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Hearing & Equilibf-ium

INTRODUCTION

Receptors for two sensory modalities, hearing and
equilibrium, are housed in the ear. The external ear,
the middle ear, and the cochlea of the inner ear are
concerned with hearing. The semicircular canals, the
utricle, and the saccule of the inner ear are concerned
with equilibrium. Receptors in the semicircular canals
detect rotational acceleration, receptors in the utricle
detect linear acceleration in the horizontal direction,
and receptors in the saccule detect linear acceleration
in the vertical direction. The receptors for hearing and
equilibrium are hair cells, and there are six groups of
hair cells in each inner ear: one in each of the three
semicircular canals, one in the utricle, one in the sac-
cule, and one in the cochlea.

ANATOMIC CONSIDERATIONS

External & Middle Ear
The external ear funnels sound waves to the exter-

nal auditory meatus. In some animals, the ears can
be moved like radar antennas to seek out sound. From
the meatus, the external auditory canal passes in-
ward to the tympanic membrane (eardrum) (Figure
9-1).

The middle ear is an air-filled cavity in the tempo-
ral bone that opens via the auditory (eustachian)
tube into the nasopharynx and through the nasophar-
ynx to the exterior. The tube is usually closed, but dur-
ing swallowing, chewing, and yawning it opens, keep-
ing the air pressure on the two sides of the eardrum
equalized. The three auditory ossicles, the malleus,

Semicircular canals:
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Figure 9-1. The human ear. To make the relationshi .
‘ : : ps clear, the cochl i
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Malleus \1/

Reissner's
membrane

window

Basilar

Figure 9-2. Schematic representation of the auditory 0s-
sicles and the way their movement translates movements
of the tympanic membrane into a wave in the fluid of
the inner ear. The wave is dissipated at the round win-
dow. The movements of the ossicles, the membranous
fabyrinth, and the round window are indicated by dashed

lines.

incus, and stapes, are located in the middle ear. The
manubrium (handle of the malleus) is attached to the
back of the tympanic membrane. Its head is attached
to the wall of the middle ear, and its short process is
attached to the incus, which in turn articulates with
the head of the stapes. The stapes is named for its re-
semblance to a stirrup. Its footplate is attached by an
annular ligament to the walls of the oval window
(Figure 9-2). Two small skeletal muscles, the tensor
tympani and the stapedius, are also located in the

middle ear. Contraction of the former pulls the

manubrium of the malleus medially and decreases the

vibrations of the tympanic membrane; contraction of

the latter pulls the footplate of the stapes out of the

oval window.

Inner Ear

The inner ear (labyrinth) is made up of two parts,
one within the other. The bony labyrinth is a series
of channels in the petrous portion of the temporal
bone. Inside these channels, surrounded by a fluid
called perilymph, is the membranous labyrinth
(Figure 9-3). This membranous structure more or less
duplicates the shape of the bony channels. It is filled
with a fluid called endolymph, and there is no com-

Figure 9-3. Human membranous labyrinth,
produced, with permission, from Hudspeth AJ: How t
Macmillan Magazines Lid.) ; .
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Cochiea
The cochlear portion of the inth i i
tube which in humans is 35 mm :::;r;gg]nllsakacscgl;ﬁ
turns. ’I_‘hroughout its length, the basilar membrane
and Reissner’s membrane divide it into three cham-
bers (scalae) (Figure 9-4). The upper scala vestibuli
and the lpwcr scgla tympani contain perilymph and
communicate with each other at the apex of the
cochlea through a small opening called the heli-
cotr.ema.l.AtthebascoftheoochIea,mcscala
vestibuli ends at the oval window, which is closed by
the footplate of the stapes. The scala tympani ends at
the round window, a foramen on the medial wall of
the middle ear that is closed by the flexible secondary
panic membrane. The scala media, the middle
cochlear chamber, is continuous with the membra-
nous labyrinth and does not communicate with the
other two scalae. It contains endolymph (Figures 9-3

and 9-4).

