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An Introduction to the Special Senses

Our knowledge of the world around us is limited to those characteristics that stimulate our sensory receptors. Although we may not realize it, our picture of the environment is incomplete. Colors we cannot distinguish guide insects to flowers; sounds we cannot hear and smells we cannot detect provide dolphins, dogs, and cats with important information about their surroundings.

What we do perceive varies considerably with the state of our nervous systems. For example, during sympathetic activation, we experience a heightened awareness of sensory information and hear sounds that would normally escape our notice. Yet, when concentrating on a difficult problem, we may remain unaware of relatively loud noises. Finally, our perception of any stimulus reflects activity in the cerebral cortex, and that activity can be inappropriate. In cases of phantom limb pain, for example, a person feels pain in a missing limb, and during an epileptic seizure, an individual may experience sights, sounds, or smells that have no physical basis.

Our discussion of the general senses and sensory pathways in Chapter 15 introduced basic principles of receptor function and sensory processing. We now turn our attention to the five special senses: olfaction, gustation, vision, equilibrium, and hearing. Although the sense organs involved are structurally more complex than those of the general senses, the same basic principles of receptor function apply. ATLAS: Embryology Summary 13: The Development of Special Sense Organs

Olfaction

Objectives

• Describe the sensory organs of smell and trace the olfactory pathways to their destinations in the brain.

• Explain what is meant by olfactory discrimination and briefly describe the physiology involved.

The sense of smell, more precisely called olfaction, is provided by paired olfactory organs. These organs are located in the nasal cavity on either side of the nasal septum (Figure 17–1a•). The olfactory organs are made up of two layers: the olfactory epithelium and the lamina propria. The olfactory epithelium (Figure 17–1b•) contains the olfactory receptor cells, supporting cells, and regenerative basal cells (stem cells). It covers the inferior surface of the cribriform plate, the superior portion of the perpendicu

lar plate, and the superior nasal conchae of the ethmoid. lp. 216 The underlying lamina propria consists of areolar tissue, numerous blood vessels, and nerves. This layer also contains olfactory glands, or Bowman’s glands, whose secretions absorb water and form a thick, pigmented mucus.

When you inhale through your nose, the air swirls and eddies within the nasal cavity, and this turbulence brings airborne compounds to your olfactory organs. A normal, relaxed inhalation carries a small sample of the inhaled air (about 2 percent) to the olfactory organs. Sniffing repeatedly increases the flow of air across the olfactory epithelium, intensifying the stimulation of the olfactory receptors. However, those receptors can be stimulated only by water-soluble and lipid-soluble materials that can diffuse into the overlying mucus.

Olfactory Receptors

Olfactory receptors are highly modified neurons. The exposed tip of each receptor cell forms a prominent knob that projects beyond the epithelial surface (see Figure 17–1b•). The knob provides a base for up to 20 cilia that extend into the surrounding mucus. These cilia lie parallel to the epithelial surface, exposing their considerable surface area to dissolved compounds.

Olfactory reception occurs on the surfaces of the olfactory cilia as dissolved chemicals interact with receptors, called odorant-binding proteins, on the membrane surface. Odorants are chemicals that stimulate olfactory receptors. In general, odorants are small organic molecules; the strongest smells are associated with molecules of high solubility both in water and in lipids. The receptors involved are G proteins; binding of an odorant to its receptor leads to the activation of adenylate cyclase, the enzyme that converts

ATP to cyclic-AMP (cAMP). lp. 411 The cAMP then opens sodium channels in the membrane, resulting in a localized depolarization. If sufficient depolarization occurs, an action potential is triggered in the axon, and the information is relayed to the CNS.

Between 10 and 20 million olfactory receptors are packed into an area of roughly 5 cm2 (0.8 in.2) If we take into account the exposed ciliary surfaces, the actual sensory area probably approaches that of the entire body surface. Nevertheless, our olfactory sensitivities cannot compare with those of other vertebrates such as dogs, cats, or fishes. A German shepherd dog sniffing for smuggled drugs or explosives has an olfactory receptor surface 72 times greater than that of the nearby customs inspector!

Olfactory Pathways

The olfactory system is very sensitive. As few as four odorant molecules can activate an olfactory receptor. However, the activation of an afferent fiber does not guarantee an awareness of the stimulus. Considerable convergence occurs along the olfactory pathway, and inhibition at the intervening synapses can prevent the sensations from reaching the olfactory cortex of the cerebral hemispheres. lp. 474 The olfactory receptors themselves adapt very little to a persistent stimulus. Rather, it is central adaptation which ensures that you quickly lose awareness of a new smell but retain sensitivity to others.

Axons leaving the olfactory epithelium collect into 20 or more bundles that penetrate the cribriform plate of the ethmoid bone to reach the olfactory bulbs of the cerebrum (see Figure 17–1•), where the first synapse occurs. Efferent fibers from nuclei elsewhere in the brain also innervate neurons of the olfactory bulbs. This arrangement provides a mechanism for central adaptation or facilitation of olfactory sensitivity. Axons leaving the olfactory bulb travel along the olfactory tract to reach the olfactory cortex, the hypothalamus, and portions of the limbic system.

Olfactory stimulation is the only type of sensory information that reaches the cerebral cortex directly; all other sensations are relayed from processing centers in the thalamus. The parallel distribution of olfactory information to the limbic system and hypothalamus explains the profound emotional and behavioral responses, as well as the memories, that can be triggered by certain smells. The perfume industry, which understands the practical implications of these connections, expends considerable effort to develop odors that trigger sexual responses.

Olfactory Discrimination

The olfactory system can make subtle distinctions among 2000–4000 chemical stimuli. No apparent structural differences exist among the olfactory cells, but the epithelium as a whole contains receptor populations with distinct sensitivities. At least 50 “primary smells” are known, and it is almost impossible to describe these sensory impressions effectively. It appears likely that the CNS interprets each smell on the basis of the overall pattern of receptor activity.

Although the human olfactory organs can discriminate among many smells, acuity varies widely, depending on the nature of the odorant. Many odorants are detected in amazingly small concentrations. One example is beta-mercaptan, an odorant commonly added to natural gas, propane, and butane, which are otherwise odorless. Because we can smell beta-mercaptan in extremely low concentrations (a few parts per billion), its addition enables us to detect a gas leak almost at once and take steps to prevent an explosion.

Aging and Olfactory Sensitivity

The olfactory receptor population undergoes considerable turnover; new receptor cells are produced by the division and differentiation of basal cells in the epithelium. This turnover is one of the few examples of neuronal replacement in adult humans. Despite this process, the total number of receptors declines with age, and the remaining receptors become less sensitive. As a result, elderly individuals have difficulty detecting odors in low concentrations. This decline in the number of receptors accounts for Grandmother’s tendency to use too much perfume and explains why Grandfather’s aftershave seems so strong: They must apply more to be able to smell it.

Gustation

Objectives

• Describe the sensory organs of taste and trace the gustatory pathways to their destinations in the brain.

• Explain what is meant by gustatory discrimination and briefly describe the physiologic processes involved.

¯e

Gustation, or taste, provides information about the foods and liquids we consume. Taste receptors, or gustatory (GUS-ta-tor-) receptors, are distributed over the superior surface of the tongue and adjacent portions of the pharynx and larynx. The most important taste receptors are on the tongue; by the time we reach adulthood, the taste receptors on the pharynx, larynx, and epiglottis have decreased in importance and abundance. Taste receptors and specialized epithelial cells form sensory structures called taste buds. An adult has about 3000 taste buds.

The superior surface of the tongue bears epithelial projections called lingual papillae (pa-PIL-

;

¯e

papilla, a nipple-shaped

mound). The human tongue bears three types of lingual papillae (Figure 17–2•): (1) filiform (filum, thread) papillae, (2) fungif-
¯a

orm (fungus, mushroom) papillae, and (3) circumvallate (sir-kum-VAL-t) papillae (circum-, around tribution of these lingual papillae varies by region. Filiform papillae provide friction that helps the tongue move objects around in the mouth, but do not contain taste buds. Each small fungiform papilla contains about five taste buds; each large circumvallate papilla contains as many as 100 taste buds. The circumvallate papillae form a V near the posterior margin of the tongue.

Taste Receptors

Taste buds are recessed into the surrounding epithelium, isolated from the relatively unprocessed contents of the mouth. Each taste bud (Figure 17–2b,c•) contains about 40 slender, spindle-shaped cells of at least four different types. Basal cells appear to be stem cells. These cells divide to produce daughter cells that mature in stages; the cells of the last stage are called gustatory cells. Each gustatory cell extends slender microvilli, sometimes called taste hairs, into the surrounding fluids through the taste pore, a narrow opening.

Despite this relatively protected position, it’s still a hard life: A typical gustatory cell survives for only about 10 days before it is replaced. Although everyone agrees that gustatory cells are taste receptors, it is not clear whether the cells at earlier stages of development also provide taste information. (Cells at all three stages are innervated by sensory neurons.)

+ vallum, wall). The dis

Gustatory Pathways

Taste buds are monitored by cranial nerves VII (facial), IX (glossopharyngeal), and X (vagus). The facial nerve monitors all the taste buds located on the anterior two-thirds of the tongue, from the tip to the line of circumvallate papillae. The circumvallate papillae and the posterior one-third of the tongue are innervated by the glossopharyngeal nerve. The vagus nerve innervates taste buds scattered on the surface of the epiglottis. The sensory afferents carried by these cranial nerves synapse in the solitary nucleus of the medulla oblongata, and the axons of the postsynaptic neurons enter the medial lemniscus. There, the neurons join axons that carry somatic sensory information on touch, pressure, and proprioception. After another synapse in the thalamus, the information is projected to the appropriate portions of the primary sensory cortex.

A conscious perception of taste is produced as the information received from the taste buds is correlated with other sensory data. Information about the texture of food, along with taste-related sensations such as “peppery” or “burning hot,” is provided by sensory afferents in the trigeminal nerve (V). In addition, the level of stimulation from the olfactory receptors plays an overwhelming role in taste perception. Thus, you are several thousand times more sensitive to “tastes” when your olfactory organs are fully functional. By contrast, when you have a cold and your nose is stuffed up, airborne molecules cannot reach your olfactory receptors, so meals taste dull and unappealing. This reduction in taste perception occurs even though the taste buds may be responding normally.

Gustatory Discrimination

You are probably already familiar with the four primary taste sensations: sweet, salty, sour, and bitter. There is some evidence for differences in sensitivity to tastes along the axis of the tongue, with greatest sensitivity to salty–sweet anteriorly and sour–bitter posteriorly. However, there are no differences in the structure of the taste buds, and taste buds in all portions of the tongue provide all four primary taste sensations.

Humans have two additional taste sensations that are less widely known:

•
Umami. Umami (oo-MAH-m ) is a pleasant taste that is characteristic of beef broth, chicken broth, and parmesan cheese. This

e¯taste is detected by receptors sensitive to the presence of amino acids (especially glutamate), small peptides, and nucleotides. The distribution of these receptors is not known in detail, but they are present in taste buds of the circumvallate papillae.

•
Water. Most people say that water has no flavor. However, research on humans and other vertebrates has demonstrated the presence of water receptors, especially in the pharynx. The sensory output of these receptors is processed in the hypothalamus and affects several systems that affect water balance and the regulation of blood volume. For example, minor reductions in ADH secretion occur each time you take a long drink.

The mechanism behind gustatory reception resembles that of olfaction. Dissolved chemicals contacting the taste hairs bind to receptor proteins of the gustatory cell. The different tastes involve different receptor mechanisms. Salt receptors and sour receptors are chemically gated ion channels whose stimulation produces depolarization of the cell. Receptors responding to stimuli that produce sweet, bitter, and umami sensations are G proteins called gustducins (GUST-doos-inz)—protein complexes that use second messengers to produce their effects. The end result of taste receptor stimulation is the release of neurotransmitters by the receptor cell. The dendrites of the sensory afferents are tightly wrapped by folds of the receptor cell membrane, and neurotransmitter release leads to the generation of action potentials in the afferent fiber. Taste receptors adapt slowly, but central adaptation quickly reduces your sensitivity to a new taste.

The threshold for receptor stimulation varies for each of the primary taste sensations, and the taste receptors respond more readily to unpleasant than to pleasant stimuli. For example, we are almost a thousand times more sensitive to acids, which taste sour, than to either sweet or salty chemicals, and we are a hundred times more sensitive to bitter compounds than to acids. This sensitivity has survival value, because acids can damage the mucous membranes of the mouth and pharynx, and many potent biological toxins have an extremely bitter taste.

Taste sensitivity differs significantly among individuals. Many conditions related to taste sensitivity are inherited. The best-known example involves sensitivity to the compound phenylthiourea, also known as phenylthiocarbamide, or PTC. Roughly 70 percent of Caucasians can taste this substance; the other 30 percent are unable to detect it.

Aging and Gustatory Sensitivity

Our tasting abilities change with age. We begin life with more than 10,000 taste buds, but the number begins declining dramatically by age 50. The sensory loss becomes especially significant because, as we have already noted, aging individuals also experience a decline in the number of olfactory receptors. As a result, many elderly people find that their food tastes bland and unappetizing, whereas children tend to find the same foods too spicy.

100 Keys | Olfactory information is routed directly to the cerebrum, and olfactory stimuli have powerful effects on mood and behavior. Gustatory sensations are strongest and clearest when integrated with olfactory sensations.

