenum from the stomach promotes the release of secretin from certain duodenal cells, and this hormone stimulates a copious secretion of pancreatic juice (Chapter 17). Most endocrine glands respond to changes in the blood level of their own hormone or to that of some other endocrine gland. Often, complex feedback mechanisms between endocrine glands control the hormone levels in the blood.

Once activated, neurons and endocrine glands send their signals to the target cells, but hormones do not go directly to their target cells, as nerve impulses do. Hormones are carried passively in the blood, either in solution or loosely bound to carrier plasma proteins. They must pass into and out of capillaries, so transit time is relatively long. The blood carries the entire spectrum of hormones throughout the body, but only target cells with receptor molecules that closely match the molecular configuration of a particular hormone will respond to this hormone. A “lock-and-key” mechanism operates. A given target cell may have thousands of receptors for a particular hormone, and thousands more for other hormones to which it can respond. Nearly all of the cells of the body respond to some hormones, such as thyroxin, which is produced by the thyroid gland. Some cells respond to a narrower range of hormones; for example, only the cells responsible for producing the aqueous and alkaline portion of the pancreatic juice respond to secretin. Another hormone promotes the synthesis and release of the pancreatic enzymes.

The effect of a nerve impulse on the target cell is momentary because enzymes that enter the synaptic cleft or neuron-effector junctions rapidly metabolize and degrade the neurotransmitter substances. Additional nerve impulses are needed for a continued response. Hormones, in contrast, have much longer effects because they are relatively stable compounds; however, they must be continuously synthesized because they are lost in various ways. They are taken out of circulation when they bind with receptors, and the hormone–receptor complex is eventually metabolized. Many hormones also are lost through the excretory system.

Because of these differences, endocrine integration is slower and has longer-lasting effects than does neuronal integration. Hormones are particularly well suited to regulate metabolism, growth, metamorphosis, slow skin-color changes, water and mineral balances, sexual development, and reproduction. They play a major role in the maintenance of homeostasis. Hormones are less effective than are nerve impulses in rapidly and briefly stimulating specific organs. Although endocrine and neuronal integration are distinct control systems, they interact with each other in many ways.

The Nature of Hormones 
and Hormonal Action

The secretory cells of endocrine glands develop embryonically from epithelial cells or from neural crest cells that have migrated into the epithelia. Despite the great diversity of hormones, all are derivatives of either amino acids or steroids. Hormones produced by cells of ectodermal or endodermal origin are synthesized from amino acids, or modified amino acids. The hypothalamic hormones, which control the release of hormones from the adenohypophysis (a part of the pituitary gland), are small neuropeptides secreted by neurons and consisting of 3 to 44 amino acids. Insulin, the first hormone the structure of which was determined, is a small protein consisting of 51 amino acids. Most of the amino acid–derived hormones produced by the adenohypophysis are large proteins with molecular weights of 25,000 to 30,000. Norepinephrine and epinephrine, which are produced by the medulla of the adrenal gland, are catecholamine derivatives of the amino acid tyrosine. Hormones produced by the thyroid gland combine tyrosine with iodine. Hormones produced by cells of mesodermal origin, which are those of the adrenal cortex, testis, ovary, and placenta, are all steroids derived from cholesterol.

Peptide and protein hormones are water soluble, so they go into solution in the blood, but most become loosely bound to carrier plasma proteins, which facilitate their transport and prevent circulating proteases from breaking them down. Steroids are not soluble in water, so they must be bound to carriers.

Because they are water soluble, peptide and protein hormones (the first messengers) cannot pass through the lipid plasma membranes of their target cells; rather, they bind with specific membrane protein receptors (Fig. 15-3A). The way this binding leads to the activation of a cell was first elucidated by research on how 
epinephrine from the medulla of the adrenal gland promotes the conversion of glycogen to glucose in liver cells. By way of intermediate G proteins (not shown in Fig. 15-3A), this union activates an enzyme, in this case, adenylate cyclase, on the inner side of the plasma membrane. The activated adenylate cyclase then leads to the production of a second messenger (cyclic adenosine monophosphate, or cAMP), which, in turn, leads to the activation of a series of enzymes (kinases) and ultimately to the biological effect of the cell.

Because steroid and thyroid hormones are lipid soluble, they easily pass through the lipid plasma membranes of cells, where they unite with receptor molecules in either the cytoplasm or nucleus of the cell (Fig. 15-3B). If the receptor is in the cytoplasm, the hormone–receptor complex enters the nucleus and binds to an acceptor site on a chromosome. This binding activates a gene and leads to the synthesis of proteins (enzymes) that produce the biological effect of the hormone.

Hormones can be effective in very small amounts. Many are present in the blood at concentrations of only 10–12 molar. Considerable amplification occurs during their action. A peptide hormone–receptor complex may activate only a few molecules of an enzyme, but these, in turn, activate more and more at each step in an enzyme cascade. A steroid hormone–receptor complex activates a gene, but the gene can synthesize many protein molecules.

The Hypothalamo-Hypophyseal Axis

The pituitary gland, or hypophysis cerebri (Gr., hypo 5 under 1 physis 5 growth 1 cerebri 5 of the brain), and the hypothalamus of the brain are very closely associated morphologically and functionally. Together, they form a complex known as the hypothalamo–
hypophyseal axis.
Development and Structure 
of the Hypophysis

The hypophysis attaches to the ventral surface of the hypothalamus. It develops embryonically in all vertebrates from two ectodermal evaginations that meet and unite (Fig. 15-4A). An infundibulum grows ventrally from the diencephalon of the brain, and Rathke’s pouch extends dorsally from the roof of the developing mouth, or stomodaeum.
The infundibulum remains connected to the floor of the diencephalon, which becomes the hypothalamus, and gives rise to the part of the gland known as the neurohypophysis (Fig. 15-4B). In mammals, the neurohypophysis consists of a median eminence, next to the brain, and a narrow infundibular stalk, which leads to an expanded pars nervosa (Fig. 15-4B). The neurohypophysis contains no secretory cells, but axons of neurosecretory neurons in the hypothalamus carry neurohormones to the median eminence and pars nervosa. Hormones are stored and released from the pars nervosa into networks of blood vessels. Much of the neurohypophysis is, therefore, a neurohemal organ (Fig. 15-4C).

Rathke’s pouch loses its connection with the stomodaeum in most adult vertebrates and gives rise to the rest of the gland, the adenohypophysis (Gr., aden 5 gland). The adenohypophysis forms a thick pars distalis and, in most vertebrates, a pars intermedia, which lies between the pars distalis and the neurohypophysis (Fig. 15-4B). The lumen of Rathke’s pouch may persist as a narrow cleft between the pars distalis and pars intermedia. A pars tuberalis may extend from the pars distalis along the infundibular stalk. Distinct types of secretory cells characterize the different parts of the adenohypophysis. The neurohypophysis is called the posterior lobe of the pituitary in the older literature; the adenohypophysis, the anterior lobe. These terms accurately describe their positions in mammals but not in all vertebrates.

Few neurons enter the adenohypophysis in mammals, but it is functionally connected to the hypothalamus by a unique vascular supply known as the hypophyseal portal system (Fig. 15-4C). Hypothalamic neurohormones are discharged by axons into capillaries of the median eminence, and these are carried by small portal veins to capillaries in the adenohypophysis, where they control the synthesis and release of its hormones. (Portal veins lie between two capillary beds rather than returning directly to the heart.) The adenohypophysis of mammals is described as being under neurovascular control. The adenohypophysis also can be affected by hormones in the cerebrospinal fluid because specialized ependymal epithelial cells, called tanycytes, can transfer hormones from this fluid into the capillaries of the median eminence (see also Fig. 13-5).

Phylogeny of the Hypophysis

A well-developed hypophyseal system with functional connections to the hypothalamus is unique to craniates. The neural gland of ascidians and Hatschek’s pit of amphioxus may be partly homologous to the hypophysis. They are epithelial organs that arise from or close to the oral cavity and are closely associated with the nervous system. At least one hypophyseal hormone (luteinizing hormone [LH]) has been identified by immunological tests in Hatschek’s pit.