Organ of Corti
Located on the basilar membrane is the organ of

Corti, the structure that contains the hair cells which
are the auditory receptors. This organ extends from
the apex to the base of the cochlea and consequently
has a spiral shape. The of the hair cells
pierce the tough, membrane-like reticular lamina
that is supported by the rods of Corti (Figure 9-4).
The hair cells are arranged in four rows: three rows
of outer hair cells lateral to the tunnel formed by
the rods of Corti, and one row of inner hair cells
medial to the tunnel. There are 20,000 outer hair
cells and 3500 inner hair cells in each human
cochlea. Covering the rows of hair cells is a thin,
viscous, but elastic tectorial membrane in which
the tips of the hairs of the outer but not the inner hair
cells are embedded. The cell bodies of the afferent
neuronsdmtarboﬁzzmundmcbascsafthehair
cells are located in the spiral ganglion within the
modiolus, the bony core around which the cochlea is
wound. Ninety to 95 percent of these afferent neu-
rons innervate the inner hair cells; only 5-10% in-
nervate the more numerous outer hair cells, and each
neuron innervates several of these outer cells. By
contrast, most of the effercnt fibers in the auditory
nerve (see below) terminate on the outer hair cells
rather than on the inner hair cells. The axons of the
peurons that innervate the hair cells form the audi-
tory (cochlear) division of the vestibulocochlear
acoustic nerve and terminate in the dorsal and ven-
tral cochlear nuclei of the medulla oblongata. The
total number of afferent and cfferent fibers in each
auditory nerve is approximately 28,000.

In the cochlea, there are tight junctions between the
hair cells and the adjacent phalangeal cells; these pre-
vent endolymph from reaching the bases of the cells.

. w
"\§¥‘P
NS

Figure 9-4. Top: Cross section of the cochlea, showing
theorganof(:oniandmumscatasdmecochba.
Mm:Stn:ctwedﬁworgandCom.asitappemm
the basal turn of the cochiea. DC, outer phalangeal cells
(Delters' cells) supporting outer hair celis; IPC, inner pha-
langeal cell supporting inner hair cell. (Reproduced, with
permission, from Pickels JO : An Introduction to the Phys-
iology of Hearing, 2nd ed. Academic Press, 1988.)

However, the basilar membrane is relatively perme-
able to perilymph in the scala tympani, and conse-
quently, the tunnel of the organ of Corti and the bases
of the hair cells are bathed in perilymph. Because of
sxrmlax: tight junctions, the arrangement is similar for
the hair cells in other parts of the inner ear; ie, the
processes of the hair cells are bathed in endolymph,
whereas their bases are bathed in perilymph.

Ce;tral dl:eudﬂo:y Pathways

_From cochlear nuclei, auditory impulses

via a variety of pathways to the inferior eolhculi,pat;:
centers for auditory reflexes, and via the medial
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jum and cerebral cortex removed.

9-5. Simplified diagram of main auditory pathways superimposed on a dorsal view of the brain

I

1

! To cortex (superior
,' 2=, temporal gyrus)

Medial geniculate body
Lateral lemniscus

To cerebellar vermis
~ Brachium pontis

Brachium conjunctivum

Restiform body
Striae medullares acusticae

Trapezoid body

Superior olives

stem. Cerebel-

geniculate body in the thalamus to the auditory cor-
tex. Others eater the reticular formation (Figure 3-5).
Information from both ears converges on each supe-
rior olive, and at all higher levels most of the neurons
- respond to inputs from both sides. The primary allfib
tory cortex, Brodmann's area 41, is in the supernor
portion of the temporal lobe. In humans, it is located
in the sylvian fissure (see Figure 7-4) and is not nor-
mally visible on the surface of the brain. There are
several additional auditory receiving areas, just as
there are several receiving areas for cutaneous sensa-
tion (see Chapter 7). The auditory association areas
adjacent to the primary auditory receiving area are
widespread, extending onto the insula. The olive-
cochlear bundle is a prominent bundle of efferent
fibers in each auditory nerve that arises from both the
ipsilateral and the contralateral superior olivary com-
plex and ends primarily around the bases of the outer
hair cells of the organ of Corti.

Semicircular Canals

On each side of the head, the semicircular canals
are perpendicular to each other, so that they are ori-
ented in the three planes of space. Inside the bony
canals, the membranous canals are suspended in peri-
lymph. A receptor structure, the crista ampullaris, is

located in the expanded end (ampulla) of each of the
membranous canals. Each crista consists of hair cells
and sustentacular cells surmounted by a gelatinous
partition (cupula) that closes off the ampulla (Figure
9-6). The processes of the hair cells are embedded in
the cupula, and the bases of the hair cells are in close
contact with the afferent fibers of the vestibular divi-
sion of the vestibulocochlear nerve.

