FIGURE LEGENDS
FIGURE 25.1 Drawing of the auditory periphery within the human head. The external ear (pinna and external auditory canal) and the middle ear (tympanic membrane or eardrum, and the three middle ear ossicles: malleus, incus, and stapes) are indicated. Also shown is the inner ear, which includes the cochlea of the auditory system and the semicircular canals of the vestibular system. There are two cochlear windows: oval and round. The oval window is the window through which the stapes conveys sound vibrations to the inner ear fluids. From Lindsay and Norman (1972).

FIGURE 25.2 (A) Cross section through the cochlea. The cross section shows that there are approximately three turns in this human cochlea and that they spiral around a central core (modiolus) that contains the auditory nerve. (B) Cross section through one cochlear turn to illustrate important cell groups (organ of Corti, spiral ligament, stria vascularis, and spiral ganglion) and the main fluid compartments [scala vestibuli, scala media (shaded orange), and scala tympani]. Within the organ of Corti, sensory cells (inner and outer hair cells) are shaded dark blue and are situated between the basilar and tectorial membranes, which move when sound stimulates the cochlea. When these membranes cause motion of the stereocilia of the hair cell, the receptor current, a potassium (K+) current, flows into the hair cells from the endolymph. The high K+ concentration and high electrical potential of the endolymph are created by the stria vascularis, and these factors increase the driving force for the receptor current. Supporting cells in the organ of Corti are shaded light blue; these cells form a network that is coupled by gap junctions and may recycle K+ back to the stria vascularis. Also shown is the spiral ganglion, which contains cell bodies of the auditory nerve fibers.

FIGURE 25.3 Illustration of hair cell stimulation, receptor potential response, and auditory nerve fiber discharge. From Flock (1965).

FIGURE 25.4 Sigmoidal input-output function of hair cells. Symmetrical sinusoidal displacement of stereocilia produces an asymmetrical response that includes ac and dc receptor potential components. Modified from Hudspeth and Corey (1977).

FIGURE 25.5 Gating spring model of hair cell transduction. (A) Tip links connecting channel gate to adjacent taller stereocilium tense during displacement toward the taller stereocilium, thus increasing the probability that the channel will open (B). From Pickles and Corey (1992).

FIGURE 25.6 Receptor potentials from the mammalian inner hair cell in response to acoustic bursts of increasing frequency. Because of the cell’s RC time constant, the ac component diminishes as frequency increases. However, the dc component remains intact. From Russell and Sellick (1983).

FIGURE 25.7 Mechanical response of mammalian outer hair cell (OHC) under voltage clamp. The OHC changes its length when the cell is held at different membrane potentials (A). The slope of the sigmoidal input-output function defines the cell’s sensitivity to membrane potential change (B). From Santos-Sacchi (1992).

FIGURE 25.8 Gating charge associated with OHC motility voltage sensor. When the membrane potential is stepped with increasingly larger depolarizing voltages from a negative holding potential, nonlinear capacitive currents are generated and are obvious after linear capacitive currents are subtracted (inset). Integrating the onset currents, a measure of the amount of charge moved within the membrane can be obtained (A). The function is sigmoidal and has characteristics similar to the mechanical response. The first derivative of the charge with respect to membrane voltage defines the cell’s nonlinear capacitance (B). From Santos-Sacchi (1991).

FIGURE 25.9 Distortion-product otoacoustic emission from a human subject measured with amicrophone placed in the ear canal. The microphone records the sound pressure of the two primary tones (frequencies f1 = 3.164 kHz and f2 = 3.828 kHz, each 50 dB sound pressure level that were used to evoke the emission at 2f1–f2 (2.5 kHz at 12 dB). From Lonsbury-Martin and Martin (1990).

FIGURE 25.10 Drawing of the human cochlea showing cochlear implant electrodes. The electrode array is inserted through the round window of the cochlea into the fluid-filled space called the scala tympani. It stimulates peripheral axons of the spiral ganglion neurons, whose central axons (auditory nerve fibers) send impulses into the brain. In the normal cochlea, frequency is mapped along the cochlear spiral, with the lowest frequencies at the apex of the cochlea (at the top of the figure). The different electrodes of the cochlear implant are designed to stimulate different groups of nerve fibers that originally responded to different frequencies, although because of spatial constraints the implant is not inserted all the way to the cochlear apex. From Loeb (1985).

