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Cell membranes are crucial to the life of the cell

o Cells of all kinds share certain structural features. The plasma membrane defines the periphery

of the cell, separating its contents from the surroundings.

o Itis composed of lipid and protein molecules that form a thin, tough, pliable, hydrophobic

barrier around the cell.
o Proteins that span the lipid bilayer are called Integral or intrinsic proteins.

o Phosphoglycerides, Sphingolipids, and Sterols are the major lipids in cell membranes.



Lipid raft: N

® Small, specialized areas in membranes
where some lipids (sphingolipids &
cholesterol) and proteins are concentrated.

Loz N |
lipid raft



Localization and proteomic characterization of cholesterol-
rich membrane microdomains in the inner ear
Thomas PV, et al, J Proteomics. 2014 May 30;103:178-93.

Biological membranes organize and compartmentalize cell signaling into discrete
microdomains, a process that often involves stable, cholesterol-rich platforms that facilitate
protein-protein interactions. Polarized cells with distinct apical and basolateral cell processes

A

rely on such compartmentalization to maintain proper function.

In the cochlea, a variety of highly polarized sensory and non-sensory cells are responsible for
the early stages of sound processing in the ear, yet little is known about the mechanisms that
traffic and organize signaling complexes within these cells. We sought to determine the
prevalence, localization, and protein composition of cholesterol-rich lipid microdomains in
the cochlea.

Lipid raft components, including the scaffolding protein caveolin and the ganglioside
GM1, were found in sensory, neural, and glial cells. Among the DRM constituents were
several proteins involved in human forms of deafness including those involved in ion
homeostasis, such as the potassium channel KCNQ1, the co-transporter SLLC12A2, and
gap junction proteins GJA1 and GJB6. The presence of caveolin in the cochlea and the
abundance of proteins in cholesterol-rich DRM suggest that lipid microdomains play a
significant role in cochlear physiology.
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Proteins of Cell Membrane

«——— Peripheral protein Integral proteins >

Extracellular space Some proteins are linked to
Most integral membrane proteins membrane phospholipids via
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OH OH

, triphosphate = ribose adenine

adenosine
(A) (B)

10



Purinergic World

signalling cell

A .

neighboring paracrine signalling

cells
[ purinergic receptors]|
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ATP

[purinergic receptors]

I

ATP / mitochondifal autocrine signalling
D oxidative

1 kphosphorylation
cytosolic glycolysis

[purine-generating reactions]

11



P2R expression in hair cells
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Cell to Cell Communication ¢ sl Jual 5ill

Plasma membrane receptors

® Cells communicate by releasing
extracellular signaling
molecules:

e Hormones
e Neurotransmitters

Plasma membrane receptor _ Plasma membrane

\ Intracellular receptors

® that bind to receptor proteins
located in the:

e Plasma membrane

e Cytoplasm
e Nucleus

14
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¢ Plasma membrane

» Jon channel-linked receptors

» G protein-coupled receptors

» Catalytic receptors
» Receptor guanylyl cyclases
» Receptor threonine/serine kinases
» Receptor tyrosine Kinases,
» Tyrosine kinase-associated receptors,

« Transmembrane recentors
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Contact Dependent N

* Such contact-dependent CONTACT-DEPENDENT
signaling is especially
important during development

and in immune responses. SIQnahng cell target cell

* Contact-dependent signaling
during development can
sometimes operate over
relatively large distances,
where the communicating cells

membrane-
extend long processes to make

contact with one another. bound signal
molecule
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Endocrine Signaling 7/\(

* Endocrine cells, secrete
their signal molecules, ENDOCRINE
called hormones, into the endocrine cell receptor
bloodstream, which carries target cell
the molecules far and wide,
allowing them to act on
target cells that may lie
anywhere 1n the body.

bloodstream 0
target cell
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Paracrine Signaling

* In most cases, signaling cells
secrete signal molecules into
the extracellular fluid.

* The secreted molecules may be
carried far afield to act on
distant target cells, or they may
act as local mediators,
affecting only cells in the local
environment of the signaling
cell. The latter process is called
paracrine signaling

PARACRINE

i

local
mediator

signaling
cell
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Autocrine Signaling

* The signaling and target cells in
paracrine signaling are of different i )
cell types, but cells may also
produce signals that they
themselves respond to: this is
referred to as autocrine
signaling.

* Cancer cells, for example, often
use this strategy to stimulate their
own survival and proliferation.

me

Autocrine




Synaptic Signaling

e Synaptic signaling is performed
by neurons that transmit signals
electrically along their axons and
release neurotransmitters at

synapses, which are often SYNAPTIC
located far away from the synapse

neuronal cell body. neuron

: r |
cell neurotransmitter xarget.ce

body



Gap Junction 4 sadll QYLaSY!

Gap Junctions Allow Neighboring Cells to Share Signaling

Information
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* When fluorescent molecules of
various sizes are injected into
one of two cells coupled by gap
junctions, molecules with a mass
of less than about 1000 daltons
can pass into the other cell, but
larger molecules cannot.

23



ATP diffusion through gap junctions

Stimulus

OQuter hair cell
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[l Unidentified channels
&8 Gap junctions

Supporting cell
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Pathogenic mechanism
of deafness-associated Cx26 mutations

Wild-type connexins oligomerize in the
ER/Golgi.