Utricle & Saccule

Within each membranous labyrinth, on the floor of
the utricle, there is an otolithic organ (macula). An-
other macula is located on the wall of the saccule in a
semivertical position. The maculas contain sustentac-
ular cells and hair cells, surmounted by an otolithic
membrane in which are embedded crystals of calcium
carbonate, the otoliths (Figure 9-3). The otoliths,
which are also called otoconia or ear dust, range
from 3 to 19 um in length in humans and are more
dense than the endolymph. The processes of the hair
cells are embedded in the membrane. The nerve fibers
from the hair cells join those from the cristae in the
vestibular division of the vestibulocochlear nerve.

Neural Pathways :
The cell bodies of the 19,000 neurons supplying the
cristae and maculas on each side are locsfeg ing the

Figure 9-6.
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Figure 9-6. Diagrammatic representation of the am-
pullar crista. The cupula on the top of the crista closes off
the ampulla and is flexible. Because of its inertia, the en-
dolymph is displaced in a direction opposite to the direc-
tion of rotation during rotational acceleration. This bends
the hair cell processes, altering their permeability and
changing the membrane potential of the hair cells.

vestibular ganglion. Each vestibular nerve terminates
in the ipsilateral four-part vestibular nucleus and in
the flocculonodular lobe of the cerebellum. Second-
order neurons pass down the spinal cord from the
vestibular nuclei in the vestibulospinal tracts and as-
cend through the medial longitudinal fasciculi to the
motor nuclei of the cranial nerves concerned with the
control of eye movement. There are also anatomically
poorly defined pathways by which impulses from the
vestibular receptors are relayed via the thalamus to

the cerebral cortex (Figure 9-7).

{ ; .
fz \/t)xin CELLS
- V' Structure

The hair cells in the inner ear have a common struc-

ture (Figure 9-8). Each is embedded in an epithelium -

made up of supporting or sustentacular cells. The
basal end is in close contact with afferent neurons.
Projecting from the apical end are 30-150 rod-shaped
processes, or hairs. Except in the cochlea, one of
these, the kinocilium, is a true but nonmotile cilium
with nine pairs of microtubules around its circumfer-
ence and a central pair of microtubules (see Chap-
ter 1). It is one of the largest processes and has a
clubbed end. The kinocilium is lost in the hair cells of
the cochlea in adult mammals. However, the other

all hair cells. They have cores composed of parallel.

processes, which are called stereocilia, are present in

To cortex
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Figure 9-7. Principal vestibular pathways superim-
posed on a dorsal view of the brain stem. Cerebellum

and cerebral cortex removed.

filaments of actin, The actin is coated with various
isoforms of myosin. Within the clump of processes on
each cell, there is an orderly structure. Along an axis
toward the kinocilium, the stereocilia increase pro-
gressively in height; along the perpendicular axis, all
the stereocilia are the same height.

/!étrical Responses
The membrane potential of the hair cells is about
—60 mV, When the stereocilia are pushed toward the

kinocilium, the membrane potential is decreas
about -‘50 mV. When the bundle of proccssf:g tlz
pu§hed in the opposite direction, the cell is hyperpo-
lanza?d. Displacing the processes in a direction per-
pendicular to this axis provides no change in mem-
b}'anc' potential, and displacing the processes in
dxref:nons that are intermediate between these two di-
rections produces depolarization or hyperpolarization
that is proportionate to the degree to which the direc-
tion is toward or away from the kinocilium. Thus, the
Sﬁgngr(x:csscs p{)ovide a mechanism for gcncrz;ﬁng
es in membrane potenti i :
~direction of displaccmelr)x‘t). Rk



Figure 9-8. Left: Structure of a hair ¢
K, kinocitium, S, stereoc!!
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Genesls of Action Potentials in Afferent
Nerve Fibers