Concept Check

✓ When you first enter the A&P lab for dissection, you are very aware of the odor of preservatives. By the end of the lab period, the smell doesn’t seem to be nearly as strong. Why?

✓ If you completely dry the surface of your tongue and then place salt or sugar crystals on it, you can’t taste them. Why not?

✓ Your grandfather can’t understand why foods he used to enjoy just don’t taste the same anymore. How would you explain this to him?

Answers begin on p. A–1

Vision

Objectives

• Identify the accessory structures of the eye and explain their functions.

• Describe the internal structures of the eye and explain their functions.

• Explain how we are able to distinguish colors and perceive depth.

• Explain how light stimulates the production of nerve impulses and trace the visual pathways to their destinations in the brain.

We rely more on vision than on any other special sense. Our visual receptors are contained in the eyes, elaborate structures that enable us not only to detect light, but also to create detailed visual images. We will begin our discussion of these fascinating organs by considering the accessory structures of the eye, which provide protection, lubrication, and support.

Accessory Structures of the Eye

The accessory structures of the eye include the eyelids and the superficial epithelium of the eye, and the structures associated with the production, secretion, and removal of tears. Figure 17–3• shows the superficial anatomy of the eye and its accessory structures.

Eyelids and Superficial Epithelium of the Eye

The eyelids, or palpebrae (pal-P

¯E

-br

¯e

), are a continuation of the skin. Their continual blinking keeps the surface of the eye lu

bricated, and they act like windshield wipers, removing dust and debris. The eyelids can also close firmly to protect the delicate surface of the eye. The palpebral fissure is the gap that separates the free margins of the upper and lower eyelids. The two eyelids are connected, however, at the medial canthus (KAN-thus) and the lateral canthus (Figure 17–3a•). The eyelashes, along the margins of the eyelids, are very robust hairs that help prevent foreign matter (including insects) from reaching the surface of the eye.

The eyelashes are associated with unusually large sebaceous glands. Along the inner margin of the lid, modified sebaceous

¯O

¯

glands called tarsal glands, or Meibomian (m -B

ı sticking together. (These glands are too small to be seen in Figure 17–3•.) At the medial canthus, the lacrimal caruncle (KAR-ung-kul), a mass of soft tissue, contains glands producing the thick secretions that contribute to the gritty deposits that sometimes appear after a good night’s sleep. These various glands are subject to occasional invasion and infection by bacteria. A chalazion

¯e

-an) glands, secrete a lipid-rich product that helps keep the eyelids from -m

(kah-LA¯

-z

¯e

-on; small lump), or cyst, generally results from the infection of a tarsal gland. An infection in a sebaceous gland of

one of the eyelashes, a tarsal gland, or one of the many sweat glands that open to the surface between the follicles produces a painful localized swelling known as a sty.

The skin covering the visible surface of the eyelid is very thin. Deep to the skin lie the muscle fibers of the orbicularis oculi and levator palpebrae superioris muscles. lp. 338 These skeletal muscles are responsible for closing the eyelids and raising the upper eyelid, respectively.

The epithelium covering the inner surfaces of the eyelids and the outer surface of the eye is called the conjunctiva (kon-junk-

¯I

T -vuh). It is a mucous membrane covered by a specialized stratified squamous epithelium. The palpebral conjunctiva covers the inner surface of the eyelids, and the ocular conjunctiva, or bulbar conjunctiva, covers the anterior surface of the eye

¯e

(Figure 17–3b•). The ocular conjunctiva extends to the edges of the cornea (KOR-n -uh), a transparent part of the outer fibrous layer of the eye. The cornea is covered by a very delicate squamous corneal epithelium, five to seven cells thick, that is continuous with the ocular conjunctiva. A constant supply of fluid washes over the surface of the eyeball, keeping the ocular conjunctiva and cornea moist and clean. Goblet cells in the epithelium assist the accessory glands in providing a superficial lubricant that prevents friction and drying of the opposing conjunctival surfaces.

Conjunctivitis, or pinkeye, results from damage to, and irritation of, the conjunctival surface. The most obvious sign, redness, is due to the dilation of blood vessels deep to the conjunctival epithelium. This condition may be caused by pathogenic infection or by physical, allergic, or chemical irritation of the conjunctival surface.

The Lacrimal Apparatus

A constant flow of tears keeps conjunctival surfaces moist and clean. Tears reduce friction, remove debris, prevent bacterial infection, and provide nutrients and oxygen to portions of the conjunctival epithelium. The lacrimal apparatus produces, distributes, and removes tears. The lacrimal apparatus of each eye consists of (1) a lacrimal gland with associated ducts, (2) paired lacrimal

canaliculi, (3) a lacrimal sac, and (4) a nasolacrimal duct (see Figure 17–3b•).

The pocket created where the palpebral conjunctiva becomes continuous with the ocular conjunctiva is known as the fornix of the eye (Figure 17–4a•). The lateral portion of the superior fornix receives 10–12 ducts from the lacrimal gland, or tear gland (see Figure 17–3b•). This gland is about the size and shape of an almond, measuring roughly 12–20 mm (0.5–0.75 in.). It nestles

within a depression in the frontal bone, just inside the orbit and superior and lateral to the eyeball. lp. 213 The lacrimal gland normally provides the key ingredients and most of the volume of the tears that bathe the conjunctival surfaces. The nutrient and oxygen demands of the corneal cells are supplied by diffusion from the lacrimal secretions, which are watery and slightly alkaline. They contain the antibacterial enzyme lysozyme and antibodies that attack pathogens before they enter the body.

The lacrimal gland produces about 1 ml of tears each day. Once the lacrimal secretions have reached the ocular surface, they mix with the products of accessory glands and the oily secretions of the tarsal glands. The result is a superficial “oil slick” that assists in lubrication and slows evaporation.

Blinking sweeps the tears across the ocular surface, and they accumulate at the medial canthus in an area known as the lacrimal lake (lacus lacrimalis), or “lake of tears.” The lacrimal lake covers the lacrimal caruncle, which bulges anteriorly. The lacrimal puncta (singular, punctum), two small pores, drain the lacrimal lake. They empty into the lacrimal canaliculi, small canals that

in turn lead to the lacrimal sac (see Figure 17–3b•), which nestles within the lacrimal sulcus of the orbit. lp. 218 From the inferior portion of the lacrimal sac, the nasolacrimal duct passes through the nasolacrimal canal, formed by the lacrimal bone and the maxillary bone. The nasolacrimal duct delivers tears to the nasal cavity on that side. The duct empties into the inferior meatus, a narrow passageway inferior and lateral to the inferior nasal concha. When a person cries, tears rushing into the nasal cavity produce a runny nose, and if the lacrimal puncta can’t provide enough drainage, the lacrimal lake overflows and tears stream across the face.

The Eye

The eyes are extremely sophisticated visual instruments—more versatile and adaptable than the most expensive cameras, yet compact and durable. Each eye is a slightly irregular spheroid with an average diameter of 24 mm (almost 1 in., a little smaller than a Ping-Pong ball) and a weight of about 8 g (0.28 oz). Within the orbit, the eyeball shares space with the extrinsic eye muscles, the lacrimal gland, and the cranial nerves and blood vessels that supply the eye and adjacent portions of the orbit and face. Orbital fat cushions and insulates the eye (see Figures 17–3b and 17–4c•).

The wall of the eye contains three distinct layers, or tunics (Figure 17–4b•): (1) an outer fibrous tunic, (2) an intermediate vascular tunic, and (3) an inner neural tunic (retina). The visual receptors, or photoreceptors, are located in the neural tunic. The eyeball is hollow; its interior can be divided into two cavities (Figure 17–4c•). The large posterior cavity is also called the vitreous chamber, because it contains the gelatinous vitreous body (vitreo-, glassy). The smaller anterior cavity is subdivided into the anterior and posterior chambers. The shape of the eye is stabilized in part by the vitreous body and the clear aqueous humor, which fills the anterior cavity.

The Fibrous Tunic

The fibrous tunic, the outermost layer of the eye, consists of the sclera (SKLER-uh) and the cornea. The fibrous tunic (1) provides mechanical support and some degree of physical protection, (2) serves as an attachment site for the extrinsic eye muscles, and

(3) contains structures that assist in the focusing process.

Most of the ocular surface is covered by the sclera (see Figure 17–4b,c•), or “white of the eye,” which consists of a dense fibrous connective tissue containing both collagen and elastic fibers. This layer is thickest over the posterior surface of the eye, near the exit of the optic nerve, and thinnest over the anterior surface. The six extrinsic eye muscles insert on the sclera, blending their

collagen fibers with those of the fibrous tunic. lp. 336

The surface of the sclera contains small blood vessels and nerves that penetrate the sclera to reach internal structures. The network of small vessels interior to the ocular conjunctiva generally does not carry enough blood to lend an obvious color to the sclera, but on close inspection, the vessels are visible as red lines against the white background of collagen fibers.

The transparent cornea is structurally continuous with the sclera; the border between the two is called the limbus (see Figures 17–3a, 17–4a,c•). Deep to the delicate corneal epithelium, the cornea consists primarily of a dense matrix containing multiple layers of collagen fibers, organized so as not to interfere with the passage of light. The cornea has no blood vessels; the superficial epithelial cells must obtain oxygen and nutrients from the tears that flow across their free surfaces. The cornea also has numerous free nerve endings, and it is the most sensitive portion of the eye.

Corneal damage may cause blindness even though the functional components of the eye—including the photoreceptors— are perfectly normal. The cornea has a very restricted ability to repair itself, so corneal injuries must be treated immediately to prevent serious vision losses. Restoring vision after corneal scarring generally requires the replacement of the cornea through a corneal transplant. Corneal replacement is probably the most common form of transplant surgery. Such transplants can be performed between unrelated individuals, because there are no blood vessels to carry white blood cells, which attack foreign tissues, into the area. Corneal grafts are obtained from the eyes of donors who have died from illness or accident. For best results, the tissues must be removed within five hours after the donor’s death.

The Vascular Tunic (Uvea)

¯e

¯U

The vascular tunic, or uvea (-v -uh), contains numerous blood vessels, lymphatic vessels, and the intrinsic (smooth) muscles of the eye (see Figure 17–4b,c•). The functions of this middle layer include (1) providing a route for blood vessels and lymphatics that supply tissues of the eye; (2) regulating the amount of light that enters the eye; (3) secreting and reabsorbing the aqueous humor that circulates within the chambers of the eye; and (4) controlling the shape of the lens, an essential part of the focusing process. The vascular tunic includes the iris, the ciliary body, and the choroid.

The Iris The iris, which is visible through the transparent corneal surface, contains blood vessels, pigment cells, and two layers of smooth muscle fibers called pupillary muscles (Figure 17–5•). When these muscles contract, they change the diameter of the pupil, or central opening of the iris. One group of smooth muscle fibers, the pupillary constrictor muscles, forms a series of concentric circles around the pupil. When these sphincter muscles contract, the diameter of the pupil decreases. A second group of smooth muscles, the pupillary dilator muscles, extends radially away from the edge of the pupil. Contraction of these muscles enlarges the pupil. Both muscle groups are controlled by the autonomic nervous system. For example, parasympathetic activation in response to bright light causes the pupils to constrict (the consensual light reflex), and sympathetic activation in response to dim light causes the pupils to dilate.

The body of the iris consists of a highly vascular, pigmented, loose connective tissue. The anterior surface has no epithelial covering; instead, it has an incomplete layer of fibroblasts and melanocytes. Melanocytes are also scattered within the body of the iris. The posterior surface is covered by a pigmented epithelium that is part of the neural tunic and contains melanin granules. Eye color is determined by genes that influence the density and distribution of melanocytes on the anterior surface and interior of the iris, as well as by the density of the pigmented epithelium. When the connective tissue of the iris contains few melanocytes, light passes through it and bounces off the pigmented epithelium. The eye then appears blue. Individuals with green, brown, or black eyes have increasing numbers of melanocytes in the body and surface of the iris. The eyes of human albinos appear a very pale gray or blue-gray.

The Ciliary Body At its periphery, the iris attaches to the anterior portion of the ciliary body, a thickened region that begins deep to the junction between the cornea and the sclera. The ciliary body extends posteriorly to the level of the ora serrata (O-ra

¯

ser-RA-tuh; serrated mouth), the serrated anterior edge of the thick, inner portion of the neural tunic (see Figure 17–4a,c•). The bulk of the ciliary body consists of the ciliary muscle, a smooth muscular ring that projects into the interior of the eye. The epithelium covering this muscle is thrown into numerous folds called ciliary processes. The suspensory ligaments of the lens attach to the tips of these processes. The connective-tissue fibers of these ligaments hold the lens posterior to the iris and centered on the pupil. As a result, any light passing through the pupil will also pass through the lens.

The Choroid The choroid is a vascular layer that separates the fibrous and neural tunics posterior to the ora serrata (see Figure 17–4c•). Covered by the sclera and attached to the outermost layer of the retina, the choroid contains an extensive capillary network that delivers oxygen and nutrients to the retina. The choroid also contains melanocytes, which are especially numerous near the sclera.

