A few guestions on the content of the
previous lecture
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Visual acuity is the highest at the...
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The mapping of the visual
input from the retinas to neurons within the visual stream is
called...
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After the optic chiasm, the optic nerve becomes...., which then
synapses in...., from which then emerges...., which finally reaches
the....

( Start presenting to display the poll results on this slide.



Any questions/remarks before we begin
today’s lecture?
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The ear



Overview

D
Journey of Sound to the Brain | ‘;'

https://www.youtube.com/watch?v=eQEaiZ2j90c



https://www.youtube.com/watch?v=eQEaiZ2j9oc

Middle

ear
Quter Inner

ear ear

Overview

Smallest bones In the human body;
transfer movement from the tympanic  Ossicles

Sound wave moves the tympanic membrane

g

Tympanic membrane moves the ossicles

{

memobrane to the oval window Oval Ossicles move the membrane at the
window | oval window
Motion at the oval window moves fluid
in the cochlea
Auditory- Movement of fluid in the cochlea causes
vestibular | @ response in sensory neurons
nerve
Cochlea
Auditory Tympanic From Latin: “snail”; fluid-filled; contains
Pinna canal membrane components that transform the physical
From Latin (“wing”); | e motion of the oval window membrane into a
helps collect sound mostly neuronal response
From in front of us Bear et al., (2015), p. 373
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The middle ear Rigid Flexible
connection connection

From Latin: “hammer” “anvil”  “stirrup”

Malleus Incus Stapes

|~

Auditory Tympanic
Bear et al., (2015), p. 375 canal membrane

Footplate of
stapes at
oval window

Cochlea

Eustachian

/ tube

The flat bottom portion of the stapes;
moves in and out like a piston at the

oval window; movements of the footplate
transmit sound vibrations to the

fluids of the cochlea (inner ear)

Connects the middle ear with the nasal
cavities; usually closed by a valve; helps
regulate pressure
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The inner ear

r9

Ear Ld
Cleveland

Clinic

©2022

Ossicles
Eardrum

Inner ear

Outer ear Middle ear

Semicircular , ‘ .
canals = |\ \ Vestibular nerve

Fluid-filled spaces

[] Involved in balance
Involved in hearing Cochlea

https://tinyurl.com/ycx2nah?2

The inner ear:

(1) the cochlea => auditory system => hearing

(2) the labyrinth => vestibular system => maintains balance

Pinel & Barnes, (2021), p. 187
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also called “otic capsule”; surrounds and

houses the membranous labyrinth,

. contains endolymph & sensory epithelium
separated by a layer of perilymph

membranous labyrinth

bony labyrinth

superior ,
- hat superior
o endolymphatic

cochlea semicircular duct);ng sac _
canals posterior
teri cochlear .

A posterior duct semicircular
: ducts

lateral

saccule ytricule

\
’ ‘ ampullae

vestibule

perilymph endolymph

extracellular fluid located in fluid located in the membranous
the scala tympani and scala ,‘ labyrinth of the inner ear; major
vestibuli of the cochlea; B cation is potassium

major cation is sodium '

https://tinyurl.com/b37rx6wt 13
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The cochlea

Cochlear duct
“scala vestibuli” _ Vestibular
. . Vestibular P membrane
contains perilymph |e— canal SO >
\\ _-Tectorial
Incus ! ( membrane
Malleus s 3 f
Oval  \\ & 3 | Cochlea
window \O— i |
.%{' 2 ?\f&_\ ; = A}_’ +—Hairs
— AN / : \\'
8\ . ‘-.\__ e < /) Organ
i ,../c':i. VAR A 2 4 of Corti
| B N S o7 g Basilar membrane
) ; \ — = \ -
o S By Tympanic
YA P T T R R R canal —y) i i
BN~ Y ) *| contains perilymph
0 ﬂ//f:/ scala tympani
',‘ Tympanic Round window
membrane

https://tinyurl.com/ymt2warn

Uncoiled
cochlea

Oval window

Helicotrema
Stapes
Scala vestibuli

Basilar membrane

Round window Scala tympani

Bear et al., (2015), p. 378

A FIGURE 11.8

The basilar membrane in an uncoiled cochlea. Although the cochlea narrows
from base to apex, the basilar membrane widens toward the apex. Notice that the
basilar membrane is the narrow blue band only. The helicotrema is a hole at the
apex of the basilar membrane, which connects the scala vestibuli and scala tympani.
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Cochlea