Considerable variation occurs in the details of hypophyseal structure among craniates (Fig. 15-5). An important variable is the control of secretions of the adenohypophysis. Mammals and other tetrapods have a neurovascular control with neurohormones from hypothalamic neurons passing from the median eminence of the neurohypophysis into a vascular portal system that carries them to all parts of the adenohypophysis. Except for teleosts and some jawless fishes, fishes also have a medial eminence and a portal system extending into the pars distalis of the adenohypophysis, so this part of the gland has some neurovascular control. A unique feature of most fishes is the extension of finger-like projections from the pars nervosa of the neurohypophysis into the pars intermedia of the adenohypophysis. These processes carry hypothalamic neurons into the pars intermedia and presumably bring it under direct neuroglandular control. Similar processes extend into the pars distalis in many fishes, so this region may have a dual control: neurovascular and neuroglandular. The control is exclusively neuroglandular in teleosts because they lack a median eminence and portal system. Some jawless fishes have a median eminence, others do not, and a portal system is not always present. Evidence shows, however, that material diffuses from the hypothalamus into the adenohypophysis.

Another variable is the presence in all jawed fishes, except lungfishes, of a vascular sac extending from the caudal part of the hypothalamus dorsal to the hypophysis (Fig. 15-5). Its significance is unknown, and it may not have an endocrine function. Elasmobranch fishes differ from all other vertebrates in having a ventral lobe attached to the underside of the adenohypophysis (Fig. 15-5). A pars tuberalis is a consistent feature of the adenohypophysis of all tetrapods (Fig. 15-5). The pars intermedia is absent in birds and some mammalian species, including such diverse species as whales, elephants, beavers, and adult humans.

Hormones of the Adenohypophysis

Seven major hormones are produced by the adenohypophysis in nearly all vertebrates (Table 15-1). Most act by controlling the activity of other endocrine glands. They can be grouped into three categories based on similarities in their chemical structure (amino acid sequences) and biological activity. Hormones in each category likely had a common evolutionary 
origin.

Category I hormones are glycoproteins. Each is composed of two polypeptide chains containing specific carbohydrates. One chain is the same in each hormone. Thyroid-stimulating hormone (TSH), also known as thyrotropin (L., trophe 5 nourishment; a tropin “nourishes,” or activates, an endocrine gland), increases the rate of synthesis and release of thyroid hormones from the thyroid gland, which increase the rate of oxidative metabolism in endothermic birds and mammals.

Two additional category I hormones are follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Together, these hormones are called gonadotropins. These two hormones were first discovered in female mammals, where they promote the development of the ovarian follicles and their transformation after ovulation into corpora lutea. The ovarian follicles and corpora lutea, in turn, produce estradiol and progesterone, hormones essential for the development of female secondary sex characters and the female reproductive cycles (Chapter 21). Later 
discoveries have shown that these hormones also are present in male mammals. FSH promotes the development of the seminiferous tubules in the testis, which produce sperm. LH (sometimes called interstitial cell–stimulating hormone in males) promotes the synthesis of the male sex hormone, testosterone, by the interstitial cells of the testis.

Category II hormones are growth hormone (GH) and prolactin (PRL). Both are large, folded polypeptide chains with considerable structural and functional overlap. GH does not have a single target but affects many tissues. It channels amino acids into protein synthesis and has other effects that promote body growth. Some of the effects of GH result from its stimulating the release of other growth factors, such as somatomedins from liver cells. A deficiency of GH during human childhood leads to certain types of dwarfism, and an excess, to giantism. GH and somatomedins have been found in all tetrapod groups and some fishes.

Prolactin was named from the discovery that it stimulates the synthesis (but not the release) of milk by the mammary glands. PRL occurs in all groups of craniates, with the possible exception of hagfishes and lampreys, and it appears to have the widest range of actions of any of the adenohypophyseal hormones. Interacting with other hormones, it affects growth, reproduction, the development of integumentary features, and water and electrolyte balances, and it may modulate the immune response. For example, along with GH, PRL stimulates the secretion of somat-omedins by liver cells. It is essential in many ways 
for reproduction. PRL helps sustain the production of testosterone by the testis and progesterone by the corpus luteum. It stimulates reproductive migrations in many animals, including the movement of certain salamanders to water. It promotes nest building and maternal care in some teleosts and many birds. Indeed, roosters that have been given sufficient amounts of PRL will brood the chicks. In some birds, PRL interacts with other hormones to produce brood patches—ventral skin regions that lose feathers and transfer maternal body heat more efficiently to the eggs. In pigeons, it stimulates the desquamation of cells in the crop and the formation of a crop milk that is fed to newly hatched young. The effects of PRL are not limited to reproduction. In some fishes, it helps control water and salt balances and is thus essential for certain anadromous species to enter fresh water during their spawning runs. Similar effects have been found in nonmammalian tetrapods, but the role of PRL in mammalian osmoregulation is not yet clear.

The two category III hormones, (1) adrenocorticotropic hormone (ACTH), also known 
as corticotropin, and (2) melanocyte-stimulating hormone (MSH), also known as melanotropin, are the smallest of the adenohypophyseal hormones. Both share a common prohormone that later differentiates.

Corticotropin stimulates the synthesis and release of most of the hormones produced in the cortex of the adrenal gland, an organ located near the kidney. Adrenocortical hormones, in turn, affect a wide range of metabolic processes (Table 15-1 and 
p. 518).

Melanotropin was named for its action in amphibians and reptiles, where it causes the dispersal of pigment granules in the melanophores of the skin, and the animal becomes dark. In the absence of the hormone, the pigment granules are concentrated in the cell, and the animal is lighter in color. These physiological color changes help the animal adapt to changes in the tone of its background. Temperature and emotional state in some reptiles also affect the release of MSH. Although produced in pigment-producing cells, skin pigment in birds and mammals is deposited outside of these cells, so these animals do not have physiological color changes. However, MSH controls the synthesis of melanin, which is seasonal in some species. The coat of the short-tailed weasel is white in the winter, but melanin production causes the summer coat to be brown.

Melanotropin has been found in all vertebrates tested, but its physiological role in fishes is unknown. Pigment changes in fishes occur rapidly under sympathetic–parasympathetic control. MSH is produced only in the pars intermedia of the adenohypophysis in those vertebrates with a pars intermedia. When the pars intermedia is absent, as in birds and some mammals, it is produced in the pars distalis. All the other adenohypophyseal hormones are produced only in the pars distalis in tetrapods, but in fishes, some also are produced in the pars intermedia.

Neurohormones of the Hypothalamus Affecting the Adenohypophysis

The synthesis and release of adenohypophyseal hormones are regulated primarily by many small releasing hormones composed of peptides. These are synthesized by neuron cell bodies in hypothalamic nuclei. Axons of these cells carry the releasing hormones to the median eminence, where they enter the hypophyseal portal system to be carried in the blood to the adenohypophysis (Table 15-1). Here, they activate cells with the appropriate receptors. In some cases, autonomic innervation may have an additional stimulatory or inhibiting effect. A great deal is known about factors that affect the output of the adenohypophysis, but much of this information is beyond the scope of this book. In general, each hormone produced by the adenohypophysis requires the presence of its particular releasing hormone, except that the release of both FSH and LH is controlled by a single gonadotropin-
releasing hormone (GnRH).
As the level of a particular adenohypophyseal hormone increases in the blood, its continued synthesis and release are reduced in various ways. In most cases, a negative-feedback mechanism operates in which the increasing level of the adenohypophyseal hormone either reduces the sensitivity of the cells producing the hormone to its releasing hormone, reduces the sensitivity of the cells producing the releasing hormone, or both. Negative feedback brings the level of the hypophyseal hormone down to normal. In other cases, negative feedback operates more indirectly by promoting the production of a release-inhibiting hormone, which then acts on the cells producing the releasing hormone (Table 15-1). Sometimes the release of the inhibition by various means is the primary factor in promoting secretion.