As noted above, the processes of the hair cells pro-
© ject into the endolymph whereas the bases ar bathed
in perilymph. This arrangement is necessary for the
normal production of generator potentials. The peri-
lymph is formed mainly from plasma. Entry of man-
nitol and sucrose from plasma into perilymph in the
scala tympani is slower than entry into the perilymph
in the scala vestibuli, and there are small differences
the fluids in these two scalac,

in composition between
. but both resemble extracellular fluid. On the other

hand, endolymph is formed by the stria vascularis and
has a high concentration of K* and a low concentra-
tion of Na * (Figure 9-9). Cells in the stria vascularis
have a high concentration of Na*-K* ATPase. In addi-
tion, it appears that there is a unique electrogenic K*
pump in the stria vascularis, which accounts for the
‘fact that the scala media is electrically positive rela-
tive to the scala vestibuli and scala tympani. :
Very fine processes called tip links (Figure 9-10)

e

tie the tip of each stereocilium to the side of its higher
neighbor, and at the junction there appear to be me-
chanically sensitive cation channels in the higher
process. When the shorter stereocilia are pushed to-
ward the higher, the open time of these channels in-
creases. It is postulated that tension on each of the
channels is adjusted by an “adaptation motor” made
up of myosin in the higher stereocilium. Displace-
ment of the stereocilia in the opposite direction re-
duces channel open time. The o subunit of the epithe-
lial sodium channel may be involved because this
subunit can form a relatively nonselective cation
channel by itself (see Chapter 1), and amiloride is
bound to a junction-like structure at the points of con-
tact between the shorter and taller stereocilia. In any
case, the channels are relatively nonspecific cation .
chapncls, but_sincc they are bathed in endolymph :
which has a high K* concentration, K* enters the hail"
ccllz+whcn they are open, producing depolarization
Ca?* also er.nters, and a synaptic transmitter is rclcaseci '
‘that depolanzes the afferent neuron or neurons in con-
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9-9, Composition of perilymph in the scala
vestibuli, peritymph in the scala tympani, and endolymph.
values for Na*, K*, and CI- are in mmol/L. (Modified and
reproduced, with permission, from Sterkers O, Ferrary E,
Amiel C: How are inner ear fluids formed? News Physiol
Sci 1987;2:176.)

tact with the hair cell. The identity of the transmitter
has niot been established, but it is probably glutamate.

HEARING

Sound Waves

Sound is the sensation produced when longitudinal
vibrations of the molecules in the external environ-
ment, ie, alternate phases of condensation and rar-
efaction of the molecules, strike the tympanic mem-
brane. A plot of thesc movements as changes in
pressure on the tympanic membrane per unit of time
is a series of waves (Figure 9-11), and such move-
ments in the environment are generally called sound
waves, The waves travel through air at a speed of ap-
proximately 344 m/s (770 miles/h) at 20 °C at sea
level. The speed of sound increases with temperature
and with altitude. Other media in which humans oc-
casionally find themselves also conduct sound waves
but at different speeds. For example, the speed of
sound is 1450 m/s at 20 °C in fresh water and is even
greater in salt water. It is said that the whistle of the
biue whale is as Joud as 188 decibels (see below) and
is audible for 500 miles.

Generally speaking, the loudness of a sound is cor-
selated with the amplitude of 8 sound wave and its

- pitch with the frequency (number of waves per unit

of time). The greater the amplitude, the louder the
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Figure 9-10. Structure of hair cell apex. Note the tip
links between rows of stereocilia. Arrow indicates the di-
rection in which pushing the cilia increases ion influx into
the hairs. (Reproduced, with permission, from Hackney
CM, Furness DN: Mechanotransduction in vertebrate hair
cells: Structure and function of the stereociliary bundle.
Am J Physiol 1995;268:C1.)

sound; and the greater the frequency, the higher the
pitch. However, pitch is determined by other poorly
understood factors in addition to frequency, and fre-
quency affects loudness, since the auditory threshold
is lower at some frequencies than others (see below).
Sound waves that have repeating patterns, even
though the individual waves are complex, are per-
ceived as musical sounds; aperiodic nonrepeating vi-
brations cause a sensation of noise. Most musical
sounds are made up of a wave with a primary fre-
quency that determines the pitch of the sound plus a
number of harmonic vibrations (overtones) that give
the sound its characteristic timbre (quality). Varia-
tions in timbre permit us to identify the sounds of the
various musical instruments even though they are
playing notes of the same pitch.

The amplitude of a sound wave can be expressed
in terms of the maximum pressure change at the
eardrum, but a relative scale is more convenient. The
fiecibel scale is such a scale. The intensity of a sound
in bels is the logarithm of the ratio of the intensity of
that sound and a standard sound. A decibel (dB) is 0.1
bel. Therefore, : ‘

Number of dB = 10 log . Intenslty of sound

: intensity of standard sound
~ Sound intensity ié proportionate to the square of
sound pressure. Therefore, i "