FIGURE 25.11 Innervation patterns of afferent and efferent neurons in the organ of Corti. Afferent innervation is provided by spiral ganglion neurons, which have central axons that form the auditory nerve. There are two types of afferent neurons: (1) type I neurons, which receive synapses from inner hair cells, and (2) type II neurons, which receive synapses from outer hair cells. Efferent innervation is provided by a subgroup of neurons in the superior olivary complex that send axons to the cochlea and are hence called olivocochlear (OC) neurons. There are two types of OC neurons: (1) lateral OC neurons, which innervate type I dendrites near inner hair cells, and (2) medial OC neurons, which innervate outer hair cells. Lateral OC neurons are distributed mainly ipsilateral to the innervated cochlea, whereas medial OC neurons are distributed bilaterally, with approximately two-thirds from the contralateral side (not illustrated) and one-third from the ipsilateral side of the brain. From Warr et al. (1986).

FIGURE 25.12 Tuning curves of two type I auditory nerve fibers. These curves plot the sound pressure level necessary to cause a response as a function of sound frequency. Within the tuning curve, the fiber responds to sound, whereas outside the tuning curve, there is only spontaneous firing (insets at right). The frequency corresponding to the lowest point on the tuning curve is called the characteristic frequency (CF); it is the point of maximal sensitivity. The sharply tuned region near the CF is called the tuning curve tip. The sharp tuning and high sensitivity of this region are generated by the mechanical properties of the outer hair cells. Tuning curves from two fibers are shown, one from a high SR (spontaneous rate) fiber and another from a low SR fiber. As is typical, the high SR fiber has the highest sensitivity. From Kiang (1984).

FIGURE 25.13 (A) Preferential firing of an auditory nerve fiber at a certain phase of the sound waveform. This pattern is called “phase locked,” although the firing is not on every cycle of the wave form. Stimulus frequency was 0.3 kHz. (B) Histograms that quantify the time of firing plotted within one cycle of the sound wave form for many repeated cycles of the stimulus. Response of the fiber is phase locked at the moderate and high SPLs shown, even on this very fast time scale (time for one period was about 0.9 ms, given the stimulus frequency of 1.1 kHz). (A) From Evans (1975); (B) From Rose et al. (1971).

FIGURE 25.14 Rate level function for an auditory nerve fiber in response to tone bursts without (solid lines) and with (dashed lines) electrical stimulation of olivocochlear (OC) neurons. (A) With tone bursts alone, the discharge rate rises with sound level until it reaches a maximumand no longer increases (saturation). Stimulation of the OC neurons shifts the function to the right toward higher tone burst levels (arrow). This shift adjusts the dynamic range of the fiber so that it can signal changes in tone burst level for higher sound levels; this is likely to be an important function of OC neurons. (B) Level function from the same fiber, now for tone bursts accompanied by continuous masking noise (insets at top). At low levels of tone bursts, the fiber has a significant firing rate because it is responding mainly to the noise. Even at high levels of tone bursts, the fiber is still responding to the noise in between tone bursts, which causes adaptation, and the fiber responds less to the tone burst than with tone bursts alone. In this case, stimulation of OC neurons (dashed line) decreases the response to the noise, thus decreasing the rate of the fiber at low levels of tone bursts (left arrow). Because the fiber is responding less to the noise, it is less adapted and has a greater response at high levels of the tone burst (right arrow). The fiber now has a greater ability to signal changes in level of the tone burst; this effect has been called “antimasking” and is likely to be another important function of the OC system. Adapted from Winslow and Sachs (1987).

FIGURE 25.15 Poststimulus time (PST) histogram from an auditory nerve fiber in response to a tone burst (outline indicated below). A PST histogram is constructed by repeatedly presenting a stimulus while counting the number of action potentials that fall into bins of time during and after the stimulus. The histogram can be thought of as the probability of firing as a function of time. This function has an initial peak and then a decrease in firing (adaptation) during the burst. After the burst ends, spontaneous firing is lessened but then returns gradually.

