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Audition, Somatosensation
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feedback

Thank you to those who provided feedback on
the course!

« Expectations / what will be on exam / what to
learn
« Mostly understanding. See questions

» But we also think you should have a core
vocabulary to be able to interact with biologists

* For exam: you will be able to bring your handwritten
notes

« \We're skimming over a lot of content

* Yes, we feel giving you an overview of the study of
the brain with some examples is the most effective




Learning Objectives — Week 7

Describe key components of hearing: outer/middle ear, inner

ear/cochlea, hair cells, auditory nerve fibers, auditory cortex
Explain how sound source localization is computed
Understand tonotopic and somatopic organization
Explain what the homunculus is

Describe the pathway for mechanosensing



Audition: pure sound

Air

Sinusoidal wave

pressure
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Normal atmospheric pressure

Purves, Chapter 13

Distance —

Pure tone = periodic
oscillation of air pressure at
a single frequency

Characterized by amplitude
(dB) and frequency (Hz)



Audition: complex sounds

(A) Speech

° Complex sounds like

speech and music
are superimposition
of pure sounds

Frequency
(kHz)

=]

(B) Music

6 _ Inner ear
58 = decomposes these
g sine waves

Purves, Chapter 13



Human hearing range

a0 f- Human hearing
ol Threshold of feeling ranges between
g | 20 Hz — 20 kHz
or Threshold of hearing
10 2ID 5'0 1{:0 z:m 5{I)D llk zlk 5|k 1{: k zr: k >

Frequency (Hz)

https://www.sound2020.org/sound/audible/



Outer and middle ear transmit sound wave
energy to the inner ear

Stapes

Malleus  Incus

Outer ear: focus sound

Semicircular Tensor
Malleus Stapes  canals tympani

Oval
window

Incus

Concha

Middle ear: boost sound

i e e (ITIPEAENCE Matching,
200x boost)

Inner
ear

Vestibular
nerve

/5 Auditory
7 / nerve
7

Cochlea

Vestibule

Round
window

Middle

Pinna
ear

sound waves travel from a low-impedance medium such
as air to a much higher-impedance medium such as water,

Tympanic Jugular vein ; .
membrane almost all (>99.9%) of the acoustical energy is reflected.
FUICTNRI I, P

External
auditory

PurVes, Chapter 13
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Inner ear cochlea

Cross section of cochlea

Vestibular Tectorial

nerve . membrane
Auditory y

|

Round Cochlea Scala
window tympani

Inner

: hair cells . ;
R Tectorial Basilat hair cells
- s e memb\rane Stereocilia membrane

Purves, Chapter 13




hair cells  ——— wurter

Tectorial Basilar hair cells
. membrane Stereocilia membrane
Organ of Corti \
N I ———

Stereocilia of Stereocilia of
inner hair cells outer hair cells

Afferent  Basilar Inner Tunnel Efferent Outer
axons membrane hair cells of Corti axons hair cells

Purves, Chapter 13



Hair cells respond to sound frequency

Base of basilar
membrane is “tuned”
for high frequencies.

Cochlear “Uncoiled” Apex is “tuned”
\ cochlea for low frequencies.
— | Scala
' \ BT X vestibuli Helicotrema
Stapes on—& /o
oval window , ;
Stapes transmits / 7 /
sound vibrations Round Traveling Scala Basilar Cochlear
window wave tympani membrane apex
| ;
Base: Apex:
High frequency sounds Low frequency sounds

Purves, Chapter 13



Tonotopy

800 Hz Location of maximum activity
/\ depends on sound frequency
Ty\ and is smooth with increasing

distance

(5]

100 Hz
V

@
V
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Distance from stapes (mm)

Relative amplitude

@

Purves, Chapter 13



Bending hair cells transform sound waves
Into electrical potentials o

Purves, Chapter 13



Primary sensory transduction
INn Inner hair cells

 Depolarization of inner hair cell

« Ca2+ channel opening at base

 Local Ca2+ influx

 Transmitter release at base (Glutamate)

Purves, Chapter 13 ™™ =



Receptor potentials of an inner hair cell In
response to pure tones ] I -

 No action potentials A
« Phase locking (up to 2 kHz) .