The Neural Tunic (Retina)

The neural tunic, or retina, is the innermost layer of the eye. It consists of a thin, outer layer called the pigmented part, and a thick inner layer called the neural part. The pigmented part of the retina absorbs light that passes through the neural part, preventing light from bouncing back through the neural part and producing visual “echoes.” The pigment cells also have important biochemical interactions with the retina’s light receptors, which are located in the neural part of the retina. In addition to light receptors, the neural part of the retina contains supporting cells and neurons that perform preliminary processing and integration of visual information.

The two layers of the retina are normally very close together, but not tightly interconnected. The pigmented part of the retina continues over the ciliary body and iris; the neural part extends anteriorly only as far as the ora serrata. The neural part of the retina thus forms a cup that establishes the posterior and lateral boundaries of the posterior cavity (see Figure 17–4b,c•).

Clinical Note

A retinopathy is a disease of the retina. Diabetic retinopathy develops in many individuals with diabetes mellitus, an endocrine disorder

that interferes primarily with glucose metabolism. Many systems are affected by diabetes, but serious cardiovascular problems are

particularly common. Diabetic retinopathy, which develops over a period of years, results from the degeneration, rupture, and exces

sive growth of abnormal blood vessels that invade the retina and extend into the space between the pigment layer and the neural

layer. Visual acuity is gradually lost through damage to photoreceptors (which are deprived of oxygen and nutrients), leakage of

blood into the posterior chamber, and the overgrowth of blood vessels. Laser therapy can seal leaking vessels and block new vessel

growth. The posterior chamber can be drained and the cloudy fluid replaced by a suitably clear substitute. This procedure is called a

vitrectomy. However, these are only temporary fixes that must be periodically repeated, because they fail to correct the underlying

metabolic problems.

Organization of the Retina In sectional view, the retina is seen to contain several layers of cells (Figure 17–6a•). The outermost layer, closest to the pigmented part of the retina, contains the photoreceptors, or cells that detect light.

The eye has two types of photoreceptors: rods and cones. Rods do not discriminate among colors of light. Highly sensitive to light, they enable us to see in dimly lit rooms, at twilight, and in pale moonlight. Cones provide us with color vision. Three types of cones are present, and their stimulation in various combinations provides the perception of different colors. Cones give us sharper, clearer images than rods do, but cones require more intense light. If you sit outside at sunset with your textbook open to a colorful illustration, you can detect the gradual shift in your visual system from cone-based vision (a clear image in full color) to rod-based vision (a relatively grainy image in black and white).

Rods and cones are not evenly distributed across the outer surface of the retina. Approximately 125 million rods form a broad band around the periphery of the retina; as you move away from the periphery, toward the center of the retina, the density of rods gradually decreases. In contrast, most of the roughly 6 milion cones are concentrated in the area where a visual image arrives after

it passes through the cornea and lens. This region, which is known as the macula lutea (MAK-
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-luh LOO-t
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-uh; yellow spot),

contains no rods. The very highest concentration of cones occurs at the center of the macula lutea, an area called the fovea (F

¯O
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-uh; shallow depression), or fovea centralis (Figure 17–6c•). The fovea is the site of sharpest vision: When you look directly at

an object, its image falls on this portion of the retina. An imaginary line drawn from the center of that object through the center of the lens to the fovea establishes the visual axis of the eye (see Figure 17–4c•).

You are probably already aware of the visual consequences of this distribution of photoreceptors. When you look directly at an object, you are placing its image on the fovea, the center of color vision. You see a very good image as long as there is enough light to stimulate the cones. But in very dim light, cones cannot function. That is why you can’t see a dim star if you stare directly at it, but you can see it if you shift your gaze to one side or the other. Shifting your gaze moves the image of the star from the fovea, where it does not provide enough light to stimulate the cones, to the periphery, where it can affect the more sensitive rods.

Rods and cones synapse with roughly 6 million neurons called bipolar cells (see Figure 17–6a•), which in turn synapse within the layer of neurons called ganglion cells adjacent to the posterior cavity. A network of horizontal cells extends across the outer portion of the retina at the level of the synapses between photoreceptors and bipolar cells. A comparable layer of amacrine (AM-a-krin) cells occurs where bipolar cells synapse with ganglion cells. Horizontal and amacrine cells can facilitate or inhibit communication between photoreceptors and ganglion cells, thereby altering the sensitivity of the retina. The effect is comparable to adjusting the contrast on a television set. These cells play an important role in the eye’s adjustment to dim or brightly lit environments.

The Optic Disc Axons from an estimated 1 million ganglion cells converge on the optic disc, a circular region just medial to the fovea. The optic disc is the origin of the optic nerve (II). From this point, the axons turn, penetrate the wall of the eye, and proceed toward the diencephalon (Figure 17–6b•). The central retinal artery and central retinal vein, which supply the retina, pass through the center of the optic nerve and emerge on the surface of the optic disc (Figure 17–6b,c•). The optic disc has no photoreceptors or other structures typical of the rest of the retina. Because light striking this area goes unnoticed, the optic disc is commonly called the blind spot. You do not notice a blank spot in your field of vision, primarily because involuntary eye movements keep the visual image moving and allow your brain to fill in the missing information. However, a simple activity using Figure 17–7• will prove that a blind spot really exists in your field of vision.

Clinical Note

Photoreceptors are entirely dependent on the diffusion of oxygen and nutrients from blood vessels in the choroid. In a detached retina, the neural part of the retina becomes separated from the pigmented part. This condition can result from a variety of factors, including a sudden blow to the eye. Unless the two parts of the neural tunic are reattached, the photoreceptors will degenerate and vision will be lost. The reattachment is generally performed by “welding” the two layers together using laser beams focused through the cornea. These beams heat the layers, thereby fusing them together at several points around the retina. However, the procedure destroys the photoreceptors and

other cells at the “welds,” producing permanent blind spots.

The Chambers of the Eye

As noted earlier, the ciliary body and lens divide the interior of the eye into a large posterior cavity, or vitreous chamber, and a smaller anterior cavity (see Figure 17–4c•). The anterior cavity is subdivided into the anterior chamber, which extends from the cornea to the iris, and a posterior chamber, between the iris and the ciliary body and lens. The anterior and posterior chambers are filled with the fluid aqueous humor. The posterior cavity also contains aqueous humor, but most of its volume is taken up by a gelatinous substance known as the vitreous body, or vitreous humor.

Aqueous Humor Aqueous humor is a fluid that circulates within the anterior cavity, passing from the posterior to the anterior chamber through the pupil (Figure 17–8•). It also freely diffuses through the vitreous body and across the surface of the retina. Aqueous humor forms through active secretion by epithelial cells of the ciliary body’s ciliary processes. The epithelial cells regulate its composition, which resembles that of cerebrospinal fluid. Because aqueous humor circulates, it provides an important route for nutrient and waste transport, in addition to forming a fluid cushion.

The eye is filled with fluid, and fluid pressure in the aqueous humor helps retain the eye’s shape. Fluid pressure also stabilizes the position of the retina, pressing the neural part against the pigmented part. In effect, the aqueous humor acts like the air inside a balloon. The eye’s intraocular pressure can be measured in the anterior chamber, where the fluid pushes against the inner surface of the cornea. Intraocular pressure is most often checked by bouncing a tiny blast of air off the surface of the eye and measuring the deflection produced. Normal intraocular pressure ranges from 12 to 21 mm Hg.

Aqueous humor is secreted into the posterior chamber at a rate of 1–2 ml per minute. It leaves the anterior chamber at the same rate. After filtering through a network of connective tissues located near the base of the iris, aqueous humor enters the canal of Schlemm, or scleral venous sinus, a passageway that extends completely around the eye at the level of the limbus. Collecting channels deliver the aqueous humor from this canal to veins in the sclera. The rate of removal normally keeps pace with the rate of generation at the ciliary processes, and aqueous humor is removed and recycled within a few hours of its formation.

The Vitreous Body The posterior cavity of the eye contains the vitreous body, a gelatinous mass. The vitreous body helps stabilize the shape of the eye, which might otherwise distort as the extra-ocular muscles change its position within the orbit. Specialized cells embedded in the vitreous body produce the collagen fibers and proteoglycans that account for the gelatinous consistency of this mass. Unlike the aqueous humor, the vitreous body is formed during development of the eye and is not replaced.

The Lens

The lens lies posterior to the cornea, held in place by the suspensory ligaments that originate on the ciliary body of the choroid (see Figures 17–4b, p. 556, and 17–8•). The primary function of the lens is to focus the visual image on the photoreceptors. The lens does so by changing its shape.

The lens consists of concentric layers of cells that are precisely organized. A dense fibrous capsule covers the entire lens. Many of the capsular fibers are elastic. Unless an outside force is applied, they will contract and make the lens spherical. Around the edges of the lens, the capsular fibers intermingle with those of the suspensory ligaments. The cells in the interior of the lens are called lens fibers. These highly specialized cells have lost their nuclei and other organelles. They are slender and elongate and are filled with transparent proteins called crystallins, which are responsible for both the clarity and the focusing power of the lens. Crystallins are extremely stable proteins that remain intact and functional for a lifetime without the need for replacement.

The transparency of the lens depends on a precise combination of structural and biochemical characteristics. When that balance becomes disturbed, the lens loses its transparency; this abnormality is known as a cataract. Cataracts can result from injuries, radiation, or reaction to drugs, but senile cataracts, a natural consequence of aging, are the most common form.

Over time, the lens turns yellowish and eventually begins to lose its transparency. As the lens becomes “cloudy,” the individual needs brighter and brighter light for reading, and visual clarity begins to fade. If the lens becomes completely opaque, the person will be functionally blind, even though the photoreceptors are normal. Surgical procedures involve removal of the lens, either intact or after it has been shattered with high-frequency sound. The missing lens is replaced by an artificial substitute, and vision is then fine-tuned with glasses or contact lenses.

Refraction The retina has about 130 million photoreceptors, each monitoring light striking a specific site on the retina. A visual image results from the processing of information from all the receptors. The eye is often compared to a camera. To provide useful information, the lens of the eye, like a camera lens, must focus the arriving image. To say that an image is “in focus” means that the rays of light arriving from an object strike the sensitive surface of the retina (or photographic film) in precise order so as to form a miniature image of the object. If the rays are not perfectly focused, the image is blurry. Focusing normally occurs in two steps, as light passes through first the cornea and then the lens.

Light is refracted, or bent, when it passes from one medium to another medium with a different density. You can demonstrate this effect by sticking a pencil into a glass of water. Because refraction occurs as the light passes into the air from the much denser water, the shaft of the pencil appears to bend sharply at the air–water interface.

In the human eye, the greatest amount of refraction occurs when light passes from the air into the corneal tissues, which have a density close to that of water. When you open your eyes under water, you cannot see clearly because refraction at the air–water interface has been eliminated; light passes unbent from one watery medium to another.

Additional refraction takes place when the light passes from the aqueous humor into the relatively dense lens. The lens provides the extra refraction needed to focus the light rays from an object toward a focal point—a specific point of intersection on the retina. The distance between the center of the lens and its focal point is the focal distance of the lens. Whether in the eye or in a camera, the focal distance is determined by two factors:

1. The Distance from the Object to the Lens. The closer an object is to the lens, the greater the focal distance (Figure 17–9a,b•).

2. The Shape of the Lens. The rounder the lens, the more refraction occurs, so a very round lens has a shorter focal distance than a flatter one (Figure 17b,c•).

Accommodation A camera focuses an image by moving the lens toward or away from the film. This method of focusing cannot work in our eyes, because the distance from the lens to the macula lutea cannot change. We focus images on the retina by changing the shape of the lens to keep the focal length constant, a process called accommodation (Figure 17–10•). During accommodation, the lens becomes rounder to focus the image of a nearby object on the retina; the lens flattens when we focus on a distant object.

The lens is held in place by the suspensory ligaments that originate at the ciliary body. Smooth muscle fibers in the ciliary body act like sphincter muscles. When the ciliary muscle contracts, the ciliary body moves toward the lens, thereby reducing the tension in the suspensory ligaments. The elastic capsule then pulls the lens into a more spherical shape that increases the refractive power of the lens, enabling it to bring light from nearby objects into focus on the retina (Figure 17–10a•). When the ciliary muscle relaxes, the suspensory ligaments pull at the circumference of the lens, making the lens flatter (Figure 17–10b•).

The greatest amount of refraction is required to view objects that are very close to the lens. The inner limit of clear vision, known as the near point of vision, is determined by the degree of elasticity in the lens. Children can usually focus on something 7–9 cm from the eye, but over time the lens tends to become stiffer and less responsive. A young adult can usually focus on objects 15–20 cm away. As aging proceeds, this distance gradually increases; the near point at age 60 is typically about 83 cm. (For more information on congenital and age-related changes in eye structure and function, see the Clinical Note “Accommodation Problems.”)

If light passing through the cornea and lens is not refracted properly, the visual image will be distorted. In the condition called astigmatism, the degree of curvature in the cornea or lens varies from one axis to another. Minor astigmatism is very common; the image distortion may be so minimal that people are unaware of the condition.

Image Reversal Thus far, we have considered light that originates at a single point, either near or far from the viewer. An object in view, however, is a complex light source that must be treated as a large number of individual points. Light from each point is focused on the retina as indicated in Figure 17–12a,b•. The result is the creation of a miniature image of the original, but the image arrives upside down and backward.