Neurohormones of the Hypothalamus 
in the Neurohypophysis

Two chemically related peptide hormones are synthesized in the paraventricular and supraoptic nuclei in the hypothalamus of mammals (Fig. 15-4C). Axon tracts carry them to the pars nervosa of the hypophysis, where they are stored and from which they are released in response to neural stimulation. Vasopressin (VP) was first recognized and named for its effect in raising blood pressure (a pressor effect). Later, scientists discovered that the pressor effect occurred only at high concentrations. Its primary biological effect at lower concentrations is to prevent diuresis, the excretion of a copious and dilute urine, by promoting the reabsorption of water from parts of the kidney tubules (Chapter 20). Its alternate name, antidiuretic hormone, derives from this. Oxytocin (OXY) stimulates the contraction of certain smooth muscles. It is important in mammals in initiating uterine contractions at birth and releasing milk from the mammary glands in response to the suckling stimulus of the infant (Chapter 21).

Homologous hormones, ones with a few amino acid substitutions, occur in all vertebrates. In other tetrapods, they also promote water reabsorption from kidney tubules, the urinary bladder, or skin (in amphibians), and in birds, the contraction of oviduct muscles during egg laying. Their biological functions in fishes are not well known.

We saw (Chapter 14) that the hypothalamus is critical for the neuronal integration of visceral functions. Because of its neurosecretory relationships with the hypophysis, the hypothalamus also is the major control center for the hypophysis, which in turn is a central part of the endocrine system because its hormones affect so many other glands and physiological processes. The hypothalamus responds to the blood level of many hormones, but it is also a major neuroendocrine transducer, for it converts nerve impulses to hormonal signals and thereby places much of the endocrine system under some degree of nervous control. Endocrine secretion can be affected by emotional states, by changes in many physiological processes, and by light and other environmental changes detected by sense organs, which then transmit impulses through the nervous system. Hormonal levels influence much nervous activity, in turn. A female dog, for example, comes into heat under the influence of reproductive hormones and behaves differently toward male dogs than when she is not in heat. The two control systems of the body, nervous and endocrine, thus are integrated closely.

The Pineal Gland

A pineal gland (L., pineus 5 pertaining to pine, so called because of its shape) is found in many reptiles, birds, and mammals. It is absent in cetaceans. The pineal gland (Fig. 15-6) is a small, median, cone-shaped structure attached to the roof of the diencephalon, and its cellular components, known as pinealocytes, produce the hormone melatonin. Melatonin is synthesized from the amino acid tryptophan by several intermediate products, one of which is serotonin. Light inhibits the activity of certain enzymes in this pathway, so melatonin is produced at night. In some species of birds, light may affect the activity of the pineal gland directly, but in most species and in mammals, the pinealocytes are under neural control. The pinealocytes, therefore, are neuroendocrine transducers because nervous signals control the synthesis of enzymes producing melatonin.

The melatonin level in the blood has a distinct circadian rhythm (L., circa 5 approximately 1 dies 5 day), being higher at night. This rhythm is built in, or endogenous, to a large extent because it persists for many days when an experimental mammal is kept in constant darkness. The controlling mechanism is the suprachiasmatic nucleus in the hypothalamus of the brain, which acts as a “biological clock” (Fig. 15-6). The genetic mechanisms of the “biological clock” of vertebrates and many other organisms rely on genetic oscillators that produce certain proteins, the accumulation of which, in turn, reduces the activity of the genes that produced them. (See Gekakis et al., 1998, for a 
review).

The activity of the suprachiasmatic nucleus is “set,” or entrained, by information received in the retina on changes in day length. The receptive pigment is not one of those in the rods and cones because mice in which the rods and cones have been destroyed still can respond to changes in day length. The pigment appears to be a cryptochrome in other retinal cells. (See Barinaga, 1999, for a brief review.) Information from the retina about day length is carried by the axons of some ganglion cells that leave the optic pathway and enter the suprachiasmatic nucleus (Fig. 15-6). A neuronal pathway from the suprachiasmatic nucleus leads to the brainstem and spinal cord, and from the spinal cord to the pineal gland by way of the sympathetic nervous system. Neural signals promote the activity of the enzymes producing melatonin.

Melatonin is released into the blood, which carries it throughout the body. It also is released into the cerebrospinal fluid of the third ventricle, from which it is transferred to the median eminence of the neurohypophysis by tanycytes. Thus, it may influence the activity of the adenohypophysis more directly. Because of its cyclic production and wide distribution, the primary action of melatonin is to adjust many endogenous physiological rhythms, such as sleep, hormone levels, and appetite, to diurnal and seasonal cycles. The reduction of thyroid secretion at night in many mammals appears to result from the increased level of melatonin. Scientists even have proposed that “jet lag” may result from the melatonin rhythm getting out of phase with the light–dark cycle (Fevre-Montage et al., 1978).

Studies on rodents have shown that melatonin has an inhibiting effect on gonad development in mammals but that an increase in light levels reduces this effect. Through its effects on the median eminence and adenohypophysis, the pineal gland may play a critical role in the control of seasonal reproductive cycles. Many species reproduce in the spring, when day length increases. Clinical studies in humans suggest that a decrease of about 75% in the circulating level of melatonin between the ages of 7 and 12 years is a factor in promoting the onset of puberty.

The pineal gland has evolved from a part of the epiphyseal complex of anamniotes, which includes a median light-receptive pineal eye, parietal eye, or both (Fig. 12-23). The photoreceptive cells in these eyes, as well as those of the lateral image–forming eyes, respond directly to the absence of light and produce some melatonin. Melatonin acts in opposition to MSH and causes the pigment in the melanophores of some fishes and amphibians to concentrate (hence the name for this hormone). Its higher level at night causes these animals to blanch. It also appears to regulate other diurnal and seasonal cycles. The parietal eye of lizards controls the extent to which they expose themselves to sunlight. The pinealocytes of amniotes are modified photoreceptive cells.

Gern et al. (1986) proposed that melatonin in ancestral vertebrates was not a hormone but a paracrine because it acted only locally in the eyes. Elevated levels of melatonin at night caused pigment in the retina to concentrate and thus facilitated the stimulation of the photoreceptive cells by dim light. However, some melatonin spilled over into the blood, and, because a regular nightly surge of melatonin occurred, it could be co-opted to time physiological processes that would be most advantageous if they occurred at regular intervals. Melatonin became a hormone that acted on more distant cells and tissues, which are involved in diurnal color changes, degree of exposure to sunlight, and other rhythms.

The Urophysis

Teleosts have a neurohemal organ known as the urophysis (Gr., oura 5 tail 1 physis 5 growth) located beneath the caudal end of their spinal cord. Neurosecretory neurons in the caudal part of the spinal cord send axons into the urophysis, where they come close to blood vessels. Peptide hormones synthesized by these cells have been called urotensins because they can increase blood pressure in teleosts. The urophysis resembles a neuroendocrine transducer. It appears to play a role in osmoregulation, but more research is needed to clarify its biological function. Chondrichthyans have a comparable group of neurosecretory cells, but their axons do not aggregate to form such a well-defined organ.

The Adrenal Glands

The paired adrenal glands (L., ad 5 toward 1 ren 5 kidney), also called suprarenal glands, receive their name from their location beside or above the kidneys in mammals (Fig. 15-7). Each mammalian gland consists of two distinct parts, the cortex and the medulla, which have different origins, structures, and functions.