« Sounds above 2 kHz: frequency
only encoded by tonotopy

7 Purves, Chapter 13



Outer hair cells

Normal response
(with cochlear amplifier)

 Function as cochlear amplifiers
« Possible cause of tinnitus

Response during
furosemide treatment
(without cochlear amplifier)

Purves, Chapter 13



Auditory nerve

ber synapse: connect

o~

iInner hair cells to central nervous system

Outer hair cells

-

Inner hair cells /

Spiral ganglion
cells

To cochlear
nucleus (afferent)

From superior
olivary complex
(efferent)

s, Inner hair cells

T ~_Innervated by (connects to)
a0 @ 4 8-10 afferent nerve fibers
(from ear to brain)

Y @j/ Outer hair cells

7 Innervated by efferent
fibers (signals from brain
to ear, feedback)

Purves, Chapter 13



Auditory nerve fibers

Action potentials in low-frequency auditory nerve fiber are phase locked
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260 Hz Tone, 50 ms duration

Spikes/second

Purves, Chapter 13



Frequency tuning curves of auditory fibers

Each fiber has characteristic sound
frequency at which it fires with a
minimal threshold

-> weakest sound intensity to which
neurons responds

ty (relative d

Threshold intensi
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Purves, Chapter 13



Tonotopy: tuning of auditory nerve fibers
depends on location along cochlea

Frequency (kHz)
0.1

“ -&/\,‘f& p;r W

| N

10.0

i Auditor
~ L e Purves, Chapter 13




Tonotopic representation of sound frequency in
cochlea, spiral ganglion and cochlear nucleus

Apex Characteristic Anterior

Siohien \ gl frequency:
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Basil \ o "
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Tonotopic map Is carried through to cochlear

nucleus and up to primary auditory corteX AT ;e chapter 13



Auditory nuclel and pathvvavs

Cerebrum

Primar

cortex

Medial geniculate
complex of the
thalamus

__Nucleus of

) . lateral leminiscus
Pons-midbrain

junction

Mid-pons

Rostral medulla l” i N Dorsa
PI’OJGC’[IOI’] of aUdItOFy % o it 1 %, | Posteroventral

Anteroventral
nerve fibers

NEUROSCIENCE, Third Edition, Figure 12.12 © 2004 Sinauer Associates, Inc.



Human auditory cortex

Corresponds to Corresponds to
apex of cochlea base of cochlea

Primary
auditory Secondary

corteX  auditory
cortex

Tonotopic map!

NEUROSCIENCE, Third Edition, Figure 12.15 (Part 1) © 2004 Sinauer Associates, Inc.



Sound source localization

head diameter:a=15cm =150 mm

speed of sound: ¢ =340 m/s (=340 mm/ms)
aX=a * sina =150 mm * sin 10° = 26 mm
at=aX/c=26[mm]/ 340 [mm/ms] =0.077 ms

This is calculated as a function of head width and incoming sound angle.
In practice it is well below 1ms (!) even for a large angle of a. = 10°

BIO-311



Interaural time differences are computed
by medial superior olive nucleus

Loudspeaker

Sound reaches
left ear ﬁrst./-f

Left ear

Sound reaches
right ear a little
later.

e Longer path to neuron E

g
Pt Action potential
Cochlea and 1 2 3 4 5% ‘% {)I‘Om l‘iétght eiir
cochlear nucleus Right ear 5 5 oev%l;g-sd ll\e/igeo 'mg
leading neuron

\
L9 © @ @t
MSO leading neuron )
Action potential Right ear
4

begins traveling
toward MSO. 5

\ Shorter path to neuron E -y =
I\ _ps
TAction potentials converge Cochlea and

on an MSO neuron that cochlear nucleus
responds most strongly if

their arrival is coincident. Pu rves, Cha pter 13




Interaural intensity differences are
computed by lateral superior olive

(A) i Stronger stimulus pJ This stimulus also (B)
to left ear excites inhibits right LSO

left LSO. via MNTB interneuron.