To understand why the image is reversed in this fashion, consider Figure 17–12c•, a sagittal section through an eye that is looking at a telephone pole. The image of the top of the pole lands at the bottom of the retina, and the image of the bottom hits the top of the retina. Now consider Figure 17–12d•, a horizontal section through an eye that is looking at a picket fence. The image of the left edge of the fence falls on the right side of the retina, and the image of the right edge falls on the left side of the retina. The brain compensates for this image reversal, and we are not aware of any difference between the orientation of the image on the retina and that of the object.

Visual Acuity Clarity of vision, or visual acuity, is rated against a “normal” standard. The standard vision rating of 20> 20 is defined as the level of detail seen at a distance of 20 feet by an individual with normal vision. Vision rated as 20> 15 is better than average, because at 20 feet the person is able to see details that would be clear to a normal eye only at a distance of 15 feet. Conversely, a person with 20> 30 vision must be 20 feet from an object to discern details that a person with normal vision could make

out at a distance of 30 feet.

When visual acuity falls below 20> 200, even with the help of glasses or contact lenses, the individual is considered to be legally blind. There are probably fewer than 400,000 legally blind people in the United States; more than half are over 65 years old. The term blindness implies a total absence of vision due to damage to the eyes or to the optic pathways. Common causes of blindness include diabetes mellitus, cataracts, glaucoma, corneal scarring, detachment of the retina, accidental injuries, and hereditary factors that are as yet poorly understood.

Abnormal blind spots, or scotomas (sk
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-muhz), may appear in the field of vision at positions other than at the optic

disc. Scotomas are permanent abnormalities that are fixed in position. They may result from a compression of the optic nerve, damage to photoreceptors, or central damage along the visual pathway. Floaters, small spots that drift across the field of vision, are generally temporary phenomena that result from blood cells or cellular debris in the vitreous body. They can be detected by staring at a blank wall or a white sheet of paper.

100 Keys | Light passes through the conjunctiva and cornea, crosses the anterior cavity to reach the lens, transits the lens, crosses the posterior chamber, and then penetrates the neural tissue of the retina before reaching and stimulating the photoreceptors. Cones are most abundant at the fovea and macula lutea, and they provide high-resolution color vision in brightly lit environments. Rods dominate the peripheral areas of the retina, and they provide relatively low-resolution black-and-white vision in dimly lit environments.

Concept Check

✓ Which layer of the eye would be affected first by the inadequate production of tears?

✓ When the lens of your eye is very round, are you looking at an object that is close to you or far from you?

✓ As Renee enters a dark room, most of the available light becomes focused on the fovea of her eye. Will she be able to see very clearly? ✓ How would a blockage of the canal of Schlemm affect your vision?

Answers begin on p. A–1

Visual Physiology

The rods and cones of the retina are called photoreceptors because they detect photons, basic units of visible light. Light energy is a form of radiant energy that travels in waves with a characteristic wavelength (distance between wave peaks).

Our eyes are sensitive to wavelengths of 700–400 nm, the spectrum of visible light. This spectrum, seen in a rainbow, can be remembered by the acronym ROY G. BIV (Red, Orange, Yellow, Green, Blue, Indigo, Violet). Photons of red light carry the least energy and have the longest wavelength, and those from the violet portion of the spectrum contain the most energy and have the shortest wavelength. Rods provide the central nervous system with information about the presence or absence of photons, without regard to their wavelength. Cones provide information about the wavelength of arriving photons, giving us a perception of color.

Anatomy of Rods and Cones

Figure 17–13a• compares the structures of rods and cones. The elongated outer segment of a photoreceptor contains hundreds to thousands of flattened membranous plates, or discs. The names rod and cone refer to the outer segment’s shape. In a rod, each disc is an independent entity, and the outer segment forms an elongated cylinder. In a cone, the discs are infoldings of the cell membrane, and the outer segment tapers to a blunt point.

A narrow connecting stalk attaches the outer segment to the inner segment, a region that contains all the usual cellular organelles. The inner segment makes synaptic contact with other cells, and it is here that neurotransmitters are released.

Visual Pigments The discs of the outer segment in both rods and cones contain special organic compounds called visual pigments. The absorption of photons by visual pigments is the first key step in the process of photoreception—the detection of light. Visual pigments are derivatives of the compound rhodopsin (ro¯-DOP-sin), or visual purple, the visual pigment found in rods (Figure 17–13b•). Rhodopsin consists of a protein, opsin, bound to the pigment retinal (RET-i-nal), or retinene, which is synthesized from vitamin A. One form of opsin is characteristic of all rods.

Cones contain the same retinal pigment that rods do, but in cones retinal is attached to other forms of opsin. The type of opsin present determines the wavelength of light that can be absorbed by retinal. Differential stimulation of these cone populations is the basis of color vision.

New discs containing visual pigment are continuously assembled at the base of the outer segment. A completed disc then moves toward the tip of the segment. After about 10 days, the disc will be shed in a small droplet of cytoplasm. Droplets with shed discs are absorbed by the pigment cells, which break down the membrane’s components and reconvert the retinal to vitamin A. The vitamin A is then stored within the pigment cells for subsequent transfer to the photoreceptors.

The term retinitis pigmentosa (RP) refers to a collection of inherited retinopathies. Together, they are the most common inherited visual abnormality, affecting approximately 1 individual in 3000. The visual receptors gradually deteriorate, and blindness eventually results. The mutations that are responsible change the structure of the photoreceptors— specifically, the visual pigments of the membrane discs. It is not known how the altered pigments lead to the destruction of photoreceptors.

Photoreception

The cell membrane in the outer segment of the photoreceptor contains chemically regulated sodium ion channels. (Refer to the diagram of the resting state in Figure 17–14•.) In darkness, these gated channels are kept open in the presence of cyclic-GMP (cyclic guanosine monophosphate, or cGMP), a derivative of the high-energy compound guanosine triphosphate (GTP). Because the channels are open, the transmembrane potential is approximately

-40 mV, rather than the -70 mV typical of resting neurons. At the -40-mV transmembrane potential, the photoreceptor is continuously releasing neurotransmitters (in this case, glutamate) across synapses at the inner segment. The inner segment also continuously pumps sodium ions out of the cytoplasm. The movement of sodium ions into the outer segment, on to the inner segment, and out of the cell is known as the dark current.

The process of rhodopsin-based photoreception begins when a photon strikes the retinal portion of a rhodopsin molecule embedded in the membrane of the disc (see Figure 17–14•):

Step 1 Opsin Is Activated. The bound retinal molecule has two possible configurations: the 11-cis form and the 11-trans form. Normally, the molecule is in the 11-cis form; on absorbing light, it changes to the more linear 11-trans form. This change activates the opsin molecule.

Step 2 Opsin Activates Transducin, Which in Turn Activates Phosphodiesterase. Transducin is a G protein—a membrane-bound enzyme complex. lp. 411 In this case, transducin is activated by opsin, and transducin in turn activates phosphodiesterase (PDE).

Step 3 Cyclic-GMP (cGMP) Levels Decline, and Gated Sodium Channels Close. Phosphodiesterase is an enzyme that breaks down cGMP. The removal of cGMP from the gated sodium channels results in their inactivation. The rate of Na+ entry into the cytoplasm then decreases.

Step 4 The Dark Current Is Reduced and the Rate of Neurotransmitter Release Declines. The reduction in the rate of Na+ entry reduces the dark current. Because active transport continues to remove Na+ from the cytoplasm, when the sodium channels close, the transmembrane potential drops toward -70 mV. As the membrane hyperpolarizes, the rate of neurotransmitter release decreases, indicating to the adjacent bipolar cell that the photoreceptor has absorbed a photon.

Recovery After Stimulation After absorbing a photon, retinal does not spontaneously revert to the 11-cis form. Instead, the entire rhodopsin molecule must be broken down and reassembled. Shortly after the change in shape occurs, the rhodopsin molecule begins to break down into retinal and opsin, a process known as bleaching (Figure 17–15•). Before it can recombine with opsin, the retinal must be enzymatically converted to the 11-cis form. This conversion requires energy in the form of ATP (adenosine triphosphate), and it takes time.

Bleaching contributes to the lingering visual impression you have after you see a flashbulb go off. Following intense exposure to light, a photoreceptor cannot respond to further stimulation until its rhodopsin molecules have been regenerated. As a result, a “ghost” image remains on the retina. Bleaching is seldom noticeable under ordinary circumstances, because the eyes are constantly making small, involuntary changes in position that move the image across the retina’s surface.

While the rhodopsin molecule is being reassembled, membrane permeability is returning to normal. Opsin is inactivated when bleaching occurs, and the breakdown of cGMP halts as a result. As other enzymes generate cGMP in the cytoplasm, the chemically gated sodium channels reopen.

As previously noted, the visual pigments of the photoreceptors are synthesized from vitamin A. The body contains vitamin A reserves sufficient for several months, and a significant amount is stored in the cells of the pigmented part of the retina. If dietary sources are inadequate, these reserves are gradually exhausted and the amount of visual pigment in the photoreceptors begins to decline. Daylight vision is affected, but in daytime the light is usually bright enough to stimulate any visual pigments that remain within the densely packed cone population of the fovea. As a result, the problem first becomes apparent at night, when the dim light proves insufficient to activate the rods. This condition, known as night blindness, can be treated by the administration of vitamin A. The body can convert the carotene pigments in many vegetables to vitamin A. Carrots are a particularly good source of carotene—hence the old adage that carrots are good for your eyes.

Color Vision

An ordinary lightbulb or the sun emits photons of all wavelengths. These photons stimulate both rods and cones. When all three types of cones are stimulated, or when rods alone are stimulated, you see a “white” light. Your eyes also detect photons that reach your retina after they bounce off objects around you. If photons of all colors bounce off an object, the object will appear white to you; if all the photons are absorbed by the object (so that none reach the retina), the object will appear black. An object will appear to have a particular color if it reflects (or transmits) photons from one portion of the visible spectrum and absorbs the rest.

The three types of cones are blue cones, green cones, and red cones. Each type has a different form of opsin and a sensitivity to a different range of wavelengths. Their stimulation in various combinations is the basis for color vision. In an individual with normal vision, the cone population consists of 16 percent blue cones, 10 percent green cones, and 74 percent red cones. Although their sensitivities overlap, each type is most sensitive to a specific portion of the visual spectrum (Figure 17–16•).

Color discrimination occurs through the integration of information arriving from all three types of cones. For example, the perception of yellow results from a combination of inputs from highly stimulated green cones, less strongly stimulated red cones, and relatively unaffected blue cones (see Figure 17–16•). If all three cone populations are stimulated, we perceive the color as white. Because we also perceive white if rods, rather than cones, are stimulated, everything appears black-and-white when we enter dimly lit surroundings or walk by starlight.

Persons who are unable to distinguish certain colors have a form of color blindness. The standard tests for color vision involve picking numbers or letters out of a complex colored picture (Figure 17–17•). Color blindness occurs when one or more classes of cones are nonfunctional. The cones may be absent, or they may be present but unable to manufacture the necessary visual pigments. In the most common type of color blindness (red–green color blindness), the red cones are missing, so the individual cannot distinguish red light from green light. Inherited color blindness involving one or two cone pigments is not unusual. Ten percent of all men show some color blindness, whereas the incidence among women is only about 0.67 percent. Total color blindness is extremely rare; only 1 person in 300,000 fails to manufacture any cone pigments. We will consider the inheritance of color blindness in Chapter 29.

Light and Dark Adaptation

The sensitivity of your visual system varies with the intensity of illumination. After 30 minutes or more in the dark, almost all visual pigments will be fully receptive to stimulation. This is the dark-adapted state. When dark-adapted, the visual system is extremely sensitive. For example, a single rod will hyperpolarize in response to a single photon of light. Even more remarkable, if as few as seven rods absorb photons at one time, you will see a flash of light.

When the lights come on, at first they seem almost unbearably bright, but over the next few minutes your sensitivity decreases as bleaching occurs. Eventually, the rate of bleaching is balanced by the rate at which they re-form. This condition is the light-adapted state. If you moved from the depths of a cave to the full sunlight of midday, your receptor sensitivity would decrease by a factor of 25,000.

A variety of central responses further adjust light sensitivity. Constriction of the pupil, via the pupillary constrictor reflex, reduces the amount of light entering your eye to one-thirtieth the maximum dark-adapted level. Dilating the pupil fully can produce a thirtyfold increase in the amount of light entering the eye, and facilitating some of the synapses along the visual pathway can perhaps triple its sensitivity. Hence, the efficiency of the entire system may increase by a factor of more than 1 million.

The Visual Pathway

The visual pathway begins at the photoreceptors and ends at the visual cortex of the cerebral hemispheres. In other sensory pathways we have examined, at most one synapse lies between a receptor and a sensory neuron that delivers information to the CNS. In the visual pathway, the message must cross two synapses (photoreceptor to bipolar cell, and bipolar cell to ganglion cell) before it heads toward the brain. The extra synapse increases the synaptic delay, but it provides an opportunity for the processing and integration of visual information before it leaves the retina.

Processing by the Retina

Each photoreceptor in the retina monitors a specific receptive field. The retina contains about 130 million photoreceptors, 6 million bipolar cells, and 1 million ganglion cells. Thus, a considerable amount of convergence occurs at the start of the visual pathway. The degree of convergence differs between rods and cones. Regardless of the amount of convergence, each ganglion cell monitors a specific portion of the field of vision.