FIGURE 25.16 Simplified schematic of the pathways of the ascending auditory system of a generalized mammal. The pathway begins at the lower left with the cochlea and ends at top right with the auditory cortex. The large band crossing the midline indicates the crossing of the bulk of the pathway below the inferior colliculus. Some ipsilateral pathways and frequent commissural pathways explain the responses of some units at higher centers to ipsilateral sound. AC, auditory cortex; AN, auditory nerve; AR, auditory radiations; BIC, brachium of the inferior colliculus; C, cochlea; CIC, commisure of the inferior colliculus; CN, cochlear nucleus; DNLL, dorsal nucleus of the lateral lemniscus; ES, ectosylvian sulcus; IC, inferior colliculus; INLL, intermediate nucleus of the lateral lemniscus; LSO, lateral superior olive; MGB, medial geniculate body; MNTB, medial nucleus of the trapezoid body; MSO, medial superior olive; OW, oval window; RW, round window; S, stapes; SOC, superior olivary complex; SS, suprasylvian sulcus; VNLL, ventral nucleus of the lateral lemniscus. From Kiang and Peake (1988).

FIGURE 25.17 Schematic of the main anatomical cell types of the cochlear nucleus and their corresponding poststimulus time (PST) histograms. (Left) An auditory nerve fiber is shown with its typical response, a primary-like PST histogram (shown in Fig. 25.15). (Center) The auditory nerve fiber divides to innervate the main cochlear nucleus cell types. (Right) PST histograms corresponding to these cell types are shown. In their PST histograms, pauser units fire an initial spike and then have a distinct pause before a slow resumption of activity. Onset units fire mainly at the tone burst onset. Primary-like units get their name from the similarity of their PSTs to those of primary auditory nerve fibers, but the primary-like with notch type additionally has a brief notch following the initial peak. Chopper units have regular interspike intervals that result in regular peaks in the PST. Most of these patterns are very different from the primary-like PST and irregular interspike intervals of the auditory nerve fibers. For histograms, the sound stimulus is typically a 25-ms tone burst with frequency at the CF of the neuron and sound level at 30 dB above threshold. From Kiang (1975).

FIGURE 25.18 (A) Drawing of a labeled auditory nerve fiber forming an endbulb of Held that completely envelops a spherical bushy cell in the anteroventral cochlear nucleus. From Rouiller et al. (1986). (B) Superimposed wave forms recorded by an extracellular metal electrode in the anteroventral cochlear nucleus. The endbulb is such a large synaptic ending that it generates a prepotential, which is followed after a synaptic delay by the spike from the bushy cell. From Pfeiffer (1966). (C) Histogram of the delay time between prepotential and spike. This represents the synaptic delay between endbulb and bushy cell. The delay of this synapse has an exceptionally low jitter in time. From Molnar and Pfeiffer (1968).

FIGURE 25.19 Unit classification by “response map.” Shown are response areas for the five response types (types I–V) typically found in the cochlear nucleus. Response types are distinguished by the positions of their response areas: excitatory (green shading) and inhibitory (pink shading). Question marks show variable or uncertain areas. Type I neurons have excitatory response areas similar to the tuning curves of auditory nerve fibers. Type II neurons have similar excitatory areas and are inferred to have inhibitory flanking areas because they have little response to broadband signals like noise. Type III neurons have similar excitatory areas and definite inhibitory areas on either side. Type IV neurons have a small excitatory area at low levels (near the characteristic frequency), as well as a knife-sharp excitatory area at higher frequencies. Inhibition dominates much of the remainder of their response area. Type V neurons are similar to type IV neurons but lack a low-level excitatory area. From Young (1984).

FIGURE 25.20 The two cues for binaural localization of sound. A sound source is shown as a solid dot to the right of the animal’s head and sound waves are shown as concentric lines. (A) Interaural time differences result from the longer time it takes sound to travel from the source to the ear away from the source. (B) Interaural level differences result from the head forming a “sound shadow,” reducing the level of sound at the ear away from the source.