O :
n I
wll : R
Speaker “‘é LSO i LRIS%V(
) § output i output
L o I
Net excitation @) :
to higher centers \\ Net inhibition :
MNTB 70 40 20 0 -20 -40 -70
N LSO—= v | \ Left > right Right > left
. / \— # Relative loudness
/
Section /
from pons ,,w
Excitation from left side is greater Inhibition from left side is greater than
than inhibition from right side, resulting excitation from right side, resulting in net
in net excitation to higher centers. inhibition on right and no signal to higher centers.

Purves, Chapter 13



Cochlear implants to treat congenital deatness

* 0.1% of children are born deaf or with severe hearing loss
* Around 400 known syndromes involve severe hearing loss
» Gene mutations can jeopardize hearing mechanism

Nucleus Freedom Diagram

Electrode Array — ° = 2 i e }::,..

Implant \

Magnet

Controller
Coil/Cable Option

BIO-311



Cooh\ear |mp\ants to treat congenital deafness

e Series of electrodes that are inserted into the
cochlea

« Auditory nerve is electrically stimulated at
specific sites depending on sound frequency
components (tonotopic organization)

» Can be used as long as the auditory nerve is
intact

- 80% of patients can lead a conversation
) = without lip-reading 6 years after implantation

Purves, Chapter 13






Somatosensation:
sense of touch
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The somatosensory system

Cerebral cortex

(A) Somatosensory cortex
- 3 / Thalamus
J\;?I\ Brainstem
/?'s\ Af))"{ Trigeminal
§ P ganglia (sensory
‘.‘::: A . )/ receptors
N S/ < /
D for face
l"’\" !
Spinal cord \
= J _'J ~ Cervical
@%}_j B
Sensory receptor gi—:
Pos |
L1
Dorsal root zg:" > Thoracic
ganglia (sensory {—_ b1
receptors for e
body) L
Foa
—_—
> Lumbar
.—.{
~ Sacral
Purves, Chapter 9

Dorsal root
ganglion cells

\

Mechanosensory
afferent fiber

Receptor

Pain and temperature
endings

afferent fiber

Mediates a range of sensations, including:

These different modalities have different:

Touch, pressure, vibration
Heat, cold, itch, pain

Receptor types (receptive field)

Fiber types (speed of conduction)
Neural pathways

Position and movement of limbs (proprioception)



Mechanoreceptors mediate sensory transduction

Skin receptors

‘ | —
Encapsulated
afferent fiber
(A)
Outside © o © e e o ? o e} e
of afferent Na+ (<}
(<] - @ o e @O (o) @
[*) @
° F / y/
© o (WIVL
) <—Membrane — °®
e stretched, ion ]
Inside of Ion channels channels open
afferent closed
(B) Weak stimulus Moderate stimulus Strong stimulus
Receptor Receptor Receptor || _—Spike
potential potential potential potential
Threshold F---- 1\ ----------------------- \- --------------------------------------
Y [

Muscle spindle

Muscle
during stretch

Muscle
during contraction

Muscle
spindle

Intrafusal
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Primary
sensory (la)
nerve fiber

Extrafusal
muscle fiber Wi

}

ime

e

Purves, Chapter 9

(b) Action potential frequency
declines during contraction

(a) Action potential frequency
increases during stretch



Mechanoreceptors have different rates of

adaptation

Stimulus

Ve

Slowly adapting

IHH-

et e
Rapidly adapting

“I |

| |

0 1 2 3 -

Time (s)

Purves, Chapter 9

* These provide different
iInformation

 This is also part of the reason
for why you don't feel your
clothes on your body



Variety of distinct touch mechanoreceptors

(A) Glabrous skin

Free nerve <
endings

Meissner —
corpuscle

Merkel —
cell-
neurite
complex

Ruffini —_|
corpuscle

Pacinian
corpuscle

Y

-————

¥

The different receptor types are sensitive
to different tactile stimuli:

es]
g |
Q.
2| « Range of vibration frequencies (texture)
« Spatial resolution (tactile acuity)
« Slowly adapting (sense shapes)
* Rapidly adapting (sense movements)
J Stimulus
: _
L a
Slowly adapting
5 I
= g Rapidly adapting
E: 5 m 1
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Z