As many as a thousand rods may pass information via their bipolar cells to a single ganglion cell. The ganglion cells that monitor rods, called M cells (magnocells; magnus, great), are relatively large. They provide information about the general form of an object, motion, and shadows in dim lighting. Because so much convergence occurs, the activation of an M cell indicates that light has arrived in a general area rather than at a specific location.

The loss of specificity due to convergence is partially overcome by the fact that the activity of ganglion cells varies according to the pattern of activity in their receptive field, which is generally circular. Typically, a ganglion cell responds differently to stimuli that arrive in the center of its receptive field than to stimuli that arrive at the edges (Figure 17–18•). Some ganglion cells (oncenter neurons) are excited by light arriving in the center of their sensory field and are inhibited when light strikes the edges of their receptive field. Others (off-center neurons) are inhibited by light in the central zone, but are stimulated by illumination at the edges. On-center and off-center neurons provide information about which portion of their receptive field is illuminated.

Cones typically show very little convergence; in the fovea, the ratio of cones to ganglion cells is 1:1. The ganglion cells that monitor cones, called P cells (parvo cells; parvus, small), are smaller and more numerous than M cells. P cells are active in bright light, and they provide information about edges, fine detail, and color. Because little convergence occurs, the activation of a P cell means that light has arrived at one specific location. As a result, cones provide more precise information about a visual image than do rods. In videographic terms, images formed by rods have a coarse, grainy, pixelated appearance that blurs details; by contrast, images produced by cones are fine-grained, of high density, sharp, and clear.

Central Processing of Visual Information

Axons from the entire population of ganglion cells converge on the optic disc, penetrate the wall of the eye, and proceed toward the diencephalon as the optic nerve (II). The two optic nerves, one from each eye, reach the diencephalon at the optic chiasm (Figure 17–19•). From that point, approximately half the fibers proceed toward the lateral geniculate nucleus of the same side of

the brain, whereas the other half cross over to reach the lateral geniculate nucleus of the opposite side. lp. 466 From each lateral geniculate nucleus, visual information travels to the occipital cortex of the cerebral hemisphere on that side. The bundle of projection fibers linking the lateral geniculates with the visual cortex is known as the optic radiation. Collaterals from the fibers synapsing in the lateral geniculate continue to subconscious processing centers in the diencephalon and brain stem. For example, the pupillary reflexes and reflexes that control eye movement are triggered by collaterals carrying information to the superior colliculi.

The Field of Vision The perception of a visual image reflects the integration of information that arrives at the visual cortex of the occipital lobes. Each eye receives a slightly different visual image, because (1) the foveas are 5–7.5 cm apart, and (2) the nose and eye socket block the view of the opposite side. Depth perception, an interpretation of the three-dimensional relationships among objects in view, is obtained by comparing the relative positions of objects within the images received by the two eyes.

When you look straight ahead, the visual images from your left and right eyes overlap (see Figure 17–19•). The image received by the fovea of each eye lies in the center of the region of overlap. A vertical line drawn through the center of this region marks the division of visual information at the optic chiasm. Visual information from the left half of the combined field of vision reaches the visual cortex of your right occipital lobe; visual information from the right half of the combined field of vision arrives at the visual cortex of your left occipital lobe.

The cerebral hemispheres thus contain a map of the entire field of vision. As in the case of the primary sensory cortex, the map does not faithfully duplicate the relative areas within the sensory field. For example, the area assigned to the macula lutea and fovea covers about 35 times the surface it would cover if the map were proportionally accurate. The map is also upside down and backward, duplicating the orientation of the visual image at the retina.

The Brain Stem and Visual Processing Many centers in the brain stem receive visual information, either from the lateral geniculate nuclei or through collaterals from the optic tracts. Collaterals that bypass the lateral geniculates synapse in the superior colliculi or in the hypothalamus. The superior colliculi of the mesencephalon issue motor commands that control unconscious eye, head, or neck movements in response to visual stimuli. Visual inputs to the suprachiasmatic nucleus of the hypothalamus affect

the function of other brain stem nuclei. lp. 469 The suprachiasmatic nucleus and the pineal gland of the epithalamus receive visual information and use it to establish a daily pattern of visceral activity that is tied to the day–night cycle. This circadian rhythm (circa, about + dies, day) affects your metabolic rate, endocrine function, blood pressure, digestive activities, awake–asleep cycle, and other physiological and behavioral processes.

Anatomy 360 | Review the anatomy of the eye on the Anatomy 360 CD-ROM: Nervous System/Special Senses/Eye.

Concept Check

✓ If you had been born without cones in your eyes, would you still be able to see? Explain.

✓ How could a diet deficient in vitamin A affect vision?

✓ What effect would a decrease in phosphodiesterase activity in photoreceptor cells have on vision?

Answers begin on p. A–1

Equilibrium and Hearing

Objectives

• Describe the structures of the external and middle ears and explain how they function.

• Describe the parts of the inner ear and their roles in equilibrium and hearing.

• Trace the pathways for the sensations of equilibrium and hearing to their respective destinations in the brain.

The special senses of equilibrium and hearing are provided by the inner ear, a receptor complex located in the petrous part of the temporal bone of the skull. Equilibrium sensations inform us of the position of the head in space by monitoring gravity, linear acceleration, and rotation. Hearing enables us to detect and interpret sound waves. The basic receptor mechanism for both senses is the same. The receptors, called hair cells, are simple mechanoreceptors. The complex structure of the inner ear and the different arrangement of accessory structures enable hair cells to respond to different stimuli and thus to provide the input for both senses.

Anatomy of the Ear

The ear is divided into three anatomical regions: the external ear, the middle ear, and the inner ear (Figure 17–20•). The external ear—the visible portion of the ear—collects and directs sound waves toward the middle ear, a chamber located within the petrous portion of the temporal bone. Structures of the middle ear collect sound waves and transmit them to an appropriate portion of the inner ear, which contains the sensory organs for hearing and equilibrium.

The External Ear

The external ear includes the fleshy and cartilaginous auricle, or pinna, which surrounds the external acoustic canal, or ear canal. The auricle protects the opening of the canal and provides directional sensitivity; sounds coming from behind the head are blocked by the auricle, whereas sounds coming from the side or front are collected and channeled into the external acoustic canal. (When you “cup” your ear with your hand to hear a faint sound more clearly, you are exaggerating this effect.) The external acoustic canal is a passageway that ends at the tympanic membrane, also called the tympanum or eardrum. The tympanic membrane is a thin, semitransparent sheet that separates the external ear from the middle ear.

The tympanic membrane is very delicate. The auricle and the narrow external acoustic canal provide some protection from accidental injury. In addition, ceruminous glands—integumentary glands along the external acoustic canal—secrete a waxy material that helps deny access to foreign objects or small insects, as do many small, outwardly projecting hairs. These hairs also provide increased tactile sensitivity through their root hair plexuses. The slightly waxy secretion of the ceruminous glands, called cerumen, also slows the growth of microorganisms in the external acoustic canal and reduces the chances of infection.

The Middle Ear

The middle ear, or tympanic cavity, is an air-filled chamber separated from the external acoustic canal by the tympanic membrane. The middle ear communicates both with the nasopharynx (the superior portion of the pharynx), through the auditory tube, and with the mastoid air cells, through a number of small connections (Figures 17–20 and 17–21•). The auditory tube is also called the pharyngotympanic tube or the Eustachian tube. About 4 cm (1.6 in.) long, it consists of two portions. The portion near the connection to the middle ear is relatively narrow and is supported by elastic cartilage. The portion near the opening into the nasopharynx is relatively broad and funnel shaped. The auditory tube permits the equalization of pressures on either side of the tympanic membrane. Unfortunately, the auditory tube can also allow microorganisms to travel from the nasopharynx into the middle ear. Invasion by microorganisms can lead to an unpleasant middle ear infection known as otitis media. AM: Otitis Media and Mastoiditis

The Auditory Ossicles The middle ear contains three tiny ear bones, collectively called auditory ossicles. The ear bones connect the tympanic membrane with one of the receptor complexes of the inner ear (see Figures 17–20 and 17–21•). The three auditory ossicles are the malleus, the incus, and the stapes. The malleus (malleus, hammer) attaches at three points to the interior surface of the tympanic membrane. The incus (incus, anvil) the middle ossicle, attaches the malleus to the stapes (stapes, stirrup), the inner ossicle. The edges of the base of the stapes are bound to the edges of the oval window, an opening in the bone that surrounds the inner ear. The articulations between the auditory ossicles are the smallest synovial joints in the body. Each has a tiny capsule and supporting extracapsular ligaments.

Vibration of the tympanic membrane converts arriving sound waves into mechanical movements. The auditory ossicles act as levers that conduct those vibrations to the inner ear. The ossicles are connected in such a way that an in–out movement of the tympanic membrane produces a rocking motion of the stapes. The ossicles thus function as a lever system that collects the force applied to the tympanic membrane and focuses it on the oval window. Because the tympanic membrane is 22 times larger and heavier than the oval window, considerable amplification occurs, so we can hear very faint sounds. But that degree of amplification can be a problem when we are exposed to very loud noises. In the middle ear, two small muscles protect the tympanic membrane and ossicles from violent movements under very noisy conditions:

1. The tensor tympani (TEN-sor tim-PAN-e¯) muscle is a short ribbon of muscle whose origin is the petrous portion of the temporal bone and the auditory tube, and whose insertion is on the “handle” of the malleus. When the tensor tympani contracts, the malleus is pulled medially, stiffening the tympanic membrane. This increased stiffness reduces the amount of movement

possible. The tensor tympani muscle is innervated by motor fibers of the mandibular branch of the trigeminal nerve (V).

2. The stapedius (sta-P

¯E

-d

¯e

-us) muscle, innervated by the facial nerve (VII), originates from the posterior wall of the middle

ear and inserts on the stapes. Contraction of the stapedius pulls the stapes, reducing movement of the stapes at the oval window.

The Inner Ear

The senses of equilibrium and hearing are provided by receptors in the inner ear (Figures 17–20 and 17–22a•).

The superficial contours of the inner ear are established by a layer of dense bone known as the bony labyrinth (labyrinthos, network of canals). The walls of the bony labyrinth are continuous with the surrounding temporal bone. The inner contours of the bony labyrinth closely follow the contours of the membranous labyrinth, a delicate, interconnected network of fluid-filled tubes. The receptors of the inner ear are found within those tubes. Between the bony and membranous labyrinths flows the perilymph (PER-i-limf), a liquid whose properties closely resemble those of cerebrospinal fluid. The membranous labyrinth contains

endolymph (EN-d

¯o

-limf), a fluid with electrolyte concentrations different from those of typical body fluids. The physical rela

tionships are indicated in Figure 17–22b•. (See Appendix IV for a chemical analysis of perilymph, endolymph, and other body fluids.)

The bony labyrinth can be subdivided into the vestibule, three semicircular canals, and the cochlea (see Figure 17–22a•). The

vestibule (VES-ti-b

¯u

l) consists of a pair of membranous sacs: the saccule (SAK-

¯u

l) and the utricle (

¯U

-tri-kul), or sacculus and

utriculus. Receptors in the saccule and utricle provide sensations of gravity and linear acceleration.

The semicircular canals enclose slender semicircular ducts. Receptors in the semicircular ducts are stimulated by rotation of the head. The combination of vestibule and semicircular canals is called the vestibular complex. The fluid-filled chambers within the vestibule are broadly continuous with those of the semicircular canals.

The cochlea (KOK-l

¯e

-uh; cochlea, a snail shell) is a spiral-shaped, bony chamber that contains the cochlear duct of the mem

branous labyrinth. Receptors within the cochlear duct provide the sense of hearing. The duct is sandwiched between a pair of perilymph-filled chambers. The entire complex makes turns around a central bony hub, much like a snail shell.

The walls of the bony labyrinth consist of dense bone everywhere except at two small areas near the base of the cochlear spiral (see Figure 17–20•). The round window is a thin, membranous partition that separates the perilymph of the cochlear chambers from the air-filled middle ear. Collagen fibers connect the bony margins of the opening known as the oval window to the base of the stapes.

Equilibrium

As just noted, equilibrium sensations are provided by receptors of the vestibular complex. The semicircular ducts convey information about rotational movements of the head. For example, when you turn your head to the left, receptors stimulated in the semicircular ducts tell you how rapid the movement is, and in which direction. The saccule and the utricle convey information about your position with respect to gravity. If you stand with your head tilted to one side, these receptors report the angle involved and whether your head tilts forward or backward. The saccule and the utricle are also stimulated by sudden acceleration. When your car accelerates from a stop, the saccular and utricular receptors give you the impression of increasing speed.

The Semicircular Ducts

Sensory receptors in the semicircular ducts respond to rotational movements of the head. These hair cells are active during a movement, but are quiet when the body is motionless. The anterior, posterior, and lateral semicircular ducts are continuous with the utricle (Figure 17–23a•). Each semicircular duct contains an ampulla, an expanded region that contains the receptors. The region in the wall of the ampulla that contains the receptors is known as a crista (Figure 17–23b•). Each crista is bound to a cupula

(K

¯U

-p

¯u

-luh), a gelatinous structure that extends the full width of the ampulla. The receptors in the cristae are called hair cells

(Figure 17–23b,d•).

