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The Auditory and Vestibular Systems
Chapter 11
The Auditory System

· Properties of sound 

· Slow pressure wave consisting of compressions and rarefactions 

· Frequency (pitch in Hz) 

· 20 Hz is the lowest freq we can hear

· 20KHz is the highest freq we can hear

· Amplitude (loudness in dB SPL  log scale) 

· 0 dB is the threshold for hearing at 4 kHz 

· normal conversation at 1m 40-60 dB

· Jack hammer at 1m 100 dB

· vuvuzela at 1m 120 dB

· 130 dB is the threshold of pain

· Complex sounds can be described spectrally by Fourier analysis 

· Structures of Ear 

· Outer ear captures mechanical energy in sound waves 

· Pinna (auricle) aids in sound localization through spectral cues 

· Tympanic membrane – ear drum
· Middle ear functions as impedance coupler to transmit mechanical energy 

· Ossicles (Middle ear bones): incus, malleus and stapes 

· oval window to inner ear 

· round window from inner ear 

· Inner ear transduces mechanical into electrical energy 

· Cochlea consists of 3 fluid-filled tubes 

· scala vestibuli (High Na+ perilymph) 

· scala media (High K+ endolymph from ion pump of stria vascularis) 

· scala tympani  (perilymph) separated from media by basilar membrane, connected to vestibuli by helicotrema 

· Basilar membrane is not uniform
· broader at apex

· stiffer at base 

· traveling wave resonance results in tonotopy with high freq at base, low at apex, with greater amplitude wave coding for sound intensity 

· Contributes to tonotopic organization 

· Organ of Corti 

· Hair Cells  

· Non-neuronal, epithelial character 

· stereocilia attach to tectorial membrane causing shearing force

· inner hair cells (3500) 

· 90% of afferent innervation 

· outer hair cells (15,000 - 20,000) 

· 10% of afferents 

· primarily serve efferent function

· active filter – hair cells move tectorial membrane

· cause otoacoustical emissions 
· damaged by some antibiotics such as streptomycin 
· Transduction Mechanism

· Stereocilia are arranged in size order

· Stereocilia are connected at distal ends by tip links
· Change in potential when stereocilia are bent toward or away from tallest cilium 
· Non-spiking, graded response 

· preserves temporal information up to 3KHz

· Response due to channels on stereocilia that are opened by movement 

· Non-specific cation channels (1 or 2 per stereocilium) 

· Tip links connect cilia and open channels  

· Much of positive charge influx is due to K+ due to composition of endolymph (different driving forces at apical and basal ends of hair cell, allow K+ to flow in at tips and out at base)

· Depolarization leads to opening of voltage-gated Ca2+ channels and release of neurotransmitter

· Auditory Nerve (n. VIII) contains axons of spiral ganglion 

· Axons are tuned to a ‘characteristic frequency’ 
· Place Principle: code sound frequency by location of hair cells on the basilar membrane – tonotopic organization

· Information about frequency can also be obtained from a frequency code  
Volley Principle: phase-locking of population to signal (<4kHz) frequency

· Sound Intensity is encoded in the spike frequency of afferents and the number afferents activated.

· Tonotopic organization is preserved in higher structures:
· Cochlear Nucleus in rostral medulla 

· Medial Geniculate Nucleus (MGN)
· Auditory Cortex (A1) Brodmanns’ area 41
· Feature detection – human language
· Bats use frequency discrimination to echolocate.

· Ultrasound – short wavelength

· Constant Frequency / Frequency Modulation (CF /FM)

· CF – good for doppler shift of echo – detect speed

· FM – good for judging time of arrival – distance

· Specialization - Accoustic Fovea at 60KHz

· Sound localization (Computational Map)

· Using interaural timing information (especially for low frequency sounds)  

· Superior Olivary  in Pons: 1st binaural input 

· Medial Superior Olive (MSO)

·  via delay lines and coincidence detectors
· Using interaural intensity differences

· Lateral Superior Olive (LSO)

· compares interaural intensity information (especially for high frequency sounds) 

· Neurons respond best to particular intensity difference between the ears 

· Balance of inhibition and excitation

· projects bilaterally to Central Nucleus of the Inferior Colliculus 

· Barn Owls are specialists in sound localization 

· Use interaural time delay for azimuth

· Have asymmetric ears and use interaural intensity for elevation
The Vestibular System:

· Important for balance and maintenance of eye position

· Hair cells are used in both vestibular and auditory systems

· Anatomy of the Vestibular Apparatus 

· Otolith Organs – Linear accelerations and static head position

· – not responsive to constant velocity

· Contain a sensory epithelium with hair cells – macula
· The stereocilia of the hair cells are embedded in a gelatinous layer

· covered by the otolithic membrane which has otoconia embedded in it (calcium carbonate crystals).

· Utricle - horizontal
· Saccule – vertical
· Hair cells are oriented in particular directions, allowing directional sensitivity. 
· Haircells on opposite sides of the striola respond oppositely to forces
· Combinations are used to sense direction of head tilts 
· Semicircular Canals – Angular or rotational accelerations 
· Hair cells are located in ampules
· Stereocilia are embedded in gelatinous cupula within the fluid filled circular tube.
· Inertial forces are greatest when the semicircular canal is turned around its axis 
· The three canals on each side work in conjunction with a canal on the contralateral side that responds oppositely.

· Not responsive to constant velocity 

· Can get adaptation in particular directions

· Vestibular afferents have high spontaneous firing rates and thus increase or decrease their firing in response to a stimulus 

· Vestibular Ocular Reflex (VOR)

· Function: to keep the eyes stable during rapid head accelerations

· Turning the head to the right, moves the eyes to the left

· Similar reflexes in all directions

· Can get adaptive changes (learning) in response to corrective input from the eyes.

· Vestibular nerve ganglion (Scarpa’s ganglion)

· axons in nerve VIII – project to vestibular nucleus 
· Vestibular nucleus integrates inputs from cerebellum, visual system, and somatosensory system

· Axons from Vestibular nucleus project to left and right Abducens nuclei

· Inhibits motor neurons in ipsilateral abducens nucleus (lateral rectus muscle)

· Excites motor neurons in contralateral abducens nucleus

· Neurons from each abducens nucleus excite motor neurons in contralateral  oculomotor nucleus (medial rectus muscle)

· Net result is to turn both eyes away from the stimulated side.
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