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

“Uncoiled” Apex is “tuned”
cochlea for low frequencies.
Scala
vestibuli Helicotrema
Stapes on b
oval window 2 3] o (5] [6) \ @ \
i ,1 \
Round Traveling Scala Basilar Cochlear
window wave tympani membrane apex
2 4]
E 1600 Hz 200 Hz
?
= @ (5]
[N e
=
_
U
= (6]
400 Hz 50 i//_\

Purves et al., (2018), p. 288

Distance from stapes (mm)

Figure 7.2 The relation between the physical and perceptual dimensions

of sound.

Physical Physical Perceptual

Dimension Stimulus Dimension

Amplitude Loudness
High Low

Frequency /\/\/\N\ﬂﬂﬂnﬂ/ Pitch
Low High

Complexity Timbre
Pure Rich

o —

Pinel & Barnes, (2021), p. 187

Primary auditory cortex

L
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
i

Perrone-Capano et al., (2017)
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Vestibular Tectorial membrane
duct (canal)

Vestibular
membrane

Cochlear ST
nervex\ s 0
Tympanic
duct (canal)

Basilar
membrane

https://tinyurl.com/342yef8b

Cochlea
duct (canal)

stimulating hair cells

Deflection of basilar membrane,
fluid movement in the cochlear,
the hair cells

The major principle of cochlear coding is that different frequencies
produce maximal stimulation of hair cells at different points along
the basilar membrane—with higher frequencies producing
greater activation closer to the windows and lower frequencies

producing greater activation at the tip of the basilar membrane.

outer hair cells => cochlear amplifier, i.e.,

Tectorial membrane moves,

amplify the movement of the basilar membrane
during low-intensity sound stimuli; more

numerous than inner hair cells

inner hair cells
because of
stimulates

the actual sensory receptors => and 95% of the
fibers of the auditory nerve that project to the

brain arise from this subpopulation

16


https://tinyurl.com/342yef8b

Let’s visualize all this

Basilal
memﬁrane

Basilar Membrane and its Response To Sound

https://www.youtube.com/watch?v=vhizzJApNVO



https://www.youtube.com/watch?v=vhizzJApNV0

The hair cells

Inner hair cell Hair bundle of IHC
Kinocilium r)
,/’_((\I ~
I Stereocilia - /r/<\ & HS(;’; ( >
’ /_ ( L \ A/ >
/'/@} _(*"{\L?\rT éﬁ(‘/\}}
et
s\ ke 7% 9720
(’i { é&{ \Q‘ \\\‘ \ :)IJ "I(ai ,)? )/
\ % A\ g Jf*
, Ik
\\\l'\ t\ 7 ) l(
Outer hair cell Hair bundle of OHC

Wang & Zhou, (2021)

auditory receptors are called
hair cells because each one has
10-300 hairy-looking stereocilia

extending from its top

causes a shearing motion between them.

Hair cells lack axons => are not neurons, and do not generate action potentials.

They are specialized epithelial cells.

(1) A tone initiates a traveling wave in the cochlea that propagates from the base

toward the apex of the basilar membrane.

(2) The traveling wave initiates sensory transduction by displacing the sensory

hair cells that sit atop the basilar membrane.