Hair cells are the receptors found in other portions of the membranous labyrinth as well. Regardless of location, they are always surrounded by supporting cells and monitored by the dendrites of sensory neurons. The free surface of each hair cell supports 80–100 long stereocilia which resemble very long microvilli (see Figure 17–23d•). Each hair cell in the vestibule also con

¯

I when an external force pushes against these processes, the distortion of the cell membrane alters the rate at which the hair cell releases chemical transmitters.

Hair cells provide information about the direction and strength of mechanical stimuli. The stimuli involved, however, depend on the hair cell’s location: gravity or acceleration in the vestibule, rotation in the semicircular canals, and sound in the cochlea. The sensitivities of the hair cells differ, because each of these regions has different accessory structures that determine which stimulus will provide the force to deflect the kinocilia and stereocilia.

At a crista, the kinocilia and stereocilia of the hair cells are embedded in the cupula (see Figure 17–23b•). Because the cupula has a density very close to that of the surrounding endolymph, it essentially floats above the receptor surface. When your head rotates in the plane of the duct, the movement of endolymph along the length of the semicircular duct pushes the cupula to the side and distorts the receptor processes (Figure 17–23c•). Movement of fluid in one direction stimulates the hair cells, and movement in the opposite direction inhibits them. When the endolymph stops moving, the elastic nature of the cupula makes it return to its normal position.

Even the most complex movement can be analyzed in terms of motion in three rotational planes. Each semicircular duct re

tains a kinocilium (K

¯o

-SIL-

¯e

-um), a single large cilium. Hair cells do not actively move their kinocilia or stereocilia. However,

-n

sponds to one of these rotational movements. A horizontal rotation, as in shaking your head “no,” stimulates the hair cells of the lateral semicircular duct. Nodding “yes” excites the anterior duct, and tilting your head from side to side activates receptors in the posterior duct.

The Utricle and Saccule

The utricle and saccule provide equilibrium sensations, whether the body is moving or is stationary. The two chambers are connected by a slender passageway that is continuous with the narrow endolymphatic duct. The endolymphatic duct ends in a blind pouch called the endolymphatic sac (see Figure 17–23a•). This sac projects through the dura mater that lines the temporal bone and into the subarachnoid space, where it is surrounded by a capillary network. Portions of the cochlear duct secrete endolymph continuously, and at the endolymphatic sac excess fluid returns to the general circulation as the capillaries absorb endolymph removed by a combination of active transport and vesicular transport.

The hair cells of the utricle and saccule are clustered in oval structures called maculae (MAK-

¯u

-l

¯e

; macula, spot)

(Figure 17–24a•). As in the ampullae, the hair cell processes are embedded in a gelatinous mass. However, the surface of this gelatinous material contains densely packed calcium carbonate crystals known as statoconia (statos, standing + conia, dust). The complex as a whole (gelatinous matrix and statoconia) is called an otolith (“ear stone”).

The macula of the saccule is diagrammed in Figure 17–24b•, and its function is shown in Figure 17–24c•. When your head is in the normal, upright position, the statoconia sit atop the macula (STEP 1). Their weight presses on the macular surface, pushing the hair cell processes down rather than to one side or another. When your head is tilted, the pull of gravity on the statoconia shifts them to the side, thereby distorting the hair cell processes (STEP 2). The change in receptor activity tells the CNS that your head is no longer level.

A similar mechanism accounts for your perception of linear acceleration when you are in a car that speeds up suddenly. The statoconia lag behind, and the effect on the hair cells is comparable to tilting your head back. Under normal circumstances, your nervous system distinguishes between the sensations of tilting and linear acceleration by integrating vestibular sensations with visual information. Many amusement park rides confuse your sense of equilibrium by combining rapid rotation with changes in position and acceleration while providing restricted or misleading visual information.

Pathways for Equilibrium Sensations

Hair cells of the vestibule and semicircular ducts are monitored by sensory neurons located in adjacent vestibular ganglia. Sensory fibers from these ganglia form the vestibular branch of the vestibulocochlear nerve (VIII). lp. 485 These fibers innervate neurons within the pair of vestibular nuclei at the boundary between the pons and the medulla oblongata. The two vestibular nuclei have four functions:

1. Integrating sensory information about balance and equilibrium that arrives from both sides of the head.

2. Relaying information from the vestibular complex to the cerebellum.

3. Relaying information from the vestibular complex to the cerebral cortex, providing a conscious sense of head position and movement.

4. Sending commands to motor nuclei in the brain stem and spinal cord.

The reflexive motor commands issued by the vestibular nuclei are distributed to the motor nuclei for cranial nerves involved

with eye, head, and neck movements (III, IV, VI, and XI). Instructions descending in the vestibulospinal tracts of the spinal cord adjust peripheral muscle tone and complement the reflexive movements of the head or neck. lp. 511 These pathways are indicated in Figure 17–25•.

The automatic movements of the eyes that occur in response to sensations of motion are directed by the superior colliculi of the mesencephalon. lp. 464 These movements attempt to keep your gaze focused on a specific point in space, despite changes in body position and orientation. If your body is turning or spinning rapidly, your eyes will fix on one point for a moment and then jump ahead to another in a series of short, jerky movements. This type of eye movement can occur even when the body is stationary if either the brain stem or the inner ear is damaged. Individuals with this condition, which is called nystagmus (nis-TAG-mus), have trouble controlling their eye movements. Physicians commonly check for nystagmus by asking patients to watch a small penlight as it is moved across the field of vision. AM: Vertigo, Motion Sickness, and Ménière’s Disease

Hearing

The receptors of the cochlear duct provide a sense of hearing that enables us to detect the quietest whisper, yet remain functional in a noisy room. The receptors responsible for auditory sensations are hair cells similar to those of the vestibular complex. However, their placement within the cochlear duct and the organization of the surrounding accessory structures shield them from stimuli other than sound.

In conveying vibrations from the tympanic membrane to the oval window, the auditory ossicles convert pressure fluctuations in air into much greater pressure fluctuations in the perilymph of the cochlea. These fluctuations stimulate hair cells along the cochlear spiral. The frequency of the perceived sound is determined by which part of the cochlear duct is stimulated. The intensity (volume) of the perceived sound is determined by how many of the hair cells at that location are stimulated. We will now consider the mechanics of this remarkably elegant process.

The Cochlear Duct

In sectional view (Figure 17–26a,b and 17–27a,b•), the cochlear duct, or scala media, lies between a pair of perilymphatic chambers: the vestibular duct (scala vestibuli) and the tympanic duct (scala tympani). The outer surfaces of these ducts are encased by the bony labyrinth everywhere except at the oval window (the base of the vestibular duct) and the round window (the base of the tympanic duct). Because the vestibular and tympanic ducts are interconnected at the tip of the cochlear spiral, they really form one long and continuous perilymphatic chamber. This chamber begins at the oval window; extends through the vestibular duct, around the top of the cochlea, and along the tympanic duct; and ends at the round window.

The cochlear duct is an elongated tubelike structure suspended between the vestibular duct and the tympanic duct. The hair cells of the cochlear duct are located in a structure called the organ of Corti (see Figures 17–26b and 17–27a,b•). This sensory structure sits on the basilar membrane, a membrane that separates the cochlear duct from the tympanic duct. The hair cells are arranged in a series of longitudinal rows. They lack kinocilia, and their stereocilia are in contact with the overlying tectorial (tek-TOR-e¯-al) membrane (tectum, roof). This membrane is firmly attached to the inner wall of the cochlear duct. When a portion of the basilar membrane bounces up and down, the stereocilia of the hair cells are pressed against the tectorial membrane and become distorted. The basilar membrane moves in response to pressure fluctuations within the perilymph. These pressure changes are triggered by sound waves arriving at the tympanic membrane. To understand this process, we must consider the basic properties of sound.

An Introduction to Sound

Hearing is the perception of sound, which consists of waves of pressure conducted through a medium such as air or water. In air, each pressure wave consists of a region where the air molecules are crowded together and an adjacent zone where they are farther apart (Figure 17–28a•). These waves are sine waves—that is, S-shaped curves that repeat in a regular pattern—and travel through

the air at about 1235 km > h (768 mph).

The wavelength of sound is the distance between two adjacent wave crests (peaks) or, equivalently, the distance between two adjacent wave troughs (Figure 17–28b•). Wavelength is inversely related to frequency—the number of waves that pass a fixed reference point in a given time. Physicists use the term cycles rather than waves. Hence, the frequency of a sound is measured in terms of the number of cycles per second (cps), a unit called hertz (Hz). What we perceive as the pitch of a sound is our sensory response to its frequency. A high-frequency sound (high pitch, short wavelength) might have a frequency of 15,000 Hz or more; a very low-frequency sound (low pitch, long wavelength) could have a frequency of 100 Hz or less.

It takes energy to produce sound waves. When you strike a tuning fork, it vibrates and pushes against the surrounding air, producing sound waves whose frequency depends on the instrument’s frequency of vibration. The harder you strike the tuning fork, the more energy you provide; the energy increases the amplitude of the sound wave (see Figure 17–28b•). The amplitude, or intensity, of a sound determines how loud it seems; the greater the energy content, the larger the amplitude, and the louder the sound. Sound energy is reported in decibels (DES-i-belz). Table 17–1 indicates the decibel levels of familiar sounds.

When sound waves strike an object, their energy is a physical pressure. You may have seen windows move in a room in which a stereo is blasting. The more flexible the object, the more easily it will respond to sound pressure. Even soft stereo music will vibrate a sheet of paper held in front of the speaker. Given the right combination of frequencies and amplitudes, an object will begin to vibrate at the same frequency as the sound, a phenomenon called resonance. The higher the decibel level, the greater the amount of vibration. For you to be able to hear any sound, your thin, flexible tympanic membrane must vibrate in resonance with the sound waves.

Probably more than 6 million people in the United States alone have at least a partial hearing deficit, due to problems with either the transfer of vibrations by the auditory ossicles or damage to the receptors or the auditory pathways. AM: Hearing Deficits

The Hearing Process

The process of hearing can be divided into six basic steps (Figure 17–29•):

Step 1 Sound Waves Arrive at the Tympanic Membrane. Sound waves enter the external acoustic canal and travel toward the tympanic membrane. The orientation of the canal provides some directional sensitivity. Sound waves approaching a particular side of the head have direct access to the tympanic membrane on that side, whereas sounds arriving from another direction must bend around corners or pass through the auricle or other body tissues.

Step 2 Movement of the Tympanic Membrane Causes Displacement of the Auditory Ossicles. The tympanic membrane provides a surface for the collection of sound, and it vibrates in resonance to sound waves with frequencies between approximately 20 and 20,000 Hz. When the tympanic membrane vibrates, so do the malleus and, through their articulations, the incus and stapes. In this way, the sound is amplified.

Step 3 Movement of the Stapes at the Oval Window Establishes Pressure Waves in the Perilymph of the Vestibular Duct. Liquids are incompressible: If you push down on one part of a water bed, the bed bulges somewhere else. Because the rest of the cochlea is sheathed in bone, pressure applied at the oval window can be relieved only at the round window. Although the stapes actually has a rocking movement, the in–out component is easiest to visualize and describe. Basically, when the stapes moves inward, the round window bulges outward, into the middle ear cavity. As the stapes moves in and out, vibrating at the frequency of the sound arriving at the tympanic membrane, it creates pressure waves within the perilymph.

Step 4 The Pressure Waves Distort the Basilar Membrane on Their Way to the Round Window of the Tympanic Duct. The pressure waves established by the movement of the stapes travel through the perilymph of the vestibular and tympanic ducts to reach the round window. In doing so, the waves distort the basilar membrane. The location of maximum distortion varies with the frequency of the sound, owing to regional differences in the width and flexibility of the basilar membrane along its length. High-frequency sounds, which have a very short wavelength, vibrate the basilar membrane near the oval window. The lower the frequency of the sound, the longer the wavelength, and the farther from the oval window the area of maximum distortion will be (Figure 17–30a–c•). Thus, information about frequency is translated into information about position along the basilar membrane.

The amount of movement at a given location depends on the amount of force applied by the stapes, which in turn is a function of energy content of the sound. The louder the sound, the more the basilar membrane moves.

Step 5 Vibration of the Basilar Membrane Causes Vibration of Hair Cells against the Tectorial Membrane. Vibration of the affected region of the basilar membrane moves hair cells against the tectorial membrane. This movement leads to the displacement of the stereocilia, which in turn opens ion channels in the hair cell membranes. The resulting inrush of ions depolarizes the hair cells, leading to the release of neurotransmitters and thus to the stimulation of sensory neurons.

The hair cells of the organ of Corti are arranged in several rows. A very soft sound may stimulate only a few hair cells in a portion of one row. As the intensity of a sound increases, not only do these hair cells become more active, but additional hair cells— at first in the same row and then in adjacent rows—are stimulated as well. The number of hair cells responding in a given region of the organ of Corti thus provides information on the intensity of the sound.

Step 6 Information about the Region and Intensity of Stimulation Is Relayed to the CNS over the Cochlear Branch of the Vestibulocochlear Nerve (VIII). The cell bodies of the bipolar sensory neurons that monitor the cochlear hair cells are located at the center of the bony cochlea, in the spiral ganglion (see Figure 17–27a•). From there, the information is carried by the cochlear branch of cranial nerve VIII to the cochlear nuclei of the medulla oblongata for subsequent distribution to other centers in the brain.