Hemichannels traffic to plasma
membrane through the secretory
pathway by a cytoskeletal-dependent
mechanism.

Epithelial and supporting cells in the
cochlea express both Cx26 and Cx30.
(A) Cx26 homomeric GJCh are
permeable to 1ons, like K. and bigger
molecules, like IP3.

Cx30 homomeric GICh have high
permeability to K but lower

permeability
to IP3. (B) Heteromeric Cx26—Cx30
GICh. (C) Heterotypic channels.

Deafness-associated Cx26 mutations
may produce.
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ION-CHANNEL-COUPLED RECEPTORS
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OR
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domain domain associated
enzyme
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L Il ! . activated
inactive inactive inactive activated enzyme
receptor Gprotein  enzyme receptor and activated G protein 26

G protein






(.9"‘“". ) ‘\M\A
Lmall o slall 2,8

Physiology of Hearing & Balance 2

lon Channels and Cell Stimulation

Dr. Samer Mohsen

MD., ENT, PhD OF Audiology
Faculty member and Vice Dean in Damascus University
April 2023



LayLadl ol gaall

Jaae suees Jldby golsdl claadl 3 41 0gaS (rals (re Ugsudl (2 quasll 3Ll § 4y0ladl wlgidll O
e 3lgddl O3les Ml SN pe cldg JAT Q1 Joadl (908 dx 90 JSCig Firing Rate dlsedl (Leass) @)
(el Laadl

sl Sy ) e gell Jlas &y 3ylsadl wlans alol LeaS 3ol (S Apase il 2adall LS golill sLaall O
Aalzzd) Lelosl aayLadl clgiall o Jslugll sia ealysacludl



Glucose
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voltage- ligand-gated ligand-gated mechanically
gated (extracellular (intracellular gated
ligand) ligand)

Q p
+++ +++ \ /
CLOSED " AL 79 ey Ayl lgiall O
‘/ \‘ < oS bl Jaan @ clsal

1 1

& 5 LSl sy (@l wlgiall O
] ) CYTOSOL

5

Sl sl Iyl Jaaw g clgall O



Na+ | Ltype

T type
2+
Voltage gated channels ﬁf N Type
P/Q type

Nicotinic ACh receptor
Glutamate receptor channel (NMDA)

GABA receptor channel

® Channels | Ligand gated { Ca*" activated K* channel
Cyclic nucleotide-gated cation channel

Transient receptor potential
IP3 receptor
ATP-swe K* channel
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The three families of ligand-gated channels /\

The nicotinic ACh,
GABAA., and glycine
receptor-channels are all
pentamers composed of
several types of related
subunits.

The glutamate receptor-
channels are tetramers.

The ATP receptor-channels
(or purinergic P2X
receptors) are trimers.

Each subunit possesses two
membrane-spanning a-
helixes (M1 and M2) and a
large extracellular loop that
binds ATP. The M2 helix
lines the pore.

A ACh, GABA, and glycine B Glutamate receptorchannels C ATP 'BM

receptorchannels NH, Ligand Ligand
binding binding

Extracallular
side

Cytoplasmic




The two-channel hypothesis of outer hair cell cholinergic
mediated inhibition
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Glutamate Receptors
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* Kainate
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5-methylisoxazole-4-
propionic acid)
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A

Maintenance of the K+ gradient between endolymph and N
perilymph is essential for normal hearing and depends

primarily on the activity of the stria vascularis.

Abundant Na-K-ATPase in marginal strial cells
provides a pumping mechanism for preserving the
K+ level of the endolymph and consequently, the
endocochlear potential

José Ramon Garcia Berrocal, et al.

Acta Otomnolaningol Esp. 2008;59(10):494-9.
Intervention of Spiral Ligament Fibrocytes in the Metabolic Regulation of the Inner Ear:
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Exterior

ATP-binding
region ATP-binding

region

P-class pump F- and V-class pump ABC superfamily

FXYD proteins
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Schematic drawing of trans-epithelial Na+ transport in
the inner ear /\

Kim SH, Marcus DC. Regulation of sodium transport in the inner ear, 2011 13
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The point at which two neurons communicate is

known as a

« Axodendritic (Dendritic spin)
« Axosomatic

« Axo-axonal (axon to axon),
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Different type of synapses

Axosomatic

Axodendritic

Axoaxonic

Figure 7.18  Different types of synapses. Depicted here
are (@) axodendritic, (b) axoaxonic, (¢) dendradendritic, and

(d) axosomatic synapses.
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* Spines are membranous protrusions from the
neuronal surface.

Cerebral cortex
(glutamate)

-

Medium spiny neurons
(GABA)

® They consist of a head (volume ~ 0.001-1 p3)
connected to the neuron by a thin (diameter <0.1
um) spine neck.

Substantia nigra
(dopamine)

* They may arise from the soma, dendrites, or even
the axon hillock, and they are found in various
neuronal populations in all vertebrates and some
invertebrates.

* Human brain thus contains >10!3 spines.