Tectorial
Because the basilar membrane and the Hal Celk e MENEAne

tectorial membrane are anchored at

different positions, the traveling wave

This shearing motion bends the stereocilia

Basilar Axons of To auditory

=> electrical receptor potentials. membrane sensory neurons  herve

https://tinyurl.com/342yef8b
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Hair bundle

\Outer hair cell

membrane

’ Osseous spiral
lamina

https://tinyurl.com/342yef8b

ENDOLYMPH
membranous
labyrinth
voltage-gated
calcium channel
,;!l~\\‘
vesicle filled
with excitatory
neurotransmitter
bony
labyrinth
PERILYMPH

https://tinyurl.com/342yef8b

When the basilar membrane bends following a sound wave, the hair

cells brush up against the tectorial membrane.

The bending of the stereocilia
opens pores at their tips
which allows positively
charged potassium ions to
enter and depolarize the cell.
This receptor potential opens
voltage-gated channels
which allow calcium ions to
enter the cell and trigger the
release of neurotransmitters

at the bottom of the cell.
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The spiral ganglion cells

The initial bridge between the physical world of sound and perception of that sound
Outer hair
cells

is established by neurons of the spiral ganglion. These are the first cells in the auditory

pathway to fire action potentials.

The cell bodies of these neurons give rise to peripheral processes that contact
acoustic receptors in the organ of Corti (i.e., hair cells), and the central processes

collectively form the auditory nerve that projects into the brain.

A One spiral ganglion fiber receives input from only one inner hair cell; moreover,
The innervation of hair cells by

neurons from the spiral ganglion.

each inner hair cell feeds about 10 spiral ganglion neurites. The situation is the

Bear et al., (2015), p. 386 . . . . ] ]
opposite with outer hair cells. Because they outnumber their spiral ganglion cells,

one spiral ganglion fiber synapses with numerous outer hair cells.

Note: the vestibulocochlear nerve (VIll), contains: the acoustic/auditory nerve, and the vestibular nerve.
20



The auditory pathway



Figure 7.5 Some of the pathways of the auditory system that lead from one
ear to the cortex.

Forebrain / fissure

Medial geniculate
nucleus (thalamus)

Inferior colliculus
(tectum)

Midbrain
48 | —Lateral lemniscus
ML 8 T Cochlear nuclei
Hindbrain
Superior Auditory
olives nerve Cochlea

Pinel & Barnes, (2021), p. 190

A
Nonpreferred Preferred
] imuli il
Auditory cortex lonset fiing)  (sustained firing)
Auditory
Medial geniculate nucleus corex
A
Medial
ﬁ geiitlzilate { . )
body s
Inferior colliculus
Ascending
Inferior auditory
ﬁ colliculus pathway
Superior olivary complex Cochionr
ﬁ nucleus
Audi
Cochlear nucleus vl
ﬁ Multidimensional
receptive field
Cochlear nerve Kandel et al., (2021), p. 667

ascending pathway/ ascending tract
sensory pathway that carries

peripheral sensations to the brain
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A
p—

ORGAN OF CORTI

High degree of bilateral connectivity of
the ascending projections of the auditory
brainstem => damage to central auditory
structures => almost never monaural
hearing loss => monaural hearing loss
strongly implicates unilateral peripheral
damage (i.e., to the middle or inner ear or

to the auditory nerve).
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Sound localization

The medial superior olive (MSO) contains cells

with bipolar dendrites that extend both

medially and laterally. The lateral dendrites

receive excitatory input from the ipsilateral

A)udspcakcr

coincidence detectors

k] Sound reaches
right ear a little
later.

Longer path to neuron E

Cochlea and
cochlear nucleus

() \‘ y
A
al g,
Gy

anteroventral cochlear nucleus, and the medial

dendrites receive excitatory input from the

Action potential
begins traveling
toward MSO.

contralateral anteroventral cochlear nucleus .