Auditory Pathways

Stimulation of hair cells activates sensory neurons whose cell bodies are in the adjacent spiral ganglion. The afferent fibers of those neurons form the cochlear branch of the vestibulocochlear nerve (VIII) (Figure 17–31•). These axons enter the medulla oblongata, where they synapse at the dorsal and ventral cochlear nuclei. From there, the information crosses to the opposite side of the brain and ascends to the inferior colliculus of the mesencephalon. This processing center coordinates a number of responses to acoustic stimuli, including auditory reflexes that involve skeletal muscles of the head, face, and trunk. These reflexes automatically change the position of your head in response to a sudden loud noise; you usually turn your head and your eyes toward the source of the sound.

Before reaching the cerebral cortex and your awareness, ascending auditory sensations synapse in the medial geniculate nucleus of the thalamus. Projection fibers then deliver the information to the auditory cortex of the temporal lobe. Information travels to the cortex over labeled lines: High-frequency sounds activate one portion of the cortex, low-frequency sounds another. In effect, the auditory cortex contains a map of the organ of Corti. Thus, information about frequency, translated into information about position on the basilar membrane, is projected in that form onto the auditory cortex, where it is interpreted to produce your subjective sensation of pitch.

An individual whose auditory cortex is damaged will respond to sounds and have normal acoustic reflexes, but will find it difficult or impossible to interpret the sounds and recognize a pattern in them. Damage to the adjacent association area leaves the ability to detect the tones and patterns, but produces an inability to comprehend their meaning.

Auditory Sensitivity

Our hearing abilities are remarkable, but it is difficult to assess the absolute sensitivity of the system. The range from the softest audible sound to the loudest tolerable blast represents a trillionfold increase in power. The receptor mechanism is so sensitive that, if we were to remove the stapes, we could, in theory, hear air molecules bouncing off the oval window. We never use the full potential of this system, because body movements and our internal organs produce squeaks, groans, thumps, and other sounds that are tuned out by central and peripheral adaptation. When other environmental noises fade away, the level of adaptation drops and the system becomes increasingly sensitive. For example, when you relax in a quiet room, your heartbeat seems to get louder and louder as the auditory system adjusts to the level of background noise.

Young children have the greatest hearing range: They can detect sounds ranging from a 20-Hz buzz to a 20,000-Hz whine. With age, damage due to loud noises or other injuries accumulates. The tympanic membrane gets less flexible, the articulations between the ossicles stiffen, and the round window may begin to ossify. As a result, older individuals show some degree of hearing loss.

100 Keys | Balance and hearing rely on the same basic types of sensory receptors (hair cells). The anatomical structure of the associated sense organ determines what stimuli affect the hair cells. In the semicircular ducts, the stimulus is fluid movement caused by head rotation in the horizontal, sagittal, or frontal planes. In the utricle and saccule, the stimuli are gravity-induced shifts in the position of attached otoliths. In the cochlea, the stimulus is movement of the tectorial membrane as pressure waves distort the basilar membrane.

Concept Check

✓ If the round window were not able to bulge out with increased pressure in the perilymph, how would the perception of sound be affected?

✓ How would the loss of stereocilia from hair cells of the organ of Corti affect hearing?

✓ Why does a blockage of the auditory tube produce an earache?

Answers begin on p. A–1

Anatomy 360 | Review the anatomy of the ear on the Anatomy 360 CD-ROM: Nervous System/Special Senses/Ear.

Chapter Review

Selected Clinical Terminology

astigmatism: Reduction in visual acuity due to a curvature irregularity in the cornea or lens. (p. 565)

cataract: An abnormal condition in which the lens has lost its transparency. (p. 562)

color blindness: A condition in which a person is unable to distinguish certain colors. (p. 570)

conductive deafness: Deafness resulting from conditions in the outer or middle ear that block the transfer of vibrations from the tympanic membrane to the oval window. [AM]

detached retina: Delamination of a portion of the neural retina, which separates the photoreceptor layer from the pigment layer. If untreated, blindness can result in the affected area. (p. 561)

diabetic retinopathy: Deterioration of the retinal photoreceptor layer due to vascular damage and the overgrowth and rupture of blood vessels on the retinal surface. (p. 559)

glaucoma: A condition characterized by increased intraocular pressure due to the impaired reabsorption of aqueous humor; can result in blindness. (p. 562)

hyperopia, or farsightedness: A condition in which nearby objects are blurry, but distant objects are clear. (p. 564)

motion sickness: A condition resulting from conflicting visual and equilibrium sensory stimuli. Signs and symptoms can include headache, sweating, nausea, vomiting, and changes in mental state. [AM]

myopia, or nearsightedness: A condition in which vision at close range is normal, but distant objects appear blurry. (p. 564)

nerve deafness: Deafness resulting from problems within the cochlea or along the auditory pathway. [AM]

night blindness: Loss of visual acuity under dim light conditions due to inadequate visual pigment production, usually as a result of vitamin A deficiency. (p. 570)

nystagmus: Abnormal eye movements that may appear after brain stem or inner ear damage. (p. 579)

otitis media: Infection and tissue inflammation within the middle ear cavity. (p. 574 and [AM])

presbyopia: A type of hyperopia that develops with age as lenses become less elastic. (p. 564)

retinitis pigmentosa: A group of inherited retinopathies characterized by the progressive deterioration of photoreceptors, eventually resulting in blindness. (p. 567)

scotomas: Abnormal blind spots that are fixed in position. (p. 566)

Study Outline

Olfaction p. 550 Olfactory Receptors p. 551

1.
The olfactory organs contain the olfactory epithelium with olfactory receptors, supporting cells, and basal (stem) cells. The surfaces of the olfactory organs are coated with the secretions of the olfactory glands. (Figure 17–1)

2.
The olfactory receptors are highly modified neurons.

3.
Olfactory reception involves detecting dissolved chemicals as they interact with odorant-binding proteins.

Olfactory Pathways p. 551

4.
In olfaction, the arriving information reaches the information centers without first synapsing in the thalamus. (Figure 17–1)

Olfactory Discrimination p. 551

5.
The olfactory system can distinguish thousands of chemical stimuli. The CNS interprets smells by the pattern of receptor activity.

6.
The olfactory receptor population shows considerable turnover. The number of olfactory receptors declines with age.

Gustation p. 552

1.
Taste (gustatory) receptors are clustered in taste buds.

2.
Taste buds are associated with epithelial projections (lingual papillae) on the dorsal surface of the tongue. (Figure 17–2)

Taste Receptors p. 553

3.
Each taste bud contains basal cells, which appear to be stem cells, and gustatory cells, which extend taste hairs through a narrow taste pore. (Figure 17–2)

Gustatory Pathways p. 553

4.
The taste buds are monitored by cranial nerves that synapse within the solitary nucleus of the medulla oblongata and then on to the thalamus and the primary sensory cortex.

Gustatory Discrimination p. 553

5.
The primary taste sensations are sweet, salt, sour, and bitter. Receptors also exist for umami and water.

6.
Taste sensitivity exhibits significant individual differences, some of which are inherited.

7.
The number of taste buds declines with age.

100 Keys | p. 554

Vision p. 554 Accessory Structures of the Eye p. 554

1.
The accessory structures of the eye include the eyelids (palpebrae), separated by the palpebral fissure, the eyelashes, and the tarsal glands. (Figures 17–3, 17–4)

2.
An epithelium called the conjunctiva covers most of the exposed surface of the eye. The cornea is transparent. (Figures 17–3, 17–4)

3.
The secretions of the lacrimal gland contain lysozyme. Tears collect in the lacrimal lake and reach the inferior meatus of the nose after they pass through the lacrimal puncta, the lacrimal canaliculi, the lacrimal sac, and the nasolacrimal duct. (Figure 17–3)

The Eye p. 557

4.
The eye has three layers: an outer fibrous tunic, a middle vascular tunic, and an inner neural tunic. (Figure 17–4)

5.
The fibrous tunic consists of the sclera, the cornea, and the limbus. (Figure 17–4)

6.
The vascular tunic, or uvea, includes the iris, the ciliary body, and the choroid. The iris contains muscle fibers that change the diameter of the pupil. The ciliary body contains the ciliary muscle and the ciliary processes, which attach to the suspensory ligaments of the lens. (Figures 17–4, 17–5)

7.
The neural tunic, or retina, consists of an outer pigmented part and an inner neural part; the latter contains visual receptors and associated neurons. (Figures 17–4, 17–6)

8.
The retina contains two types of photoreceptors: rods and cones.

9.
Cones are densely clustered in the fovea, at the center of the macula lutea. (Figure 17–6)

10. The direct line to the CNS proceeds from the photoreceptors to bipolar cells, then to ganglion cells, and, finally, to the brain via the optic nerve. The axons of ganglion cells converge at the optic disc, or blind spot. Horizontal cells and amacrine cells modify the signals passed among other components of the retina. (Figures 17–6, 17–7)

11. The ciliary body and lens divide the interior of the eye into a large posterior cavity, or vitreous chamber, and a smaller anterior cavity. The anterior cavity is subdivided into the anterior chamber, which extends from the cornea to the iris, and a posterior chamber, between the iris and the ciliary body and lens. (Figure 17–8)

12. The fluid aqueous humor circulates within the eye and reenters the circulation after diffusing through the walls of the anterior chamber and into the canal of Schlemm. (Figure 17–8)

13. The lens lies posterior to the cornea and forms the anterior boundary of the posterior cavity. This cavity contains the vitreous body, a gelatinous mass that helps stabilize the shape of the eye and support the retina. (Figure 17–8)

14. The lens focuses a visual image on the photoreceptors. The condition in which a lens has lost its transparency is a cataract.

15. Light is refracted (bent) when it passes through the cornea and lens. During accommodation, the shape of the lens changes to focus an image on the retina. “Normal” visual acuity is rated 20 > 20. (Figures 17–9 to 17–12)
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Visual Physiology p. 566

16. The two types of photoreceptors are rods, which respond to almost any photon, regardless of its energy content, and cones, which have characteristic ranges of sensitivity. (Figure 17–13)

17. Each photoreceptor contains an outer segment with membranous discs. A narrow stalk connects the outer segment to the inner segment. Light absorption occurs in the visual pigments, which are derivatives of rhodopsin (opsin plus the pigment retinal, which is synthesized from vitamin A). (Figures 17–13 to 17–15)

18. Color sensitivity depends on the integration of information from red, green, and blue cones. Color blindness is the inability to detect certain colors. (Figures 17–16, 17–17)

19. In the dark-adapted state, most visual pigments are fully receptive to stimulation. In the light-adapted state, the pupil constricts and bleaching of the visual pigments occurs.

The Visual Pathway p. 571

20. The ganglion cells that monitor rods, called M cells (magnocells), are relatively large. The ganglion cells that monitor cones, called P cells (parvo cells), are smaller and more numerous. (Figure 17–18)

21. Visual data from the left half of the combined field of vision arrive at the visual cortex of the right occipital lobe; data from the right half of the combined field of vision arrive at the visual cortex of the left occipital lobe. (Figure 17–19)

22. Depth perception is obtained by comparing relative positions of objects between the left- and right-eye images (Figure 17–19)

23. Visual inputs to the suprachiasmatic nucleus of the hypothalamus affect the function of other brain stem nuclei. This nucleus establishes a visceral circadian rhythm, which is tied to the day–night cycle and affects other metabolic processes.
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1.
The senses of equilibrium and hearing are provided by the receptors of the inner ear.

Anatomy of the Ear p. 573

2.
The ear is divided into the external ear, the middle ear, and the inner ear. (Figure 17–20)

3.
The external ear includes the auricle, or pinna, which surrounds the entrance to the external acoustic canal, which ends at the tympanic membrane (eardrum). (Figure 17–20)

4.
The middle ear communicates with the nasopharynx via the auditory (pharyngotympanic) tube. The middle ear encloses and protects the auditory ossicles. (Figures 17–20, 17–21)

5.
The membranous labyrinth (the chambers and tubes) of the inner ear contains the fluid endolymph. The bony labyrinth surrounds and protects the membranous labyrinth and can be subdivided into the vestibule, the semicircular canals, and the cochlea.

(Figures 17–20, 17–22)

6.
The vestibule of the inner ear encloses the saccule and utricle. The semicircular canals contain the semicircular ducts. The cochlea contains the cochlear duct, an elongated portion of the membranous labyrinth. (Figure 17–22)

7.
The round window separates the perilymph from the air spaces of the middle ear. The oval window is connected to the base of the stapes. (Figure 17–20)

Equilibrium p. 576

8.
The basic receptors of the inner ear are hair cells, which provide information about the direction and strength of mechanical stimuli. (Figure 17–23)

9.
The anterior, posterior, and lateral semicircular ducts are continuous with the utricle. Each duct contains an ampulla with a gelatinous cupula and associated sensory receptors. (Figures 17–22, 17–23)

10. The saccule and utricle are connected by a passageway that is continuous with the endolymphatic duct, which terminates in the endolymphatic sac. ln the saccule and utricle, hair cells cluster within maculae, where their cilia contact the otolith (densely packed mineral crystals, called statoconia, in a matrix). (Figures 17–23, 17–24)

11. The vestibular receptors activate sensory neurons of the vestibular ganglia. The axons form the vestibular branch of the vestibulocochlear nerve (VIII), synapsing within the vestibular nuclei. (Figure 17–25)

Hearing p. 579

12. The cochlear duct lies between the vestibular duct and the tympanic duct. The hair cells of the cochlear duct lie within the organ of Corti. (Figures 17–26, 17–27)

13. The energy content of a sound determines its intensity, measured in decibels. Sound waves travel toward the tympanic membrane, which vibrates; the auditory ossicles conduct these vibrations to the inner ear. Movement at the oval window applies pressure to the perilymph of the vestibular duct. (Figures 17–28, 17–29; Table 17–1)

14. Pressure waves distort the basilar membrane and push the hair cells of the organ of Corti against the tectorial membrane. The tensor tympani and stapedius muscles contract to reduce the amount of motion when very loud sounds arrive. (Figures 17–29, -17–30)

15. The sensory neurons are located in the spiral ganglion of the cochlea. The afferent fibers of these neurons form the cochlear branch of the vestibulocochlear nerve (VIII), synapsing at the cochlear nuclei. (Figure 17–31)
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Answers to the Review Questions begin on page A–1.