The Adrenal Medulla

The adrenal medulla of mammals is composed of chromaffin cells, which are arrayed around the periphery of venous sinuses, into which they discharge their secretions (Fig. 15-8). Investigators have identified two populations of chromaffin cells. One population produces norepinephrine, and the second population of cells contains enzymes that methy-
late norepinephrine to epinephrine. These catecholamine hormones also could be called neurohormones because norepinephrine is the same product as the neurotransmitter released by postganglionic sympathetic neurons at their junction with effectors. Norepinephrine production predominates in young mammals, but epinephrine production predominates in adult mammals. These hormones are released when the chromaffin cells are stimulated by preganglionic sympathetic neurons. Because of the identity of norepinephrine to the neurotransmitter of the postganglionic sympathetic neurons, and the close chemical relationship of norepinephrine to epinephrine, these medullary hormones reinforce the action of the sympathetic nervous system. Both sympathetic stimulation and the action of the medullary hormones mobilize resources needed to increase metabolism and adjust the body to short-term stress (i.e., the flight-or-fight reaction; Chapter 13). Because the level of norepinephrine production is low in the adrenal medulla of adult mammals, medullary norepinephrine has a secondary role to norepinephrine produced by postganglionic sympathetic neurons. In addition to supplementing the effects of norepinephrine, epinephrine also can stimulate the conversion of stored muscle glycogen into glucose and energy. Norepinephrine mobilizes glycogen stored only in liver cells.

The similarity of their products points to an affinity between chromaffin cells and postganglionic sympathetic neurons. This notion is supported by the innervation of both by preganglionic sympathetic neurons and by embryonic studies showing that both are derived from neural crest cells (Chapter 4). At one stage during their migration to the adrenal medulla, the precursors of the chromaffin cells are associated with the sympathetic ganglia that contain the cell bodies of developing postganglionic sympathetic neurons. A few chromaffin cells remain in the sympathetic ganglia, or in small, adjacent clusters called paraganglia. Chromaffin cells seem to be modified postganglionic sympathetic neurons.

Other chromaffin-like cells occur in the lining of the gastrointestinal and respiratory tracts and in the connective tissue of the gut, liver, and pancreas. All perform certain common biochemical steps (decarboxylation of tyrosine) in the synthesis of norepinephrine, epinephrine, and related hormones. Some investigators believe that these dispersed chromaffin and chromaffin-like cells are a diffuse neuroendocrine system that supplements or amplifies the actions of the sympathetic nervous system and adrenal medulla.

The Adrenal Cortex

The adrenal cortex develops by the proliferation of coelomic epithelial cells into the mesenchyme adjacent to the developing kidneys and gonads. The cortex produces many steroid hormones that chemically are similar to those produced by the ovary (estrogen) and testis (testosterone), which also develop partly from a proliferation of coelomic epithelium adjacent to the embryonic kidney (Chapter 21). The primate adrenal cortex is surprisingly large during fetal life because it produces substances that are precursors for the production of estrogen by the placenta, part of which is derived from fetal cells. Failure of the fetal zone to produce these precursors results in the termination of gestation. The fetal zone of the cortex regresses after birth. The adult mammalian adrenal cortex consists of irregular clusters and cords of epithelial cells interspersed with vascular spaces. Three zones are recognized: zona glomerulosa, zona fasciculata, and zona reticularis (Fig. 15-8). The functions of the cortical hormones overlap to some extent, but they can be sorted into three groups: glucocorticoids, mineralocorticoids, and cortical androgens.

The secretion of glucocorticoids, of which cortisol and corticosterone are the most important, is stimulated by the secretion of ACTH by the adenohypophysis. Most glucocorticoids are produced in the zona fasciculata, and they have a strong effect on energy metabolism. They inhibit blood glucose utilization by many tissues (especially skeletal muscle) and thus give nervous tissues, such as the brain, a preferential source of glucose. They stimulate amino acid uptake by liver cells and its conversion to glucose and storage as glycogen. They mobilize fat stores. These reactions help an animal adjust to certain aspects of chronic stress. High levels of glucocorticoids also suppress many of the body’s normal inflammatory and immunological responses. They inhibit capillary dilation, decrease capillary permeability, and inhibit the mobilization of lymphocytes. These reactions, too, help an animal handle certain aspects of stress. Mammals that are subject to chronic stress develop enlarged adrenal cortices.

Aldosterone, the most important mineralocorticoid, is produced in the zona glomerulosa. It affects electrolyte balances and blood pressure. It promotes the reabsorption of sodium ions by the kidney tubules and the excretion of potassium and hydrogen ions. Because of the osmotic effect of sodium reabsorption, the amount of water in the interstitial fluid and blood increases, which leads to an increase in blood pressure. The secretion of aldosterone is not regulated by ACTH but by a complex series of reactions involving the kidney, liver, and lungs (Focus 15-1).

Cortical androgens are produced in the zona reticularis. They resemble the male sex hormone, testosterone, and at high blood levels they have a masculinizing effect on females. At normal levels, they promote protein synthesis and muscle growth in both sexes.

Phylogeny of the Adrenal Glands

All craniates have groups of cells homologous to the mammalian adrenocortical and chromaffin tissues, but they are scattered in and near the kidneys in fishes (Fig. 15-9). Hagfishes and lampreys have clusters or islets of chromaffin cells located dorsal to the coelom along the posterior cardinal veins and anterior end of the kidneys. Although cortical hormones have been found in hagfish and lamprey blood, their source is not known. The islets of chromaffin tissue of elasmobranchs lie between the kidneys beside the sympathetic ganglia in a position similar to the mammalian paraganglia. Most of the chromaffin tissue of elasmobranchs forms one or more interrenal bodies between the kidneys. In other fishes, chromaffin and cortical tissue form scattered islets in various parts of the kidneys.

The cortical and chromaffin tissues come together to form adrenal glands in tetrapods (Fig. 15-9). Urodeles have a series of small adrenal glands along the ventral surface of the kidneys. Amniotes have a single pair of adrenal glands. The cortical tissue lies peripheral to the chromaffin tissue, but only mammals have a continuous renal cortex. Norepinephrine is the major secretion of the chromaffin cells in nonmammalian vertebrates as well as in embryonic mammals. The methylation of norepinephrine to epinephrine in adult mammals requires cortisol, which is produced in the cortex, to synthesize a medullary enzyme. The close association of the cortex and medulla in mammals allows cortisol to reach the medulla directly because some blood flows through the cortex to the medulla.

The Hypothalamo-Hypophyseal–
Thyroid Axis

The thyroid gland arises embryonically as a midventral outgrowth from the pharynx floor between the first and second pairs of pharyngeal pouches (Figs. 
4-39G and 15-10). The thyroid primordium soon loses its connection with the pharynx and differentiates into many small, spherical epithelial follicles, which migrate a variable distance caudad. In chondrichthyans, the follicles remain near their site of origin as a discrete median thyroid gland in the floor of the pharynx, but in the hagfish, lamprey, and most teleosts, the thyroid follicles become widely scattered in small groups throughout the pharynx. Some even enter the anterior part of the kidney (head kidney, Chapter 20), liver, and heart in teleosts. In an amphibian, the follicles form a pair of thyroid glands in the pharynx floor. The thyroid gland of sauropsids migrates far caudally, near the posterior end of the trachea, and may remain as a median organ or become paired. In mammals, the thyroid gland is a bilobed structure that lies near the anterior end of the trachea or, in humans, ventral to the thyroid cartilage (Gr., thyreoeides 5 resembling an oblong shield) of the larynx, hence its name.