The axons that project from the anteroventral
cochlear nucleus vary systematically in length to create delay
lines. These anatomical differences compensate for sounds

arriving at slightly different times at the two ears, so that the

resultant neural impulses arrive at a particular MSO neuron
simultaneously, making each cell especially sensitive to sound

sources in a particular place.

5¥\%
3
Right ear N \ \ \ 2 §
leading neuron

Action potential
from right ear

begins traveling
toward MSO.

\cht ear

MSO~ 3 leading neuron
v "’l
§

Action p()thtnls converge
on an MSO neuron that

Right ear

r

Shorter path to neuron E g =X

et

Cochlea and

cochlear nucleus
responds most strongly if
their arrival is coincident.

Purves et al., (2018), p. 297

FIGURE 13.14 A model of how the MSO computes the
location of a sound by interaural time differences. A giv-
en MSO neuron responds most strongly when the two inputs
arrive simultaneously, as occurs when the contralateral and
ipsilateral inputs precisely compensate (via their different
lengths) for differences in the time of arrival of a sound at the

two ears. The systematic (and inverse) variation in the delay
lengths of the two inputs creates a map of sound location. In
this model, neuron E in the MSO would be most sensitive to
sounds located to the left, and neuron A to sounds from the
right; neuron C would respond best fo sounds coming from

directly in front of the listener. (After Jeffress, 1948.) ”



Let’s visualize all this

sound localization

https://www.youtube.com/watch?v=yza-hplubxQ



https://www.youtube.com/watch?v=yza-hpIubxQ

Sound localization perceived via interaural (A)
time differences works only for frequencies —

below 3 kHz => second mechanism must come @

into play at higher frequencies.

The circuits that compute the position of a sound source

based on its loudness are found in the lateral superior olive

(LSO) and the medial nucleus of the trapezoid body (MNTB).

Excitatory axons project from the ipsilateral anteroventral

cochlear nucleus to the LSO. The LSO also receives inhibitory

input from the contralateral ear via an inhibitory neuron
in the MNTB. This excitatory—inhibitory interaction results

in a net excitation of the LSO on the same side of the head

as the sound source => firing rates will be highest in the

ipsilateral LSO. Sounds closer to the listener’s midline will

elicit lower firing rates in the ipsilateral LSO.

C

] This stimulus also
inhibits right LSO
via MNTB interneuron.

§§ Stronger stimulus
to left ear excites

left LSO.

Left — | ~ Right
LSO
output

Output of LSO
3

Net excitation
to higher centers

\ MNTB |
\ N\ o

i

Section

from pons

Net inhibition

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

Relative loudness

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

excitation from right side, resulting in net
inhibition on right and no signal to higher centers.

? Inhibition from left side is greater than

Purves et al., (2018), p. 298

FIGURE 13.15 LSO neurons encode sound location
through interaural intensity differences. (A) LSO neurons
receive direct excitation from the ipsilateral cochlear nucle-
us; input from the contralateral cochlear nucleus is relayed
via inhibitory inferneurons in the MNTB. (B) This arrangement
of excitation-inhibition makes LSO neurons fire most strongly
in response to sounds arising directly lateral to the listener on
the same side as the LSO, because excitation from the ipsilat-
eral input will be great and inhibition from the contralateral
input will be small. In contrast, sounds arising from in front of
the listener, or from the opposite side, will silence the LSO out-
put, because excitation from the ipsilateral input will be min-
imal, but inhibition driven by the contralateral input will be
great. Note that LSOs are paired and bilaterally symmetrical;
each LSO encodes only the location of sounds arising from
the ipsilateral hemifield.
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The inferior colliculus and the medial geniculate nucleus

\_’/
auditory
cortex
I~z

medial
geniculate
nucleus

dorsal
cochlear
nucleus

ventral
cochlear
nucleus

cochlear
nerve

superior
olive

Butler, (2013)

cochlea

FIGURE 3 | The ascending mammalian auditory pathway—from
cochlea to cortex.