P

urves, Chapter 9 Time (s)



Variety of distinct touch mechanoreceptors

(A) Glabrous skin

Free nerve <
endings

Meissner —
corpuscle

Merkel —=

cell-
neurite
complex

Ruffini —_|
corpuscle

Pacinian
corpuscle
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Free nerve endings
(esp. important for pain
sensation)

Meissner's corpuscls
3-40 Hz (low frequency)

Merkel cell afferents
slowly adapting; highest
spatial resolution

Rufini‘s endings

Pacinian corpuscles
(250 -350 Hz) Pacini's corpuscles Meissner’s corpuscles
High sensitivity (10 nm)

Purves, Chapter 9



Somatosensory neurons

« Receptive field: part of the outer world to which a given sensory
neuron is most responsive ~ somatotopic map

Remember

* Vision: area of the visual field which drives a neuron most strongly
~retinotopic map

 Audition: sound frequency to which a neuron responds most strongly
~tonotopic map



©

Somatosensory neurons -

Finger 3 F O Left side

Finger 2 r E Right side
Finger 1

Thumb

Two-point discrimination threshold: 4 Faim

Minimum distance to perceive two } S
separate touches, rather than just one x?i C;O;;

Shoulder
Upper
Breast

A

(A)
|
/ Thigh
|
/ Calf
: k
<
—
19}
=4 Sole
& N
Calipers e
a b c a b ¢ 0 5 10 15 20 25 30 35 40 45 50

Pu rves, Cha pte r 9 Mean two-point discrimination threshold (mm)



Pathway for mechanosensing

Touch information goes to the cortex
e Tertiary neurons in the thalamus
« Secondary sensory neurons in the brainstem

* Primary sensory neurons

Purves, Chapter 9



Proprioceptors in the musculoskeletal system

(A) Muscle spindle
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Somatosensory cortex

Primary somato- Posterior Somatosensory
sensory cortex (SI) parietal cortex cortex
A

7 Postcentral
Central gyrus

sulcus .
Ventral posterior

medial nucleus
(VPM)

Thalamus

Secondary somatosensory

cortex (SII) Ventral posterior

lateral nucleus AN N
(VPL) % v 4
Purves, Chapter 9 VP complex




(A)

Somatotopic order Iin

somatosensory cortex '
~G5

Locations with high spatial
resolution (hands, face, lips,
toes) are strongly represented
areas in the homunculus

- o

Primary
somatosensory <
cortex (SI)

([ Area 1
] Area 2
O Area 3a

Secondary
somatosensory
cortex (SII)

_[] Area 3b

[




Somatotopic order in
somatosensory cortex
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Functionally distinct columns in primary
somatosensory cortex

(B)

Purves, Chapter 9



Functional changes in somatosensory
cortex following amputation of a digit

(A) Owl monkey brain

Neuronal

adaptation

following

pe rl p h e ra | (B) Normal hand (C) Hand representation

C h a n g eS representation twq months aftér ‘
digit 3 amputation

Piirvec Chanter O



Functional changes in somatosensory
cortex following repetitive behavior

Expansion of

3

neural territory
via repeated
use

(B) (C)
Before differential After differential
stimulation stimulation

() N
S A
TR

Purves, Chapter 9



Sensory systems

° \/isiOn: sense Of S|ght Proximal {near) sensing Distal {far) sensing

 Audition: sense of hearing \BR Somatosensation F vision
» Somatosensation: sense of touch ¢~

,/ Nociception « ?,)) Audition

A

* Nociception: sense of pain

. . Gustation Olfaction
- Gustation: sense of taste 7 SN
* Olfaction: sense of smell



Questions

« What are the key components of hearing?
» How does our brain localize sounds?

« What is tonotopic organization?

* \What is somatotopic organization?

» Explain what the homunculus represents?

« What is the pathway for mechanosensing?
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