The thyroid follicles are embedded in a highly vascularized connective tissue (Fig. 15-11). As is common in endocrine glands, many of the capillaries surrounding them are fenestrated. That is, exceptionally thin, window-like areas in their walls facilitate the passage of larger molecules. The single layer of epithelial cells that forms the follicle wall synthesizes a proteinaceous fluid called colloid that is secreted into the lumen of the follicle and stored there. The colloid contains thyroglobulin, a protein rich in the amino acid tyrosine, and iodine. Tyrosine is united with iodine within the follicle, and then the iodinated tyrosines are coupled to form the thyroid hormones: triiodothyronine (T3) and tetraiodothyronine (T4), also called thyroxine. Sufficient dietary iodine is essential for the synthesis of the thyroid hormones. People living in parts of the world where the soil or water is deficient in iodine have low levels of thyroid hormones, and a hypothyroid enlargement of the gland results in a goiter. An enlargement occurs because increasing amounts of TSH are produced in an “attempt” to compensate for the low levels of thyroid hormones. This was a problem in sections of the United States (i.e., parts of the Great Lake region, Appalachia, and the Rocky Mountains) until the introduction of iodized salt into the diet. It still is a problem in developing countries. Goiters also may result from an overactive thyroid gland, but this is less common.

A reduction in the amounts of thyroid hormones in the blood stimulates the release of TSH-releasing hormone (TRH) by the hypothalamus, and, on reaching the adenohypophysis, TRH promotes the synthesis and release of TSH. TSH causes the microvilli on the lumen side of the epithelial cells of the follicle to elongate and envelop bits of colloid. The colloid is partly digested within the cells, and the hormones are released from the colloid and discharged from the opposite surface. Blood levels of thyroid hormones are restored to normal. The thyroid gland is unique among endocrine glands in being able to store its hormones.

Thyroid hormones easily pass through the lipid plasma and nuclear membranes of cells and exert their influence by binding with thyroid hormone receptors on the chromosomes. This binding, in turn, activates (or, in a few cases, represses) the transcription of certain genes into proteins. Because so many cells are affected, the functions of the thyroid hormones in mammals are difficult to generalize. Metabolism, growth, development, and reproduction are among the many processes that are affected. Many of the effects are “permissive” in the sense that the thyroid hormones maintain body cells in a state of readiness to respond to other hormones. Thyroid hormones in mammals and birds accelerate oxidative metabolism throughout the body, and they are needed to maintain the high level of metabolism that characterizes endotherms. The production of these hormones decreases greatly in hibernating mammals. Production peaks when these mammals begin to emerge from hibernation and generate considerable body heat. Thyroid hormones are essential for normal growth and development, possibly by their permissive action in making cells more responsive to GH. Nervous tissues are particularly sensitive to a lack of thyroid hormones during development. A low level of these hormones in human infants causes a severe retardation of mental development known as cretinism. The maturation of the ovary and testis also requires thyroid hormones, which apparently affect the release of gonadotropins by their influence on the hypothalamus and its production of GnRH. Hair molting in some mammals involves both thyroid hormones and cortisol. A low thyroid level and high cortisol level causes a molt; the reverse induces hair growth.

Every adult craniate has a thyroid gland, but the capacity to iodinate tyrosine and synthesize iodinated proteins is not confined to craniates. Many invertebrate groups can do so, and the iodinated proteins usually are a component of their skeletons, pharyngeal teeth, and other hard parts. The significance of this ability is not understood, for no clear evidence shows that invertebrates make use of these proteins. Tunicates and amphioxus synthesize these proteins in certain cells of their endostyle. They are released into the pharynx and digested and absorbed as iodinated tyrosines in the intestine. This pattern of production, release, and absorption implies a function, but its nature is unclear. The endostyle-like subpharyngeal gland of the ammocoetes larva of the lamprey also produces and releases iodinated proteins into the pharynx. Part of this gland transforms into the thyroid gland in adults. We see in this developmental sequence the transformation of an exocrine gland into an endocrine gland. The craniate thyroid gland seems to have evolved as a means of storing iodinated proteins and releasing them directly into the blood.

The functions of the thyroid hormones of anamniotes and reptiles have not been thoroughly studied. Adult hagfishes and lampreys produce thyroid hormones, but their functions are not yet known. As expected, the thyroid hormones of ectothermic fishes, amphibians, and reptiles do not increase metabolic rate as they do in endothermic birds and mammals, but they appear to have many of the other effects seen in birds and mammals. They promote growth (except 
in amphibians, see subsequent discussion), molting, gonad maturation, and some aspects of reproductive behavior (migration, spawning).

Thyroid hormones have a negative effect on amphibian growth, but they do induce metamorphosis, a period in which growth stops, and profound changes occur in the morphology and functions of most organ systems as the animal changes from an aquatic tadpole to a terrestrial adult. The dramatic effect of thyroid hormones on amphibian metamorphosis was observed many years ago, when scientists found that early metamorphosis could be induced by providing frog tadpoles with thyroxine or, in some cases, extra iodine. Removal of the tadpole’s thyroid gland inhibited metamorphosis. Many cases of paedomorphosis in salamanders result from low levels of either TSH or thyroid hormones.

Since these early observations, many studies have been made on the roles of thyroid hormone and thyroid-hormone receptors at different stages of amphibian development. The thyroid-hormone receptors of responding tissues appear to be particularly important (Wolffe and Shi, 1999). Patterns of gene expression leading to metamorphosis vary with the distribution and abundance of thyroid-hormone receptors and the degree of their binding to the thyroid hormones. Gene expression patterns are very complex. For example, the rapid growth of the hind legs of a frog tadpole during metamorphosis involves the activation of 14 genes and the decrease in activity of 5 others. To complicate matters further, investigators have discovered that thyroid hormones interact with others, in particular corticosterone and PRL, which also increase rapidly during metamorphosis.

Endocrine Regulation of Calcium 
and Phosphate Metabolism

Calcium ions (Ca21) and phosphate ions (HPO42) are essential for the formation of bone and teeth and for a multitude of biochemical processes. They are taken in with the diet, stored in bones and teeth, and maintained in the blood in a dynamic equilibrium. In mammals, they are regulated in such a way that their product equals some constant:

[Ca21][HPO42] 5 k

This constant changes with the physiological state of the animal, being greater, for example, in a growing mammal than in an adult. The relationship between these ions means that an increase in Ca21 will lead to a drop in HPO42, and vice versa. We can focus, therefore, primarily on factors affecting calcium homeostasis.

Calcium homeostasis in mammals is dependent on the interaction of three hormones from different sources: parathyroid hormone (PTH; also known as parathormone) and calcitonin (CT), both of which are polypeptides, and the steroid 1,25-dihydroxy-cholecalciferol (1,25-DHC). Parathormone is produced by the parathyroid glands. Most tetrapods have two pairs of parathyroid glands that develop as endodermal epithelial buds from the third and fourth pharyngeal pouches, but lissamphibians often have a third pair that develops from the second pharyngeal pouch (Figs. 15-10 and 15-12). The parathyroid epithelial buds usually form on the ventral surface of the pouches, but those of mammals develop dorsally. The epithelial buds separate from the pharyngeal pouches and come to lie near the thyroid gland or, as in many mammals, become embedded in its dorsal surface.

Calcitonin is produced by parafollicular, or C, cells. The C cells arise from the neural crest but usually become lodged in ultimobranchial bodies that develop in all vertebrates from the ventral or posterior surface of the last pair of pharyngeal pouches (Fig. 15-12). The ultimobranchial bodies are vestigial in most mammals, but the C cells lodge within the thyroid gland (Fig. 15-11).

1,25-dihydroxycholecalciferol is a complex hormone, the synthesis of which begins in the skin by the action of ultraviolet light, which converts cholesterol to cholecalciferol, or vitamin D. Cholecalciferol is converted in the liver to 25-hydrocholecalciferol (25-HC) and in the kidney to 1,25-DHC (Fig. 15-13).

Calcium and phosphate ions enter the body through the intestine (Fig. 15-13). Calcium absorption needs a calcium-binding protein the synthesis of which requires 1,25-DHC. Phosphate ions passively follow the calcium ions. Once in the blood, the level of calcium ions is maintained primarily by the action of PTH. PTH is released from the parathyroid glands when calcium levels in the blood decrease, and its release is inhibited when calcium levels increase. PTH causes the removal of calcium ions from bones, partly by activating osteoclasts, and the reabsorption of calcium ions by the kidney tubules. 1,25-DHC facilitates both of these actions. Calcium ions are lost in the urine only when their blood levels are high. PTH has the opposite effects on phosphate ions, promoting its excretion by the kidney, for example. Calcitonin (CT) inhibits the action of PTH on bone, hence it promotes the storage of calcium ions in bone. Calcium homeostasis is essential for nerve and muscle metabolism, and prolonged low levels cause muscle tetany and death from suffocation.

