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Summary

e Whatis sound:
o Complex sound = superposition of pure tones
e Anatomy of the ear and functional interpretation:
o OQuter, middle, and inner ear
o Inner ear cochlea: mechanical signal — neural signal
o lonic basis of audio sensors (inner hair cells)
o Quter hair cells: cochlear amplifiers
e The auditory pathway & auditory encoding:
o Tonotopy preserved from cochlea to primary auditory cortex
o Bilateral projections & parallel pathways
o Strategy for localization: ITD & IID



What is sound?

.Cwa"es

) A pure tone is a periodic oscillation
| § ) of air pressure at a single frequency

pressm and frequency (Hz) «—

(time)

Sinusoidal wave
R
i //\ /\ N\ I A pure tone is characterized by amplitude (dB)I
\VAV,iS VAN

Normal atmospheric pressure

Distance — (or time)

Linear superposition of many pure tones
makes up complex sounds (speech, music,
...)— Fourier!

' m""“""‘" ll. |||'I| | : I““ This can be decomposed by the inner ear
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Anatomy: the outer, middle, and inner ear

Semicircular

Canals Vestibular

Nerve

- Facial Nerve Outer ear:

sy Focuses acoustic energy (sound)
= Auditory
e Middle ear:
Pressure boost — from low-impedance
medium (air) to high-impedance medium in
Cochlea the inner ear (fluid)
Inner ear:
SR Transforms pressure waves to neural
Tube impulses.

Ear Canal Ear Drum

Outer Ear Middle Ear Inner Ear




The Inner ear’s cochlea

Cross section of cochlea

Vestibular Tectorial

nerve . membrane
Auditory :
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Anatomical functionalization: frequency encoding

Cochlea
ﬂ? ’ Tonotopy: Spatial arrangement of where

sounds at different frequencies are processed

Base of basilar
membrane is “tuned”
for high frequencies.
Cochlear “Uncoiled” Apex is “tuned”
base cochlea for low frequencies.
Scala
vestibuli Helicotrema
Stapes on —<._, \
oval window E 4] ? o \ 0 W
Round Traveling Scala Basilar Cochlear
window wave tympani membrane apex
_ Base Apex.

= High-frequency

= Low-frequency

1600 Hz

800 Hz

Relative amplitude
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Organ of Corti

Stereocilia of Stereocilia of
inner hair cells outer hair cells

Hair cells are located within
the Organ of Corti, between the
Basilar and Tectorial membranes

Tectorial

membrane e
R Stereocilia
Organ of Corti
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Afferent  Basilar Inner Tunnel Efferent Outer
axons membrane hair cells of Corti axons hair cells



From mechanical waves to electrical potentials

(A) Resting position }i .............
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Membrane vibration — shearing force
— deflection of hair cell stereocilia plinse



— ] Depola@ation
o

Primary sensory transduction (IHCSs)

The ionic basis

Mechanical wave leads to shearing force

— (1) Stereocilia bend

— (2) Tip links stretch

— (3) Transduction channel opens

— (4) Depolarization of IHC

— (5) Ca2* channel opening at the base of the IHC, local Ca2* influx
— (6) Transmitter (glutamate) release at the base

Afferent =i
nerve =



Receptor potentials generated by a single IHC in response to pure tones
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w Up to ~2kHz: Mechanical and electrical signals are phase locked

4000

N Above ~2kHz: tonotopy, no phase locking
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Outer hair cells: “cochlear amplifiers” that actively boost signal

+ https://youtu.be/pij8a8aNpWQ?si=EEaNCwHP_aPjPAdT
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https://youtu.be/pij8a8aNpWQ?si=EEaNCwHP_aPjPAdT

Response properties of auditory nerves

(B) Frequency (kHz)
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Medial geniculate
complex of the
thalamus

Inferior colliculus

= T Nucleus of
N

_ lateral leminiscus

Superior olive

Cochlear nuclei
Dorsal

Posteroventral
Anteroventral

The auditory pathway

Note:
1. Bilateral projection
2. Multiple parallel pathways



Tonotopy preserved throughout the pathway

Apex Characteristic Anterior

Cochlea frequency:
Hair cells @ @
Basilar Y
membrane : L 4 @ & @
Hz B> / 1@ @
@
> (@ . o
® Cochlear nucleus
Cochlea @
@ @
Base Spiral Auditory Cochlear
ganglion  nerve Posterior nucleus
Corresponds to Corresponds to
apex of cochlea base of cochlea

Primary

auditory Secondary

corteX  auditory
cortex

Primary auditory cortex

“Labeled line” coding




Sound source location

Strategy 1: Interaural Time Difference (ITD)

*  Computed by Medial Superior Olive (MSO)
*» Combines information from both ears
 Coincidence detection if At < 1 ms
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3 Sound reaches

left ear ﬁm.,_j-'
At<1ms
Left ear

Sound reaches
right ear a little

) rfng Longer path to neuron E \
cochlear nucleus Right ear
leading newron_ s — o
e \f\/‘ \E © D) |=—Left ear

Action potential
begins traveling
toward MSO.

;{ g ;r‘ .
SO.
leading neuron R
< I N Right ear
5 4 3 2 B "1 e
2 ) Shorter path to neuron E i, X

Action potentials converge
on an MSO neuron that
responds most strongly if
their arrival is coincident.

Cochlea and
cochlear nucleus

Strategy 2: Interaural Intensity Difference (1ID)

*  Computed by Lateral Superior Olive (LSO)
* Inhibitory interneurons in MNTB nuclei

(A) This stimulus also (B)
to left ear excites inhibits right LSO
left LSO. via MNTB interneuron. 9
- S
= Right
Speake\r ; 150 LSgO
é‘_ output output
Net excitation 5

to higher centers

MNTB |
%

Net inhibition

70 40 20 0 -2 40 -70
Left > right Right > left

Relative loudness

Section
from pons

Excitation from left side is greater
than inhibition from right side, resulting
in net excitation to higher centers.

Inhibition from left side is greater than
excitation from right side, resulting in net
inhibition on right and no signal to higher centers.
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