Large aspiny neurons
(acetylcholine)
\

* Spines are highly specialized compartments for
rapid large-amplitude Ca2+ signals underlying the
induction of synaptic plasticity.
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Distinguishing Properties of Electrical and Chemical Synapses

Distance Cytoplasmic
between continuity
pre- and between pre-
Type of postsynaptic cell and postsynaptic  Ultrastructural  Agent of Synaptic Direction of
synapse membranes cells components transmission  delay transmission
Electrical 4 nm Yes Gap-junction Ion current Virtually Usually
channels absent bidirectiona
Chemical  20-40 nm No Presynaptic Chemical Significant: Unidirectional
vesicles and transmitter at least 0.3 ms,
active zones; usually
postsynaptic 1-5 ms
receptors or longer
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Gap-Junction Networks in the Cochlea

systems showing the
gap-junction
networks. Deiter cells
(green) and
supporting

¢ Diagram of the ;
cochlea cellular scﬁ'éﬁ,{s,.s,?: a
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P2R expression 1n hair cells N

» P2YR are associated with release of CaZ2+

from intracellular stores [endoplasmic ,«”Stlmmus v P2YR
reticulum (ER) or Hensen’s body|, whereas E‘g Emd.ent'ﬂ?d channels
. o  Lap Junctions
P2XR are localized on the stereocilia of the
hair cells, in proximity of the MET \
channels, as well as in the apical cell
surface. g I )
» Extracellular signaling by nucleotides has l oy ATk
long been associated with sensory systems, 9
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where ATP acts as a co-transmitter and/or
neuromodulator.

* In both endolymphatic and perilymphatic
compartments, basal level of extracellular
ATP 1s maintained in the low nanomolar
range by the action of ectonucleotidases.

Outer hair cell Supporting cell



Pathogenic mechanism
of deafness-associated Cx26 mutations

Wild-type connexins oligomerize in the
ER/Golgi.

Hemichannels traffic to plasma
membrane through the secretory
pathway by a cytoskeletal-dependent
mechanism.

Epithelial and supporting cells in the
cochlea express both Cx26 and Cx30.
(A) Cx26 homomeric GJCh are
permeable to ions, like K, and bigger
molecules, like IP3.

Cx30 homomeric GJCh have high
permeability to K but lower
permeability

to IP3. (B) Heteromeric Cx26—Cx30
GJCh. (C) Heterotypic channels.
Deafness-associated Cx26 mutations
may produce.
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1. Truncated protein connexin
subunits;

2. Oligomerization defects impeding
the assembly of hemichannels;

3. Defective trafficking of the

4. Nonfunctional channels; normal
trafficking and assembly into the
plasma membrane and gap-junction
plaque formation, but the GJCh are
closed or their pore structure severely
affected, impeding the diffusion of
1ons and small metabolites;

5. Functional channels permeable to
1ons but with reduced permeability to
bigger molecules like IP3, affecting
propagation of calcium waves or other
metabolites;
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6. Mutant Cx26 that can act as dominant
negative of co-expressed wild-type
connexins. Mutant Cx26 can oligomerize
with wild-type connexins, producing
nonfunctional heteromeric channels.
Heterotypic combination between mutant
Cx26 hemichannel and wild-type
hemichannels can also lead to nonfunctional
channels;

7. Aberrant functionality of free
hemichannels in the plasma membrane,
allowing an increase in plasma-membrane
permeability that may lead to cell death due
to either loss of important intracellular
metabolites (like ATP or NAD), or increase
infracellular calcrum concentration.
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Synaptic transmission at chemical synapses involves several steps.
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Figure 5.15

EPSP summation. {a) A presynaptic action potential tiggers a
small EPSP in a posisynaptic neuron. {b) Spatial summation of
EPSPs: When two or more presynaplic inputs are active al the
same time, their individual EPSPs sum. (¢} Temporal summa-
tion of EPSPs: Whan the same prosynaptic fiber fires action
potentials in quick succession, the individual EFSPs sum.
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Spillover Phenomena N

* It was thought that transmitter released at a synapse affected only a
specific postsynaptic cell.

* Spillover of a transmitter produces significant cross-talk to non-
postsynaptic cells.
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The point at which two neurons communicate is

known as a

« Axodendritic (Dendritic spin)
« Axosomatic

« Axo-axonal (axon to axon),

» Dendrodendritic (dendrite to

dendrite) bern2008 0.1 mm
* Dendrosomatic (dendrite to soma) § < N
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Different type of synapses

Axosomatic

Axodendritic

Axoaxonic

Figure 7.18  Different types of synapses. Depicted here
are (@) axodendritic, (b) axoaxonic, (¢) dendradendritic, and

(d) axosomatic synapses.
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* Spines are membranous protrusions from the
neuronal surface.

Cerebral cortex
(glutamate)

-

Medium spiny neurons
(GABA)

® They consist of a head (volume ~ 0.001-1 p3)
connected to the neuron by a thin (diameter <0.1
um) spine neck.

Substantia nigra
(dopamine)

* They may arise from the soma, dendrites, or even
the axon hillock, and they are found in various
neuronal populations in all vertebrates and some
invertebrates.

* Human brain thus contains >10!3 spines.