The regulation of calcium and phosphate levels in the blood in other tetrapods is similar to that in mammals. All tetrapods have parathyroid glands and ultimobranchial bodies, and the vitamin D complex appears to be active. Calcium-binding protein has been found in the intestinal mucosa of amphibians. Fishes are quite different: All lack parathyroid glands, but parathormone, which increases calcium levels in the blood, has been found in the hypophysis. Calcium-lowering factors appear to come from the ultimobranchial bodies and small corpuscles of Stannius, which are embedded in the kidneys.

Endocrine Regulation of Metabolism

Animals derive their energy by the intracellular breakdown of carbohydrates, primarily the simple sugar glucose. Excess glucose can be stored as a more complex carbohydrate (glycogen), as lipids, and as protein. All of these storage products can be reconverted to glucose when needed. Hormones produced by clumps of endocrine cells, which are known as the pancreatic islets (islets of Langerhans), are critical in the utilization of glucose and in these metabolic conversions.

The pancreatic islets of most tetrapods are small clusters of endocrine cells that are scattered in the pancreas (Fig. 15-14). (The pancreas is a large exocrine gland the secretory lobules [the acini] of which secrete many digestive enzymes that are discharged through ducts that usually join the bile duct from the liver.) Although pancreatic exocrine tissue is present, many fishes do not have a distinct pancreas (hagfishes and lampreys). Even when a pancreas is present in fishes, the islet cells do not form discrete islets within it; rather, they tend to be scattered in the intestinal wall, along abdominal blood vessels, within the liver, and along the bile duct, and sometimes they form layers around the smaller pancreatic ducts. Lungfishes do have a compact pancreas within the intestinal wall, which does contain islets. The islet cells of most teleosts are aggregated to form masses of tissues called Brockmann bodies. Some species have many Brockmann bodies; in others (Atlantic cod, bullheads), most of the islets cells are contained in a single one.

Several distinct cell types, which produce different hormones, have been identified in mammalian pancreatic islets. Insulin (I), so named because it came from the pancreatic islets (L., insula 5 island), was the first pancreatic hormone to be discovered. An increase in blood sugar levels, following a meal, for example, directly stimulates the insulin-producing cells to produce insulin. Insulin decreases blood sugar levels by facilitating the transport of glucose into cells, particularly into muscle and fat cells. Insulin also increases the uptake of amino acids and fatty acids by target cells. In addition, insulin enhances the action of certain enzymes involved in the utilization of glucose. As blood sugar levels decrease to normal, insulin secretion decreases. Autonomic neurons also terminate on many islet cells and appear to modulate their response to blood sugar. Parasympathetic stimulation promotes insulin release, and sympathetic stimulation blocks it. An insufficient production of insulin or an unresponsiveness of the target cells to insulin leads to diabetes mellitus, a disease in which glucose is not adequately utilized. Glucose levels increase in the blood, glucose is excreted in the urine along with a great deal of water, and fats and proteins are used as a source of energy to compensate for the inability to utilize glucose.

A second islet hormone, glucagon, is a simple polypeptide. Its secretion is promoted by a decrease of blood sugar. Its primary action is to mobilize stored carbohydrate (glycogen) in liver cells and release it as glucose into the blood. It also promotes the breakdown of stored fat. Glucagon is one of several agents (e.g., GH, epinephrine) that increase blood sugar levels. In mammals, glucagon is particularly important in fasting or poorly fed individuals. Other islet cells produce pancreatic polypeptide and pancreatic somatostatin. Little is known about their actions. Somatostatin is believed to be a paracrine and to act locally within the islets as an inhibitor of the release of insulin and glucagon.

Insulin and glucagon are conservative molecules, and only a few changes in their amino acid composition have occurred during vertebrate evolution. The effects of insulin and glucagon are generally the same in other vertebrates as in mammals. Lizards and birds, however, are far less sensitive to insulin, and glucagon appears to be their primary regulator of carbohydrate metabolism. Glucagon-like molecules have been found in amphioxus, tunicates, and crabs. Insulin is a very ancient molecule, and insulin-like molecules occur in protozoans, bacteria, and fungi!

Endocrine Regulation
of the Gastrointestinal Tract

The steplike process of digesting foods as they pass through the digestive tract necessitates a precise integration between food movements and the release of digestive enzymes from the stomach and small intestine. This control in mammals is effected partly by the autonomic nervous system and partly by peptide hormones secreted by scattered cells in the epithelial lining of the stomach and first parts of the small intestine (duodenum and jejunum). In general, parasympathetic stimulation by the vagus nerve promotes gut movements and secretion, and sympathetic stimulation inhibits these actions. Many types of gastrointestinal, peptide-producing cells have been discovered. Because these cells show an affinity to chromaffin cells and to postganglionic parasympathetic neurons, both of which are derived from the neural crest, some investigators believe that these cells also are derived from the neural crest. All of the cells lie next to the gut lumen so they can respond directly to the presence of digestive products in the gut.

Vagal stimulation and the presence of food in the stomach promote the secretion of gastrin by cells in the distal or pyloric region of the stomach (Fig. 15-15 and Table 15-2). Gastrin then causes the secretion of hydrochloric acid by the parietal cells of the gastric glands. The resulting increase in acid levels in the stomach evokes a local parasympathetic reflex that causes the release of the proenzyme pepsinogen from the chief cells of the gastric glands. Pepsinogen is changed to active pepsin by the acids in the stomach lumen. As acid levels increase in the pyloric region of the stomach, certain cells there release somatostatin, which inhibits acid release.

The discharge of the partly digested acid contents of the stomach stimulates certain duodenal cells to produce secretin. This hormone, discovered by Bayliss and Starling in 1902, was the first hormone the effects of which could be clearly demonstrated. It was believed at first that secretin alone stimulated all of the pancreatic secretion. Scientists now recognize that secretin promotes only the release of water, salts, and bicarbonate ions, which neutralize the acids coming from the stomach. The release of the pancreatic enzymes requires another hormone originally called pancreozymin, the secretion of which is stimulated by the presence of fat and peptides. Parasympathetic stimulation supplements hormonal enzyme release. Yet another hormone, cholecystokinin, was believed to promote the contraction of the gallbladder and the release of bile from the liver. Although bile contains no digestive enzymes, it has a digestive role because it emulsifies fats and makes them more susceptible to the action of fat-splitting enzymes. Subsequent research showed that pancreozymin and cholecystokinin are the same peptide. This peptide was first identified by using both names, cholecystokinin–pancreozymin, but most endocrinologists now simply call it cholecystokinin, which is the older name. In addition to its other functions, cholecystokinin also slows down the rate of emptying of the stomach.

Another peptide, originally called enterogastrone, is produced by the intestinal mucosa in response to the presence of digesting food. Scientists now recognize that enterogastrone is three different peptides: (1) peptide YY, which, together with somatostatin, inhibits gastric acid secretion; (2) glucose-dependent insulinotropic peptide (GDIP), which stimulates insulin release from the pancreatic islets provided that blood glucose levels also are elevated; and (3) motilin, which stimulates motility of the gastrointestinal tract. Yet other peptides have been found.

By using immunoreactive studies, investigators have found that many nonmammalian vertebrates have a number of the gastrointestinal peptides found in mammals, but few studies have been made on their biological function. Many fundamental differences occur between the digestive pattern of mammals and nonmammalian vertebrates (Chapter 17). Some fishes lack stomachs, for example.
SUMMARY


1.
Endocrine regulation of body activities tends to be slower, more diffuse, and longer lasting than nervous regulation because hormones must enter and leave the blood, cells with receptors for specific hormones often are scattered widely in the body, and hormones have a longer life than do neurotransmitters. Endocrine integration is particularly well suited for controlling continuing processes, such as metabolism, growth, slow body color changes, metamorphosis, mineral and water balances, sexual development, and reproduction.