The inferior colliculus can process sounds with complex temporal patterns,

because many of its respond only to frequency-modulated sounds, while

others respond only to sounds of specific durations or in specific temporal

sequences => discriminating pitch and rhythm.

It also plays an important role in generating the startle response and

orienting the body toward relevant stimuli.

The medial geniculate nucleus has three subdivisions: (1) the ventral
division, which projects to the core region of the auditory cortex, and the
(2) medial and (3) dorsal divisions, which are organized like a belt around
the ventral division and project to the belt regions surrounding the core

region of the auditory cortex.

Tonotopy characterizes both the inferior colliculus and the ventral division

of the medial geniculate nucleus.
27



The auditory cortex



Auditory cortical lesions => deficits in speech and music perception.

(A) (B)

Lateral
sulcus

auditory cortex N
(belt and parabelt regions)

FIGURE 13.16 The human auditory cortex. (A) Diagram
showing the brain in left lateral view, including the depths
of the lateral sulcus, where part of the auditory cortex occu-

pying the superior femporal gyrus normally lies hidden. The
core region is shown in blue;

(B) Diagram of the brain in left
lateral view, showing locations of human auditory cortical

Purves et al., (2018), p. 301

Secondary
auditory cortex

Frontal and parietal
lobes removed

Right hemisphere

Wernicke'’s
area

Primary
auditory cortex

Wernicke’s area  Left hemisphere

regions related to processing speech sounds in the intact
hemisphere. Right: An oblique section (plane of dashed

line) shows the cortical areas on the superior surface of the
temporal lobe. Note that Wernicke's area, a region important
in comprehending speech, is just posterior to the primary
auditory cortex.
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(A) Primary (i.e., core) and secondary (i.e., belt and parabelt) regions.

The core region (i.e., Heschl’s gyrus, or Brodmann’s areas 41 and 42) is buried in
the lateral sulcus. It receives point-to-point input from the ventral division of the

MGC => precise tonotopic maps.

Primary
auditory
cortex

The belt and parabelt regions of the auditory cortex receive more diffuse input

Secondary

auditory cortex
(belt and parabelt regions)

from the MGC, as well as input from the primary auditory cortex => less precise

in their tonotopic organization.

Corresponds to Corresponds to  B€Sides the tonotopic arrangement, there

apex of cochlea

base of cochlea

are irregular patches of neurons that are

excited by both ears (and are therefore

called EE cells) interspersed with patches of

cells that are excited by one ear and inhibited

https://tinyurl.com/3mvvmp9f by the other ear (EI CE"S).
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Extensive overview and anatomical localization

https://www.youtube.com/watch?v=4c4h3Wf{F3kA
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Further resources

Federation of European
Neuroscience Societies (FENS)
Yesterday at 11:00 AM - @

)¢ Save the date for this exciting #webinar
hosted on Neuronline with the collaboration of
#FENS and Society for Neuroscience!

FENS

& Join Domna Karagogeos, Thora Karadottir,
Douglas Fields, and Ethan G. Hughes on 7
December for an intriguing discussion on the
#myelin contribution to brain plasticity.

Register here: https://loom.ly/imOljzA

Follow FENS at:
https://twitter.com/FENSorg

https://www.facebook.com/FENSorg

WEBINAR
HOW DOES MYELIN CONTRIBUTE
TO BRAIN PLASTICITY?

Théra Karadéttir Ethan G. Douglas Fields Domna
UK, Speaker Hughes USA, Speaker Karagogeos
USA, Speaker Greece, Moderator

7 December 2023
18:00-19:00 PM CET

Registration deadline: 7 December 2023

SIGN UP AT: fens.org s

SN

https://www.linkedin.com/company/federation-of-european-neuroscience-societies---fens/

Sign-up link: https://neuronline.sfn.org/scientific-research/how-does-myelin-contribute-to-brain-plasticity
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https://www.linkedin.com/company/federation-of-european-neuroscience-societies---fens/
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