Large aspiny neurons
(acetylcholine)
\

* Spines are highly specialized compartments for
rapid large-amplitude Ca2+ signals underlying the
induction of synaptic plasticity.
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Distinguishing Properties of Electrical and Chemical Synapses

Distance Cytoplasmic
between continuity
pre- and between pre-
Type of postsynaptic cell and postsynaptic  Ultrastructural  Agent of Synaptic Direction of
synapse membranes cells components transmission  delay transmission
Electrical 4 nm Yes Gap-junction Ion current Virtually Usually
channels absent bidirectiona
Chemical  20-40 nm No Presynaptic Chemical Significant: Unidirectional
vesicles and transmitter at least 0.3 ms,
active zones; usually
postsynaptic 1-5 ms
receptors or longer
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Gap-Junction Networks in the Cochlea

systems showing the
gap-junction
networks. Deiter cells
(green) and
supporting

¢ Diagram of the ;
cochlea cellular scﬁ'éﬁ,{s,.s,?: a
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s : A
P2R expression 1n hair cells N

» P2YR are associated with release of CaZ2+

from intracellular stores [endoplasmic ,«”Stlmmus v P2YR
reticulum (ER) or Hensen’s body|, whereas E‘g Emd.ent'ﬂ?d channels
. o  Lap Junctions
P2XR are localized on the stereocilia of the
hair cells, in proximity of the MET \
channels, as well as in the apical cell
surface. g I )
» Extracellular signaling by nucleotides has l oy ATk
long been associated with sensory systems, 9
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where ATP acts as a co-transmitter and/or
neuromodulator.

* In both endolymphatic and perilymphatic
compartments, basal level of extracellular
ATP 1s maintained in the low nanomolar
range by the action of ectonucleotidases.

Outer hair cell Supporting cell



Pathogenic mechanism
of deafness-associated Cx26 mutations

Wild-type connexins oligomerize in the
ER/Golgi.

Hemichannels traffic to plasma
membrane through the secretory
pathway by a cytoskeletal-dependent
mechanism.

Epithelial and supporting cells in the
cochlea express both Cx26 and Cx30.
(A) Cx26 homomeric GJCh are
permeable to ions, like K, and bigger
molecules, like IP3.

Cx30 homomeric GJCh have high
permeability to K but lower
permeability

to IP3. (B) Heteromeric Cx26—Cx30
GJCh. (C) Heterotypic channels.
Deafness-associated Cx26 mutations
may produce.
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1. Truncated protein connexin
subunits;

2. Oligomerization defects impeding
the assembly of hemichannels;

3. Defective trafficking of the

4. Nonfunctional channels; normal
trafficking and assembly into the
plasma membrane and gap-junction
plaque formation, but the GJCh are
closed or their pore structure severely
affected, impeding the diffusion of
1ons and small metabolites;

5. Functional channels permeable to
1ons but with reduced permeability to
bigger molecules like IP3, affecting
propagation of calcium waves or other
metabolites;
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6. Mutant Cx26 that can act as dominant
negative of co-expressed wild-type
connexins. Mutant Cx26 can oligomerize
with wild-type connexins, producing
nonfunctional heteromeric channels.
Heterotypic combination between mutant
Cx26 hemichannel and wild-type
hemichannels can also lead to nonfunctional
channels;

7. Aberrant functionality of free
hemichannels in the plasma membrane,
allowing an increase in plasma-membrane
permeability that may lead to cell death due
to either loss of important intracellular
metabolites (like ATP or NAD), or increase
infracellular calcrum concentration.

L ‘]]) Sound___ Haircell ___ K

Mucleus
Prﬂmm_-l Ub
E.-\- T';'.]m!.ln :
/f '1'%‘
e
‘I;i." f |
a'L".I * o ?ﬂ' 'qu,
. A ""f: /
Cel Ca® . ) 4;.'
Death 77 K ﬂf /
"l_ .

Extracellular
signaling

I'_ 7

+

B RSB

Golgi

1 =Cx26 WT

| = Cx26 mutants

= gther connexins

) = K-Cl cotransporter



M\ é\.\‘.&d\ L,sﬁ M\.\_)@Sﬂ QJ\P.“

Resting membrane potential
Constitutively active channels

-
2 |
| l
¢ 1 i
il ) r
Acti tential
Local Signal ogre =
Voltage-gated channels
- -
. I 7 "
[ |
B s [ 1
T ) f ‘
Synaptic potential
Receptor potential Ligand-gated channels/Gap
- Junction
w '

19



Sada dailas Sada Jile 5l /AglaSl lilid) Joe 4

Synaptic transmission at chemical synapses involves several steps.

Action potential in Ca?* entry causes Receptor-channels open,
narve tarminal vasicla fusion and MNa® anters the postsynaptic
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Figure 5.15

EPSP summation. {a) A presynaptic action potential tiggers a
small EPSP in a posisynaptic neuron. {b) Spatial summation of
EPSPs: When two or more presynaplic inputs are active al the
same time, their individual EPSPs sum. (¢} Temporal summa-
tion of EPSPs: Whan the same prosynaptic fiber fires action
potentials in quick succession, the individual EFSPs sum.