2.
Despite their diversity, hormones belong to only a few categories of chemical compounds: amino acids or modified amino acids, peptides, proteins, and steroids. Peptide and protein hormones, which are soluble in the blood, do not diffuse through the lipid plasma membrane of cells; rather, they bind to receptor molecules in the membrane. This activates a second messenger within the cell, which then is responsible for the effect of the hormone.


3.
Lipid-soluble steroid hormones and thyroid hormones easily pass through the plasma membrane and ultimately exert their effects by influencing genes. Either method involves considerable amplification of the original signal, so hormones are effective in very small amounts.


4.
The hypothalamus of the brain and the hypophysis (pituitary gland) are closely integrated structurally and functionally to form the hypothalamo–
hypophyseal axis. Some cells in hypothalamic nuclei secrete two neurohormones that are stored and released from the neurohypophysis. VP promotes water reabsorption, and OXY stimulates smooth-muscle contraction.


5.
Other hypothalamic nuclei produce other neurohormones that are carried by small portal veins to the adenohypophysis, where they control the synthesis and release of its numerous hormones. These hormones affect many other endocrine glands and body functions: TSH (thyroid gland), gonadotropin (ovary and testis), ACTH (adrenal cortex), GH, PRL, and MSH.


6.
Because of the wide range of activities affected by hypophyseal hormones and the close integration of the hypophysis with the hypothalamus, the nervous system exerts considerable control over the endocrine system. Conversely, some hormones (reproductive hormones) affect the nervous system and the behavior of animals.


7.
The pineal gland evolved from the photoreceptive epiphyseal complex (pineal and parietal eyes) of anamniotes and reptiles. It is the source of melatonin, a hormone the synthesis of which is inhibited by light. Melatonin production, therefore, has a distinct circadian rhythm, which is controlled by a “biological clock” in the hypothalamus.


8.
The adrenal glands of mammals consist of quite different cortical and medullary cells. Chromaffin cells of the medulla are derived from the neural crest and appear to be modified postganglionic sympathetic neurons. Chromaffin cells secrete norepinephrine and (primarily in adult mammals) epinephrine, a methylated norepinephrine. In addition to supplementing the action of epinephrine and the sympathetic nervous system in adjusting the body to short-term stress, epinephrine stimulates the conversion of stored muscle glycogen to glucose.


9.
The adrenal cortex produces three groups of steroid hormones: (1) glucocorticoids (cortisol and corticosterone) have a strong effect on energy metabolism, tending to promote the uptake of amino acids and their conversion to glucose and storage as glycogen; (2) mineralocorticoids (aldosterone) affect electrolyte balances and blood pressure; and (3) cortical androgens promote protein synthesis.


10.
Chromaffin cells and adrenocortical tissue are distinct in fishes, forming small patches on or between the kidneys. These two tissues come together in tetrapods, but only in mammals does a complete cortex surround the medulla. This association appears to facilitate the methylation of norepinephrine to epinephrine.


11.
All vertebrates have a thyroid gland that develops as a ventral outgrowth from the pharynx. Tyrosine is united with iodine within thyroid follicles to form the thyroid hormones: T3 and T4 (thyroxine). These hormones bind with receptors within the nucleus and have wide-ranging effects on metabolism, growth, development, and reproduction. Many of the effects are said to be “permissive” because the thyroid hormones maintain body cells in a state of readiness to respond to other hormones. Thyroid hormones are essential for endothermic birds and mammals to maintain their high levels of metabolism. Thyroid hormones are essential for amphibian metamorphosis.


12.
Calcium and phosphate homeostasis depends on the interaction of three hormones: (1) 1,25-DHC, a derivative of vitamin D, promotes the active absorption of calcium ions (phosphate ions passively follow); (2) PTH, which is produced by the parathyroid glands of tetrapods, promotes the removal of calcium ions from bone when their blood level decreases and their excretion when levels increase; and (3) calcitonin, produced by neural crest cells that become lodged in the ultimobranchial bodies or in the thyroid gland of mammals as the C cells, inhibits the action of PTH on bone, hence it promotes the storage of calcium. Fishes lack parathyroid glands, but PTH has been found in their hypophysis.


13.
Insulin, which is produced by certain cells in the pancreatic islets, is essential for the utilization of glucose and interconversions between glucose, other carbohydrates, proteins, and fats. Insulin decreases blood sugar by facilitating the transport of glucose into cells and its use by the cells. Glucagon, a second islet hormone, mobilizes carbohydrate stored as glycogen in liver cells and releases it into the blood. Autonomic nervous stimulation also is important in the release and storage of glucose.


14.
The sequential movements of the gut and secretion of digestive enzymes as food passes through the digestive tract are regulated by the autonomic nervous system and by many gastrointestinal peptides secreted by cells next to the gut lumen.
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Figure 15-1

A comparison of neural and endocrine control systems. A, The action of a neuron on its target cell. B, Release by a secretory neuron of neurohormones into the circulatory system and their transport to the target cells. C, Release of two hormones by different endocrine cells into the circulatory system and their transport to target cells. Only target cells with the appropriate receptor respond.

Text continues on page 508
Figure 15-2

The location of the major endocrine glands in a rat. Testes and ovaries are not present in the same individual.
Table 15-1
Major Mammalian Hormones and their Primary Effects

Gland and Hormone
Major Actions

Adenohypophysis

  Thyrotropin (TSH)
Secretion of thyroid hormones

  Follicle-stimulating hormone (FSH)
Development of ovarian follicles


Development of seminiferous tubules of testis


Development of Sertoli cells in testis

  Luteinizing hormone (LH)
Transformation of follicle into corpus luteum


Production of testosterone by interstitial cells

  Growth hormone (GH)
Protein synthesis and growth


Release of somatomedin from liver

  Prolactin (PRL)
Synthesis of milk


Affects growth, reproduction, water and electrolyte balances

  Corticotropin (ACTH)
Release of glucocorticoids and androgens from adrenal cortex

  Melanotropin (MSH)
Dispersal of pigment in amphibian melanophores


Synthesis of melanin

Hypothalamic hormones affecting adenohypophysis

  Thyrotropin-releasing hormone (TRH)
Release of thyrotropin

  Gonadotropin-releasing hormone (GnRH)
Releases follicle-stimulating hormone and luteinizing hormone

  Growth hormone release-inhibiting hormone (GHRIH)
Blocks release of growth hormone

  Somatocrinin
Releases growth hormone in absence of GHRIH

  Prolactin-releasing hormone (PRH)
Releases prolactin

  Prolactin release-inhibiting hormone (PRIH)
Inhibits release of prolactin

  Corticotropin-releasing hormone (CRH)
Releases corticotropin

  Melanotropin-releasing hormone (MRH)
Releases melanotropin

  Melanotropin release-inhibiting hormone (MRIH)
Inhibits release of melanotropin

Hypothalamic neurohormones released from neurohypophysis

  Vasopressin (VP) or antidiuretic hormone
Prevents diuresis

  Oxytocin (OXY)
Contraction of smooth muscle, especially in uterus and mammary
  glands

Pineal gland

  Melatonin
Adjusts physiological rhythms to diurnal and seasonal cycles


Inhibiting effect on gonad development

Adrenal medula

  Norepinephrine in young mammals, epinephrine in adults
Reinforces sympathetic nervous system in adjusting body to short-
  term stress

Adrenal cortex

  Glucocorticoids: Cortisol, corticosterone
Energy metabolism, adjusts body to long-term stress

  Mineralocorticoid: Aldosterone
Sodium reabsorption and potassium secretion by kidney tubules