LEVEL 1 Reviewing Facts and Terms

1.
A reduction in sensitivity in the presence of a constant stimulus is

(a) transduction (b) sensory coding

(c) line labeling (d) adaptation

2.
A blind spot in the retina occurs where

(a) the fovea is located

(b) ganglion cells synapse with bipolar cells

(c) the optic nerve attaches to the retina

(d) rod cells are clustered to form the macula

(e) amacrine cells are located

3.
Sound waves are converted into mechanical movements by the

(a) auditory ossicles (b) cochlea

(c) oval window (d) round window

(e) tympanic membrane

4. The basic receptors in the inner ear are the

(a) utricles (b) saccules

(c) hair cells (d) supporting cells

(e) ampullae

5. The retina is the

(a) vascular tunic (b) fibrous tunic

(c) neural tunic (d) a,b, and c are correct

6. At sunset, your visual system adapts to

(a) fovea vision (b) rod-based vision

(c) macular vision (d) cone-based vision

7. A better-than-average visual acuity rating is

(a) 20 > 20 (b) 20 > 30 (c) 15 > 20 (d) 20 > 15

8. The malleus, incus, and stapes are the tiny bones located in the

(a) outer ear (b) middle ear

(c) inner ear (d) membranous labyrinth

9. Receptors in the saccule and utricle provide sensations of

(a) angular acceleration

(b) hearing

(c) vibration

(d) gravity and linear acceleration

10. The organ of Corti is located in the _____ of the inner ear.

(a) utricle (b) bony labyrinth

(c) vestibule (d) cochlea

11. Auditory information about the frequency and intensity of stimulation is relayed to the CNS over the cochlear branch of cranial nerve

(a) IV (b) VI (c) VIII (d) X

12. What are the three types of papillae on the human tongue?

13. (a) What structures make up the fibrous tunic of the eye?

(b) What are the functions of the fibrous tunic?

14. What structures make up the vascular tunic of the eye?

15. What are the three auditory ossicles in the middle ear, and what are their functions?

LEVEL 2 Reviewing Concepts

16. Trace the olfactory pathway from the time an odor reaches the olfactory epithelium until it reaches its final destination in the brain.

17. Why are olfactory sensations long-lasting and an important part of our memories and emotions?

18. What is the usual result if a sebaceous gland of an eyelash or a tarsal gland becomes infected?

19. Displacement of sterocilia toward the kinocilium of a hair cell

(a) produces a depolarization of the membrane

(b) produces a hyperpolarization of the membrane

(c) decreases the membrane permeability to sodium ions

(d) increases the membrane permeability to potassium ions

(e) does not affect the transmembrane potential of the cell

20. Damage to the cupula of the lateral semicircular duct would interfere with the perception of

(a) the direction of gravitational pull

(b) linear acceleration

(c) horizontal rotation of the head

(d) vertical rotation of the head

(e) angular rotation of the head

21. When viewing an object close to you, your lens should be more _____.

(a) rounded (b) flattened

(c) convex (d) lateral

(e) medial

LEVEL 3 Critical Thinking and Clinical Applications

22. You are at a park watching some deer 35 feet away from you. A friend taps you on the shoulder to ask a question. As you turn to look at your friend, who is standing just 2 feet away, what changes would your eyes undergo?

23. Your friend Shelly suffers from myopia (nearsightedness). You remember from your physics class thay concave lenses cause light waves to converge and convex lenses spread light waves. What type of corrective lenses would you suggest to your friend?

(a) concave lenses

(b) convex lenses

24. Tom has surgery to remove polyps (growths) from his sinuses. After he heals from the surgery, he notices that his sense of smell is not as keen as it was before the surgery. Can you suggest a reason for this?

25. For a few seconds after you ride the express elevator from the 20th floor to the ground floor, you still feel as if you are descending, even though you have come to a stop. Why?

26. Juan has a disorder involving the saccule and the utricle. He is asked to stand with his feet together and arms extended forward. As long as he keeps his eyes open, he exhibits very little movement. But when he closes his eyes, his body begins to sway a great deal,

and his arms tend to drift in the direction of the impaired vestibular receptors. Why does this occur?

TABLE 17–1 The Power Content of Representative Sounds

Typical 

Dangerous

Decibel 

Time

Level 
Example 
Exposure

0 
Lowest audible sound 

30 
Quiet library; soft whisper 

40 
Quiet office; living room; 


bedroom away from traffic 

50 
Light traffic at a distance; 


refrigerator; gentle breeze 

60 
Air conditioner at 20 feet; 


conversation; sewing 


machine in operation 

70 
Busy traffic; noisy restaurant 
Some damage



if continuous

80 
Subway; heavy city traffic; 
More than


alarm clock at 2 feet; 
8 hours


factory noise 

90 
Truck traffic; noisy home 
Less than


appliances; shop tools; gas 
8 hours


lawn mower 

100 
Chain saw; boiler shop; 
2 hours


pneumatic drill 

120 
“Heavy metal” rock concert; 
Immediate


sandblasting; thunderclap 
danger


nearby 

140 
Gunshot; jet plane 
Immediate



danger

160 
Rocket launching pad 
Hearing loss



inevitable

• FIGURE 17–1 The Olfactory Organs. (a) The olfactory organ on the left side of the nasal septum. (b) An olfactory receptor is a modified neuron with multiple cilia extending from its free surface.

• FIGURE 17–2 Gustatory Receptors. (a) Landmarks and receptors on the tongue. (b) The structure and representative locations of the three types of lingual papillae. Taste receptors are located in taste buds, which form pockets in the epithelium of fungiform or circumvallate papillae.

(c) Taste buds in a circumvallate papilla. A diagrammatic view of a taste bud, showing receptor (gustatory) cells and supporting cells.

• FIGURE 17–3 External Features and Accessory Structures of the Eye. (a) Gross and superficial anatomies of the accessory structures.

(b) The organization of the lacrimal apparatus. ATLAS: 3c; 12a; 16a,b

• FIGURE 17–4 The Sectional Anatomy of the Eye. (a) A sagittal section through the left eye, showing the position of the fornix. (b) Major landmarks in the eye. This horizontal section shows the anterior and posterior cavities and the three layers, or tunics, in the wall of the right eye. (c) A detailed horizontal section of the right eye. ATLAS: Plates 12a; 16a,b

• FIGURE 17–5 The Pupillary Muscles

• FIGURE 17–6 The Organization of the Retina. (a) The cellular organization of the retina. The photoreceptors are closest to the choroid, rather than near the posterior cavity (vitreous chamber). (b) The optic disc in diagrammatic sagittal section. (c) A photograph of the retina as seen through the pupil.

• FIGURE 17–7 A Demonstration of the Presence of a Blind Spot. Close your left eye and stare at the cross with your right eye, keeping the cross in the center of your field of vision. Begin with the page a few inches away from your eye, and gradually increase the distance. The dot will disappear when its image falls on the blind spot, at your optic disc. To check the blind spot in your left eye, close your right eye and repeat the sequence while you stare at the dot.

• FIGURE 17–8 The Circulation of Aqueous Humor. Aqueous humor, which is secreted at the ciliary body, circulates through the posterior and anterior chambers before it is reabsorbed through the canal of Schlemm.

• FIGURE 17–9 Factors Affecting Focal Distance. Light rays from a source are refracted when they reach the lens of the eye. The rays are then focused onto a single focal point.

• FIGURE 17–10 Accommodation. For the eye to form a sharp image, the focal distance must equal the distance between the center of the lens and the retina.

• FIGURE 17–12 Image Formation. (a,b) Light from each portion of an object is focused on a different part of the retina. The resulting image arrives upside down (c) and backward (d).

• FIGURE 17–13 Structure of Rods and Cones. (a) The structures of rods and cones. Notice the shapes of their outer segments. (b) The structure of a rhodopsin molecule within the membrane of a disc.

• FIGURE 17–14

Photoreception

• FIGURE 17–15 Bleaching and Regeneration of Visual Pigments

• FIGURE 17–16 Cone Types and Sensitivity to Color. A graph comparing the absorptive characteristics of blue, green, and red cones with those of typical rods. Notice that the sensitivities of the rods overlap those of the cones, and that the three types of cones have overlapping sensitivity curves.

• FIGURE 17–17 A Standard Test for Color Vision. Individuals lacking one or more populations of cones are unable to distinguish the patterned image (the number 12).

• FIGURE 17–18 Convergence and Ganglion Cell Function. Photoreceptors are organized in groups within a receptive field; each ganglion cell monitors a well-defined portion of that field. Some ganglion cells (on-center neurons, labeled A) respond strongly to light arriving at the center of their receptive field. Others (off-center neurons, labeled B) respond most strongly to illumination of the edges of their receptive field.

• FIGURE 17–19 The Visual Pathways. The crossover of some nerve fibers occurs at the optic chiasm. As a result, each hemisphere receives visual information from the medial half of the field of vision of the eye on that side, and from the lateral half of the field of vision of the eye on the opposite side. Visual association areas integrate this information to develop a composite picture of the entire field of vision.

• FIGURE 17–20 The Anatomy of the Ear. The boundaries separating the three anatomical regions of the ear (external, middle, and inner) are indicated by the dashed lines.

• FIGURE 17–21 The Middle Ear. (a) The structures of the middle ear. (b) The tympanic membrane and auditory ossicles.

• FIGURE 17–22 The Inner Ear. (a) The bony and membranous labyrinths. Areas of the membranous labyrinth containing sensory receptors (cristae, maculae, and the organ of Corti) are shown in purple. (b) A section through one of the semicircular canals, showing the relationship between the bony and membranous labyrinths, and the locations of perilymph and endolymph.

• FIGURE 17–23 The Semicircular Ducts. (a) An anterior view of the right semicircular ducts, the utricle, and the saccule, showing the locations of sensory receptors. (b) A cross section through the ampulla of a semicircular duct. (c) Endolymph movement along the length of the duct moves the cupula and stimulates the hair cells. (d) A representative hair cell (receptor) from the vestibular complex. Bending the stereocilia toward the kinocilium depolarizes the cell and stimulates the sensory neuron. Displacement in the opposite direction inhibits the sensory neuron.

• FIGURE 17–24 The Saccule and Utricle. (a) The location of the maculae. (b) The structure of an individual macula. (c) A diagrammatic view of macular function when the head is held horizontally (STEP 1) and then tilted back (STEP 2).

of Corti. (b) Diagrammatic and sectional views of the receptor hair cell complex of the organ of Corti. (LM * 1233)

• FIGURE 17–28 The Nature of Sound. (a) Sound waves (here, generated by a tuning fork) travel through the air as pressure waves. (b) A graph showing the sound energy arriving at the tympanic membrane. The distance between wave peaks is the wavelength. The number of waves arriving each second is the frequency, which we perceive as pitch. Frequencies are reported in cycles per second (cps), or hertz (Hz). The amount of energy in each wave determines the wave’s amplitude, or intensity, which we perceive as the loudness of the sound.

• FIGURE 17–29 Sound and Hearing. Steps in the reception and transduction of sound energy.

• FIGURE 17–30 Frequency Discrimination. (a) The flexibility of the basilar membrane varies along its length, so pressure waves of different frequencies affect different parts of the membrane. (b, c) The effects of a vibration of the stapes at a frequency of 6000 Hz. When the stapes moves inward, as in part (b), the basilar membrane distorts toward the round window, which bulges into the middle-ear cavity. When the stapes moves outward, as in part (c), the basilar membrane rebounds and distorts toward the oval window.

• FIGURE 17–31 Pathways for Auditory Sensations. Auditory sensations are carried by the cochlear branch of cranial nerve VIII to the cochlear nuclei of the medulla oblongata. From there, the information is relayed to the inferior colliculus, a center that directs a variety of unconscious motor responses to sounds. Ascending acoustic information goes to the medial geniculate nucleus before being forwarded to the auditory cortex of the temporal lobe.

• FIGURE 17–25 
Pathways for Equilibrium Sensations

• FIGURE 17–26 
The Cochlea. (a) The structure of the cochlea. (b) Diagrammatic and sectional views of the cochlear spiral.

• FIGURE 17–27 
The Organ of Corti. (a) A three-dimensional section of the cochlea, showing the compartments, tectorial membrane, and organ
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