/A
Spillover Phenomena N

* It was thought that transmitter released at a synapse affected only a
specific postsynaptic cell.

* Spillover of a transmitter produces significant cross-talk to non-
postsynaptic cells.
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Difference between SPL at ear and in free field (dB)
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The footplate of stapes acts like a small
piston on the cochlear fluid through a
membraneous connection that seals the
oval window of the cochlea. The
buckling motion of the tympanic
membrane decreases the velocity two-
fold and increases the force two-fold,
changing the impedance ratio four-fold.
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FIGURE 2.9 The efficiency of the cat's middle ear, showing
the fraction of sound power entering the middle ear that is
delivered to the cochlea (after Rosowski, 1991, with permission

from the American Institute of Physics).
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FIGURE 2.11 Vibration amplitude of the round window (circles
and solid lines) and the incus (triangles and dashed lines) of the ear
of a cat, for constant sound pressure at the tympanic membrane. The
vibration amplitude was measured using a capacitive probe (from
Meoller, 1983; based on Moller, 1963, with permission from the
American Institute of Physics).
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FIGURE 2.18 Comparison of the acoustic impedance at the tym-
panic membrane with the inverse velocity of the malleus for con-
stant sound pressure at the tympanic membrane in a cat. The
impedance is given in decibels relative to 100 cgs units and the
inverse vibration velocity is given in arbitrary decibel values.
Circles = accoustic impedance at the tympanic membrane;
triangles = sound pressure at the tympanic membrane divided
by the veloicty of the malleus (reprinted from Maoller, 1963, with
permission from the American Institute of Physics).
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FIGURE 3.4 Amplitude of vibration of a single point on the basi-
lar membrane in an anesthetized guinea pig in response to pure
tomes of 4 different intensities, at 20 dB intervals, as a funclion of
the frequency. The curves were shifted so that they would have
coincided if the cochlea had been a lines system (adapted from
Johnstone et al., 1955).
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FIGURE 3.5 The amplitude of the displacement of the basilar
membrane in a monkey obtained in a similar way as the results
shown in Fig. 3.4. The top curve shows the results when the monkey
was alive (anesthetized), and the two other curves show results
nhtained 1 h after the death of the mmnkev and 7 h after the death
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Figure 5-4. The frequency fo distance relationship from the stapes to a place
along the human basilar membrane.
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Non-Linearity
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FIGURE 3.4 Amplitude of vibration of a single point on the basi-
lar membrane in an anesthetized guinea pig in response to pure
tomes of 4 different intensities, at 20 dB intervals, as a funclion of
the frequency. The curves were shifted so that they would have
coincided if the cochlea had been a lines system (adapted from
Johnstone et al., 1955).
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Figure 5-5. (a) The increase in the number of hair cells stimulated as the basi-
lar membrane deflection increases with higher infensities. (b) Basilar membrane
displacement associated with intensity increments. Note the amplitude com-
pression, lack of sharpness, and greater displacement at the higher intensities.
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FIGURE 3.5 The amplitude of the displacement of the basilar
membrane in a monkey obtained in a similar way as the results
shown in Fig. 3.4. The top curve shows the results when the monkey
was alive (anesthetized), and the two other curves show results
nhtained 1 h after the death of the mmnkev and 7 h after the death
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Hair Cell Tuning

Sgelall sl SOl baall ae yadd) 2dsdl s O)lay (8489 «OHCs 9IHCs laps oy 48l 2L O

9l 33 Al Ll daudl Anaseis lrad ¢ Hloas oY Cllall Ciginll las s ot uiaiad] Slimie Jia3 O
Llonss U] 38, a5 510 satadl et

dle dadg ol 1ol o 0y all 880y bogune By)bog ¢ Lundseie e LIOHC 5IHC oo ilimio g S O
BIA Gadsie Judg ¢ puly Blas e bogunag ¢ 3o Al

Aaiye yaddl W Blaial oF 3] ada Leo ¢ suelal sLas ) SGISL 31aY1 blal blamadl sda 4083 ©

AL Glmadly By ol



Hair CeIITuning

1
/
¢

s [HC [

o OHC i'.

Sound Intensity (dB SPL)
B 2 & 2 8 2 2 &

=y
o

BidFET | Laer [ T [ T [

=

] [ [ W I 1 |
3 5 10 a0

Frequency (kHz)

ek

Figure 6-24. IHC and OHC receplor potential tuning curves showing the simi-
larifies between the tuning curves for the two types of hair cells, both of which
closely resemble the mechanical movements of the basilar membrane. (From
Cody & Russell, 1987, with pemmission.)
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Intracellular response from an IHC in the base of the
cochlea in response to an 80 dB SPL tone. frequency
varied from 300 to 5000 hz. AC and DC components are
labeled in the 2000-hz trace. The dashed line on the left
side of the 300-hz trace shows the resting potential. note
that the response to the 300-hz tone is asymmetric, with
a larger response in the depolarizing than the
hyperpolarizing direction. AC and DC responses are
evident from the 300-hz trace to the 2000-hz trace. note
that the AC response is nearly absent in the 5000-hz
trace.
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Frequency Selectivity in the Auditory

Nervous System
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Frequency Selectivity in the Auditory