Raises blood pressure

  Cortical androgen
Protein synthesis, muscle growth

Thyroid gland

  Triiodothyronine (T3), tetraiodothyronine (T4), (thyroxine)
Accelerate oxidative metabolism 


Growth, development, and other effects through its permissive role
  on other cells

Skin, liver, kidneys

  Production of 1,25-dihydroxycholecalciferol (1,25-DHC) from 
Carrier protein for absorption of calcium
    cholesterol and vitamin D in skin


Table 15-1 (Continued)

Gland and Hormone
Major Actions

Parathyroid glands

  Parathormone (PTH)
Removal of calcium from bone


Calcium reabsorption and potassium excretion by kidney tubules

C cells in thyroid gland

  Calcitonin (CT)
Inhibits action of parathormone on bone

Liver

  Somatomedin
Body growth

Kidneys

  Renin
Converts angiotensinogens in blood to angiotensin I

Lungs

  Angiotensin I converted to angiotensin II and III
Release of aldosterone from kidney cortex

Pancreatic islets

  Insulin (I)
Lowers blood sugar

  Glucagon (G)
Raises blood sugar

Gastrointestinal tract

  Gastrin
Raises stomach acid, which promotes release of pepsinogen

  Somatostatin (SS)
Inhibits acid release

  Secretin
Release of water and bicarbonate from pancreas

  Cholecystokinin (CCK)
Release of pancreatic enzymes


Release of bile

  Peptide YY (PYY)
Inhibits gastric acid secretion

  Glucose-dependent insulinotropic peptide (GDIP)
Insulin release from pancreatic islets

  Motilin
Increases motility of gastrointestinal tract

Testis

  Testosterone
Growth of male reproductive organs


Development of male secondary sex characters


Controls male reproductive behavior

Ovary

  Estradiol
Growth of female reproductive organs


Development of female secondary sex characters


Proliferation of uterine lining


Affects LH surge and ovulation


Inhibits release of GnRH

  Progesterone
Maintains uterine lining

  Relaxin
Relaxes pelvic ligaments before birth


Promotes growth of uterine muscles


Stimulates development of mammary glands

Placenta

  Chorionic gonadotropin (CG)
Maintains corpus luteum until placenta produces gonadal steroids

  Estradiol
Same as ovarian estradiol

  Progesterone
Same as ovarian progesterone

  Chorionic somatomammotropin (placental lactogen)
Milk synthesis

  Relaxin
Same as ovarian relaxin

Figure 15-3

Methods of hormone action. A, A peptide or protein hormone (the first messenger) binds with a receptor in the plasma membrane of the cell. By way of intermediate G proteins (not shown), this union activates a second messenger on the inside of the membrane, and its activation sets off a series of reactions that lead to the biological effect of the cell. B, A steroid hormone easily passes through the plasma membrane and binds with a cytoplasmic receptor. The receptor hormone complex enters the nucleus and acts on a gene. In some cases, the receptor is in the nucleus.
Text continues on page 513

Figure 15-4

The mammalian hypothalamo-hypophyseal axis. A, The embryonic development of the hypophysis from evaginations of the diencephalon and stomodaeum. B, Parts of the adult hypophysis. C, Neuronal and vascular connections between the hypothalamus and hypophysis.
Figure 15-5

A cladogram showing the evolution of the hypophysis in representative vertebrates.

Figure 15-6

Sagittal section through the mammalian eye, diencephalon, and pineal gland, showing the neuronal pathway by which light inhibits the synthesis of melatonin by the pineal gland. Melatonin is synthesized during dark periods. Most enters the blood, but some enters the cerebrospinal fluid.
Figure 15-7

Structure of the mammalian adrenal gland. A, It is a nodule near the superior end of the kidney in most mammals. B, It forms a cap over the kidney in humans.

Figure 15-8

The histological structure of the mammalian adrenal gland.
Focus
15-1
The Renin–Angiotensin–Aldosterone Mechanism

The control of aldosterone release is a good example of the complexity of hormone interactions. We begin with the release of the hormone renin from the kidneys in response to a decrease in blood pressure within the kidneys or low sodium levels in the blood (Fig. A). The sensory signals are received by, and renin is produced in a special cluster of cells called, the juxtaglomerular apparatus, which is associated with the kidney tubules. (The kidney tubules remove waste products from the blood and selectively remove or reabsorb water, ions, and many other substances according to circumstances; Chapter 20). Once in the blood, renin reacts with circulating angiotensinogen or renin substrate, which is produced in the liver, to form angiotensin I. On reaching the lungs, angiotensin I is converted to angiotensin II and III by angiotensin-converting enzyme, which is produced in the lungs. Both angiotensin II and III stimulate the production and release of aldosterone by certain adrenal cortex cells. Angiotensin II is the more abundant in humans; angiotensin III, in rats. As we mentioned, aldosterone then promotes sodium reabsorption and potassium secretion by the kidney tubules. The osmotic effect of this increases fluid volume in the blood and blood pressure, but angiotensin II and III are themselves potent vasoconstrictors and increase blood pressure.A. A diagram of the regulation of blood pressure by the renin-angiotensin-aldosterone mechanism.
Figure 15-9

A cladogram suggesting the pattern of the evolution of the adrenal gland in representative vertebrates.

Figure 15-10

Frontal sections of the embryonic development of the mammalian pharynx and its derivatives. An early stage is shown on the left, a later one, on the right. The thymic primordia are invaded by lymphocytes and become a part of the body’s immune system. (After Corliss.)

Figure 15-11

The histological structure of the mammalian thyroid gland. (After Williams et al.)
Figure 15-12

A–F, The embryonic development of the pharyngeal glands and thymus in the major vertebrate groups. The embryonic pharyngeal pouches are shown as ovals and are numbered. The thymus, the buds of which generally arise from the surface of pharyngeal pouches opposite to the surface forming the parathyroid primordia, is a part of the immune system (Chapter 19). The thyroid gland develops as an outgrowth of the floor of the pharynx.
Figure 15-13

The primary factors involved in calcium homeostasis in mammals. The pathway for the formation of 1,25-dihydroxycholecalciferol (1,25-DHC) from cholesterol and vitamin D in the skin is shown at the top right side. 1,25-DHC promotes the absorption of calcium ions from the intestine. Phosphate ions follow the absorption of calcium ions (Ca21) from the intestine, and parathormone (PTH) has an action on phosphate opposite to its action on calcium.

Figure 15-14

A drawing based on a photomicrograph of an endocrine pancreatic islet in the pancreas of a mammal. Most of the pancreas is composed of exocrine cells, which secrete the digestive enzymes. These form small secretory clumps (acini), some of which show around the islet.
Figure 15-15

The major hormones that affect gastric and pancreatic secretion and bile release.

Table 15-2
Major Controls on Digestive Functions

Stimulus
Target
Outcome

Vagus impulse
Parietal cells of gastric glands
Acid release

Acid and food in pyloric region
Pyloric cells
Gastrin release

Gastrin
Parietal cells of gastric glands
More acid release

Acid via local neurone reflex
Chief cells of gastric glands
Pepsinogen release

Acid
Pepsinogen
Pepsin

High acidity
Pyloric cells
Somatostatin release

Somatostatin
Parietal cells
Inhibition of acid release

Entry of acid food into duodenum
Duodenal cells
Secretin release

Secretin
Exocrine pancreas
Bicarbonate solution release

Fat and digesting food
Duodenal cells
Cholecystokinin release

Cholecystokinin
Exocrine pancreas
Enzyme release


Gallbladder
Bile release

Digesting food
Duodenal cells
Peptide YY release

Peptide YY
Parietal cells
Further inhibition of acid release

Digesting food
Duodenal cells
Glucose-dependent insulinotropic hormone release

GI-dep insulinotropic hormone
Endocrine pancreas
Insulin release if glucose rising in blood

Digesting food
Duodenal cells
Motilin release

Motilin
Intestine
Increased gut motility