FIGURE 25.21 Innervation schematics and responses of two circuits in the lower brainstem that are important in binaural sound localization. Neuronal cell bodies are shown as dots, and fiber pathways are shown as lines; positions of large synaptic terminals (endbulbs and calyces) are indicated. (A) Circuit of the medial superior olive (MSO), which is sensitive to interaural time differences (ITD). Input to the cochlear nucleus (CN) from the auditory nerve terminates at the large endbulbs of Held that synapse onto spherical bushy cells (see Fig. 25.18A). Bushy cells project bilaterally such that a single MSO receives input from both sides. Bushy cell inputs form delay lines such that ITD is mapped along the MSO. Data suggest that the delay line is oriented rostrocaudally and that only contralateral inputs are delayed. (B) Response of an MSO neuron as a function of ITD. Neurons within the MSO respond when spikes from their two inputs arrive at the same time. The response plotted is of a neuron in the lower part of the MSO drawn in part A; there is a large response when the ipsilateral input lags so that early contralateral input has time to proceed down the axonal delay line to reach the neuron at the same time as the lagging ipsilateral input. This type of lagging ipsilateral input would be produced by a sound source located in the hemi field of space contralateral to the MSO where the recording is made. (C) Circuit of the lateral superior olive (LSO), which is sensitive to interaural level differences (ILD). Excitatory input arises from the ipsilateral CN. Inhibitory input (red line) from the contralateral side is through the medial nucleus of the trapezoid body (MNTB), a nucleus of inhibitory neurons. The large synaptic ending in the MNTB is called a calyx (similar to the endbulb pictured in Fig. 25.18). (D) Response of an LSO neuron as a function of ILD. There is a large response when sound is of higher level on the ipsilateral side and no response when sound is of higher level on the contralateral side. Thus, a response is produced by a sound source located in the ipsilateral hemi field.

FIGURE 25.22 Auditory cortical fields in the temporal cortex of the cat. (A) Lateral view. (B) Lateral view that is “unfolded” to show the parts of the fields that are normally hidden within the sulci (orange shading), as well as the high- and low-frequency limits of the tonotopic fields. The four tonotopic fields are the anterior (A), primary (AI), posterior (P), and ventroposterior (VP). Positions of the lowest and highest CFs in these fields are indicated in B. Note that at the boundaries of the tonotopic fields, the direction of tonotopy is reversed so that adjacent fields have “mirror-image” tonotopy. Other cortical fields have less rigidly organized or little tonotopy. These fields are secondary (All), ventral (V), temporal (T), and dorsoposterior (DP). Also indicated are suprasylvian sulcus (sss) and anterior and posterior ectosylvian sulci (aes, pes). From Imig and Reale (1980).

FIGURE 25.23 (A) Close-up view of an echolocating bat, Megaderma lyra. Like many echolocating bats, this bat has an enlarged nose leaf that probably focuses the echolocating pulse ahead. Also like many echolocating bats, this bat has enlarged external ears that make the bat more sensitive to echoes coming from ahead. From Griffin (1958). (B) Schematic of emitted pulse and returned echo of the mustached bat, Pteronotus parnellii. The emitted pulse consists of four harmonics (H1–H4), the strongest of which is H2 at about 60 kHz. Each harmonic has an initial part of constant frequency (CF) and a later part of changing frequency (frequency modulation, FM). The echoes are returned after a travel time that causes a delay relative to the pulse. Additionally, if the target is moving relative to the bat, the echo is returned with a Doppler shift (DS) in frequency. (C) Dorsolateral view of the auditory cortex of the mustached bat showing several of the areas specialized for processing the echolocation signals. The primary auditory cortex, AI, is delineated by a red line and its isofrequency contours are indicated in kHz. It contains a region called the Doppler-shifted CF region (DSCF), which is a greatly expanded region devoted to the most prominent component of the Doppler-shifted echo (60 to 63 kHz). Other shaded regions contain neurons that are combination sensitive and respond to combinations of the pulse and echo, often at certain delays. Neurons that respond to pulse/echo CF portions are in the CF/CF region. Those that respond to pulse/echo FM portions are in the FM/FM region. From Fitzpatrick et al. (1993).