Nervous System
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FIGURE 6.3 Typical frequency threshold curves of single audi-
tory nerve fibers in a cat. The different curves show the thresholds
of individual nerve fibers. The left-hand scale gives the thresholds in
arbitrary decibel values and the horizontal scale is in kHz (reprinted
from Kiang et al., 1965, with permission from MIT Press).
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CODING OF TEMPORAL FEATURES
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The different histograms represent the responses to this sound when the intensity was varied over a 50-dB range.
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Response to tones as a function of stimulus intensity:
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The intensity behaviour of the auditory nerve mirrors that of the basilar membrane,
which shows a generally similar dependence on frequency in relation to the
characteristic frequency, although it does not saturate quite so sharply, fig 3.13
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Auditory Nerve (Function)

Frequency discrimination:

 Sharp frequency tuning due to OHCs function.

» Different fibers for different frequencies.

 Phase locking.

Intensity discrimination:
* Firing rate.

* Number of activated neurons.

» Magnitude of basilar membrane displacement.

» Spread of excitation.

Temporal discrimination:

* Phase locking.

Short-term adaptation:

* Enhance spectral contrasts between
successive segments of the

signal by:

* Decreasing the responsiveness to
successive stimuli

» Continuing responsiveness to novel stimuli.
Suppression:

» The reduction in response of the auditory
nerve fibers to a signal in the presence of

another signal.

Disorders of the 8th nerve auditory:
e Significant impact on audition and auditory processing.
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Frequency Tuning in Nuclei of the

Ascending Auditory Pathways
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Phase-locking in the cochlear nucleus

The secure and large end bulb endings enable
excitatory neurotransmitter to be released quickly
and synchronously to the postsynaptic receptors so
that the precise temporal information carried in the
auditory nerve fibers is faithfully preserved in the

bushy cells.

The Bushy Cells receptors are abnormally rapid with
low threshold potassium conductances and low
input impedances so that their membrane time
constant is very short, making them especially fast

acting.
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e The primary pathway:

 Originates in the central nucleus of the IC.
« Characterized by sharp tuning and tonotopic organization.

* The diffuse pathway:
* Originates In the pericentral nucleus
» Broader frequency tuning and little or no tonotopicity.
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Thalamus (Function)

 Relay of sensorimotor information to cortex and some
speech/language and auditory functions.

 The primary station for info between the brainstem and the cortex.
* Relative intensity comparison.
* Relative duration comparison.
* Contrast and amplitude modulation enhancement.
 Extraction of features.
* Encoding of binaural and complex signal processing.

* Binaural responders cells=> Binaural processing =2
Ipsilateral cortex.
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FIGURE 6.23 Period histogram of the response from a cell in the
cochlear nucleus of a rat to tones the intensity of which was changed
up and down in a stepwise fashion. The dots show calculated
response obtained from the response to a tone that was amplitude
modulated by pseudorandom noise (reprinted from Maeller, 1979,
with permission from John Wiley).
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Coding of Complex Sounds
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Coding of Complex Sounds
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D u p | eX T h e O ry (Lord Rayleigh, 1907)

* ITDs are used to determine the lateral locations of low-frequency tones, whereas ILDs provide the primary

cue at higher frequencies.
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The Binaural System:
the Basis for Sound Localization in the Horizontal Plane

ILD e LSO
Duplex Theory —— “

e MSO

e significant ILDs can occur for low-frequency sounds located in the near
field.
* Second, extensive psychophysical evidence indicates that sensitivity to

ITDs is conveyed by the envelopes of high-frequency complex sounds




Sllazs 3 Sliguanll o ol lda dags oud¥) G Gyall 1) § sl Busgll GudYIIS (o L) Lalis &) wligyeull azad O
Ll LS 3Ll J) Yasm5 isall Sl 5o bl oadl Jadl cpo Al

orir w5 0a) 63 o Allaall Jo¥1 Bl Aaell 1SO Aol 81501y MSO A 3loill duslarea MSs Ligissll wS,Ll niay O
Azl

O Jeffress’s model consists of an array of neurons that receive input from both ears. These neurons only fire when the inputs from
the two ears arrive at the same time. If the axons that lead to these neurons had the same length the neurons would fire only for
sound arriving at the ears at the same time, thus sounds that came from a source that was located directly in front of the
observer or directly behind. The delay in the axons that lead input to these coincidence neurons is different for different
neurons. The difference in the neural delays to the two inputs makes a neuron fire when sounds arrive at the two ears with that
delay. If, e.g., the input to such a coincidence neuron from the left ear is delayed 50 pS relative to the right ear, the two inputs
will coincide when sounds arrive 50 pS earlier at the left ear than at the right ear. This occurs when a sound source is located

approximately 9° to the left of the midline (90° corresponds to 650 psS.



The Jeffress model: mapping ITDs in the brain?

from the 0.1 02 03 0.4 05
left AVCN o
from the
0.5 0.4 0.3 0.2 0.1 right AVCN




Jeffress (1948)
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The output representation of the Jeffress network

Frequency

Interaural
time difference

The output of the network is a spatial map of running coincidence rates, arranged by

frequency channel (cochleotopic projection) and interaural delay.



Neurophysiologic Basis for Sound Localization
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Localization in the Vertical Plane
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O Despite that, psychophysical experiments show that we can discriminate 4—6° in the vertical

plane (elevation). The ability to localize the direction to a sound source in the vertical plane is

assumed that it is based on changes in the spectrum of a sound as a function of the elevation of

the sound source.



Spectral
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Gain re Free-field (dB)

Neuronal Basis for Spectral Integration:

The Basis for Sound Localization in the Vertical Plane

right ear first notch at 12 kHz and left ear at 15 kHz:
35 2 above the horizon and 30 2 to the left

-15.0°EL
Cat: 1206, 15° AZ awssese. 1OEl

=301 ¥ . R | oo g 1
2 10 40
Frequency (kHz)

first notch at 10 kHz in both the left and the right ears:
0 2 azimuth and 0 2 elevation



Pre
control

Day O

Day 5

Day 19

Post
control

Response elevation (deg)

301,

0f

-3[} B l:h- ) | N ‘- ¢ i A
-30 0 30
Response azimuth (deg)

Adapting to Changes in
Spectral Cues

Hofman et al. made human volunteers
localize sounds in the dark, then
introduced plastic molds to change the
shape of the concha. This disrupted
spectral cues and led to poor localization,
particularly in elevation.

Over a prolonged period of wearing the
molds, (up to 3 weeks) localization
accuracy improved.
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Tonotopic distribution in the auditory cortex

Tonotopic Map Has Columnar Organization

Primary Auditory
Cortex



Auditory Cortex

e Located in the Sylvian
fissure of temporal bone

Human Homo sapiens @ 69-314

Univ. of Wisconsin-Madison Brain Collection
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Speech Representation in Cortex
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Speech Representation in Cortex
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Speech Perception

Speech perception involves the
mapping of speech acoustic
signals onto linguistic messages
(e.g., phonemes, distinctive
features, syllables, words,

phrases...)

The Speech Chain

Speaker Listener
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Ear
RN Brain
nerves
/ "—‘Lﬁﬂ-
Feedbac
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Motor 4
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Perceptual units of speech

* Phonemes:

* The smallest unit of the sound system in a language

e consonants and vowels

* If you change a phoneme in a word, the meaning of the word is also

changed. (e.g., hip * tip; cat * hat; dog * dig)

* In English there are 47 phonemes:
* 13 major vowel sounds

e 24 major consonant sounds

 Different languages have different phonemes



Segments vs. Supra-segments

Vowel, consonant

FO, duration, energy

Intelligibility

Naturalness

(stress, rhythm, intonation,
emotion)

16



Speech Acoustics

e periodicity

* Formant structure

* Frequency transition
* Acoustic Onsets

* Envelope



Fundamental Frequency

5,000

4,000

3,000

2,000

Frequency (Hz)

1,000

" Human voice FO:
l Average for men = 80 - 200 Hz
‘ Average for women= up to 400 Hz

0

© 2007 Thomson Higher Education



Harmonic Structure

Complex Waveform = Sum of Simple Waveforms Frequency Spectrum for Complex Waveform
7
Fundamental
Harmonic = 50 Hz 6
w
g 4 :
= Harmonic Harmonic
2 3
Harmonic = 30 Hz E 2l
Simple __,
Waveforms 1
o 1 1 L 1 1 1 1 1 ]
\ ' ) 10 20 30 40 50 60
Fundamental (F0) = 10 Hz FREQUENCY (Hz)

Frequency Spectrum shows one "moment" in time
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Waveform
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10 Hz
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Formant Structure



Vowel Perception
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Asymmetfries of Auditory Areas of Cerebrum

* Functional asymmetry and left-sided dominance for
speech sound encoding is present even at the level of
the thalamus, indicating that laterality of some auditory
functions may be a fundamental principle of elemental
sensory representation of speech.



Higher cortical function




Brain Connectivity

Brain connectivity refers to a pattern of anatomical links ("anatomical connectivity"), of
statistical dependencies ("functional connectivity") or of causal interactions ("effective
connectivity") between distinct units within a nervous system.

structural connectivity functional connectivity effective connectivity

< Anatomical
connectivity

«* Functional connectivity
= Connectome

«* Effective connectivity




The default mode network, DMN

* The DMN typically comprises of nodes in
the posterior cingulate/precuneus,
bilateral superior frontal gyrus, medial
frontal gyrus and angular gyrus.

e The DMN was therefore termed a
“baseline” state of the brain.

* Decreased activity during cognitive tasks

* Inversely related to regions activated by
cognitive tasks




DMN

DMN Importance..

« The DMN has been linked to many processes:
v'Episodic memory (Greicius and Menon 2004)
v'"Memory consolidation (Miall and Robertson 2006)
v'Social (lacoboni, et al. 2004; Uddin, et al. 2005)
v'Self-related processes (Buckner and Carroll 2007)
v'Stimulus-independent (Mason, et al. 2007)
v'Task-unrelated thought (McKiernan, et al. 2006)

* Differences in activity of the default mode network have been linked to
cognitive deficits in a number of clinical populations.

* To date, abnormalities in the DMN have been demonstrated in
individuals with:

v’ Autism spectrum disorders (Kennedy, et al. 2006)
v' Alzheimer’s disease (Buckner, et al. 2005; Wang, et al. 2006)
v" Schizophrenia (Liang, et al. 2006; Liu, et al. 2006)

v’ Attention-deficit/hyperactivity disorder (Zang, et al. 2007)



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R60
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3654104/#R44

Attention Networks..

v The dorsal attention network: where
v" The ventral attention network: what

v" The executive control of attention network: Top-Down control

(IPL/STG)



Information Processing Theory

Bottom-up Theory (data-driven)

* Processes of acoustic signal
encoding

« (Critical for speech perception and
understanding.

« QOccurin the auditory system prior to:
= Higher-order cognitive.

= Linguistic operations at the cortical level.

* These factors are influenced by
higher order (top-down) factors.

Top-down Theory (Higher-order)

+ Aftention, memory, cognition,
language, etc.

* Linguistic competence through the
presence of complex feedback and
feed forward mechanisms.



Auditory and language network

—
-

uppleentary Motor Area
4 Vs ™ / |
| AWernicke's Area
Heschl’s Gyrus
¢ Heschl’s Gyru ‘
'

Middle Temporal Gyrus




Core area Belt area
Hierarchical Processing:
Core = belt - Parabelt

Complex sounds are processed
later

Parabelt area

© 2007 Thomson Higher Education

What vs. Where system:
Where: dorsal pathway

—>Sound localization Frontal lobe
What: ventral pathway

9 Identlfylng Sounds Temporal lobe
B Auditory

. Auditory and visual

30



Structural
connectivities

Brain networks for language

premotor cortex —
(BA 6)

Broca's area
(BA 44/45) &w

-
-

superior temporal gyrus
(STG)

Dorsal Pathway |
pSTG to premotor cortex
via AF/SLF

Dorsal Pathway [l

B pSTG to BA 44
via AF/SLF

primary auditory cortex
(PAC)

Ventral Pathway |

B STG to BA 45
via EFCS

Ventral Pathway |l

B antSTG to FOP
via UF
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crista

ampulla

enlargement
of crista

cupula

hair
bundles

nerve fibre
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kinocilium

Typel
hair cell

nerve fibre

/

basement membrane
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of macula
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Peripheral axons of the superior division innervate:

Central axons of the superior & inferior vestibular nerve fibers join fibers from
the cochlea to form cranial nerve VIII.

Sup.Vestibular n,

Utricular Macula

Vil n.

Lat. Ampulia

1. Utricular macula 2. Saccular macula (anterior portion)
3. Crista of lateral (horizontal) SCC 4. Crista of superior (anterior) SCC
9. Crista of posterior (inferior) SCC 6. Saccular macula (posterior portion)



Connections to the vestibular nucleus from
the canals

Superior nucleus

Fibers from
horizontal and
anterior canal

Fibers from
posterior canal /

Lateral
nucleus

Medial
nucleus
Descending —
hucleus



Nuclear Connections of the Otolith Organs

Superior nucleus

Fibers from

utricle

Fibers from Medial
saccule nucleus

Descending—
nhucleus
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The semicircular tubes are
arranged at approximately
right angles to each other, in
the roll, pitch, and yaw axes.
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Fitch

HS-50T Head Movement Axes
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A

crista: cristae of the semicircular ducts

hair
bundles
hair

stationary section
of the crista
of the horizontal canal

rotating section
of the crista
of the horizontal canal
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Endolymph causes
movement of cupula

, Cupula
™. —— Endolymph in
semicircular canal

Hair cell

~———— Crista ampullaris

Movement of
N semicircular canal

._——# with body movement
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Ampullofugal: Refers to displacement “away” from the ampulla.
Ampullopetal: Refers to displacement “toward” the ampulla.

Ewald's second law: "Ampullopetal endolymphatic flow produces a stronger response

than ampullofugal flow in the horizontal canal".
Ewald's third law: "Ampullofugal flow produces a stronger response than ampullpetal

flow in the vertical canals (anterior and posterior semicircular canals).

Relative fluid movement

R I 2

Head movement
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Static tilt (Utricle)

<«+— Otoliths
(ear stones)

Sensory
hairs

Hair cells

Gel-like
substance

Head upright Head bent forward
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Trochlea
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rectus ;
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oblique

Lateral
rectus Medial

rectus

i —>  Eye muscles

Inferior

oblique Inferior

rects  ®  SUPerior rectus
 Inferior rectus
* Medial rectus
* Inferior oblique

Oculomotor nerve (ll1)

» Superior oblique Trochlear nerve (1V)

» Lateral rectus Abducens nerve (VI)



Eye movement
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{c) Anterior view, right eye
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Turning motion of head

Vestibulo-ocular reflex (VOR) “S—

Lateral rectus Medial Lateral rectus

muscle \ S recti V7 N muscle
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Extraocular

‘ | (I, 1V, Vi)

Medial vestibular nucleus -.

Lateral vestibular nucleus
' Medial
—— longitudinal

fasciculus

Cranial
nerve Vil

Limb motor | Neck motor
neurons | Lneurons

figure 11.36
Asummary of the central vestibular connections from one side.



What happens when things go wrong?
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