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Organization of sensory membrane of a photoreceptor in the fruit fly tein
Drosophila  (A) Anatomy of a Drosophila photoreceptor. The sensory membrane
forms a structure, called a rhabdomere, composed of 50,000 microvilli. (B) The mem-
brane of the microvillus is highly organized by a scaffolding protein called INAD
(C), which binds to proteins in the cytosol and plasma membrane. PLC and PKC
proteins are shown as if cytosolic but are likely to be at least peripherally associated
with the plasma membrane. Abbreviations: Rh', activated form of the photopigment
rhodopsin; GDP, guanosine diphosphate; CaM, calmodulin; GTP, guanosine triphos-
phate; PLC, phospholipase C; PIP,, phosphatidylinositol 4,5-bisphosphate; 1P, inosi-
tol 1,4,5-triphosphate; DAG, diacylglycerol; NINAC, a form of myosin; PKC, protein
kinase C; ER, endoplasmic reticulum; SMC, submicrovillar cisternae.
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Figure 2.3
Cilium (A) Structure of a cilium from a sea urchin embryo. Note the basal body

(bb) at the base of the cilium (c). Magnification 22,000x. (B) Schematic drawing of a
cross section of cilium. (A from Chakrabarti et. al., 1998.)
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Figure 2.4
Formation of disks of a rod photoreceptor Disks are intiated at the base of the

rod outer segment adjacent to a cilium. (After Steinberg, 1980.)



(A) (B)

(C) (D)
Excitation Inhibition

Tip links
stretched

Tip links
slackened

Channels Channels
open closed




e — ————————————s—————==



Upper tip link density

Cadherin-23

Protocadherin-15

-TMC1
-TMC2
- other

proteins

Channel

complex

A

Lower tip link

AR

T
; I95n 005085,
e e g

L NS

Bap s

{174

4.“- -

11 T

..
T

f29)5 0

IO

i 0§ @ |
_ P
RS

R A RS N

11 \-nm--

i

HOTHH

[

_.__auq-_mnu.. ; u.....__.. _
% 0 705500500

HOF T

‘.L -..Q...

A
T

9528

T e T T ]
R RO

g v 0 9 ¢ 0 .}

TN,

v e e vl eE e WS

.:.....,..,.,..u_.ﬁu..n.a....ﬂ
0aSTO) S Ya58 05 005705, 105

iy e

03885500 apsT0s 055 %0n,

-
=

— -

Cell Reports 12, 1-12, September &, 2015 ©2015 The Authors



A. STATOCYST - MACULA

crystals
’_,_l,-cilia
UU sensory
cells
TT——axons
I —— ] |- recording from axon

applied stimulus

B. CANAL - CRISTA

Dense object
(statolith)

.iii

Sensory hairs

Sensory neurons ya

@ 1998 Sinau

= =3 S

e e = ]

WL







Video

(B)

Head

Tail

Cupula
Kinocilium

Stereocilia

Supporting cells

_ Epithelium

Hair cell

Afferent nerve

Fibrous layer



Videa/vláskové buňky transdukce.swf

Ampula

Cortiho
organ

Ltriculus

Sacculus Lagena
Rotaéni pohyb Otokonia — —5 37 =pe -7 - Tektorialni
",.—_ ___“‘ i LRy e - membrana
Linearni
Zelatinﬁzn/
Kupula material
>~ x
Smyslove
viasky
\askove

buriky

Vnitfni  Zevni
Axony vlaskové

buriky
a) b) c)
Obr. 16.4. Vlaskove bunky a stavba vnitiniho ucha obratlovel (ptaka). Sluchové Gstroji je ve s pojeni se statokinetickym. Polokmuhovité chodby

s vacky (ampulami), v nichZ se pohybuje 2elatindzni kupula, detekuji rotaéni zrychleni (a). Lineamni zrychleni a gravitaci detekuji tfi policka
viaskovych bunék (utriculus, sacculus, lagena) s krystalky v 2elatindzni Sepitce (b). Treti organ = Cortiho = sloudi jako sluchovy (c).



Sustained head tilt; no linear acceleration

Backward Forward
Upright g

No head tilt; transient linear acceleration

Forward acceleration Backward acceleration

Figure 1 Forces acting on the head result in displacement of the otoconia. This example illustrates displacement of the utricular
macula. For each of the head tilts and linear accelerations, some set of hair cells will be maximally excited, whereas another set
will be maximally inhibited, according to the orientation of the hair cells. Note that head tilts and linear accelerations—when
matched in direction and magnitude—produce similar otoconial movement, demonstrating that the otolith organs respond to both
gravity and linear acceleration.
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Figure 8.10 Woeberian ossicles. The figure shows a horizon-
tal section through the anterior region of the body of a carp
(Cyprinus carpio). The arrows indicate the direction of
vibrations from the swim bladder to the sacculus. L L,
and 1V indicate the four vertebrae from which the ossicles are
derived. Modified from Romer, 1970
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_thure 8.16 Innervation of inner and outer hair cells in the
oan of Corti. The schematic figure shows afferent fibres
(White) and efferent fibres (black). (i) Inner hair cell. The
elferent fibres make synaptic contact with the dendritic endings
of the afferent fibres. (i) Outer hair cell. The efferent fibres
synapse directly on the hair cell which makes rather few
synapses (only one shown) with sensory (afferent) fibres
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Figure 7.6 Conceptual model of C. elegans touch receptor. Explanation and nomenclature in text. From N. Tavernarakis and M,
Dnscoll, 1997, ‘Molecular modelling of mechanotransduction in the nematode Caenorhabditis elegans', Annual Review of
Physiology, 59, 679. With permission, from the Annual Review of Physiology, Volume 59, 1997, by Annual Reviews
www.annualreviews.org




Figure 4 Inner-ear structure and hair-cell transduction a Semicircular

model, a, Gross view of part of the inner ear. Sound is
c

transmitted mrnugh the gnernal egr to the tympanic | Inner Stereocilia  Tectorial
membrane; the stimulus is transmitted through the middle hair cell membrane
ear to the fluid-filled inner ear. Sound is transduced by the Nerve

coiled cochlea. b, Cross-section through the cochlear fibres

duct. Hair cells are located in the organ of Corti, resting on =

the basilar membrane. ¢, Sound causes vibrations of the ©
basilar membrane of the organ of Corti; because flexible :' (5)
hair-cell stereocilia are coupled to the overlying tectorial Y onorkG Nole 0 0
membrane, oscillations of the basilar membrane cause A
back-and-forth deflection of the hair bundles. d, Scanning \\
electron micrograph of hair bundle (from chicken cochlea). Basilar Outer

Note tip links (arrows). e, Proposed molecular model for membrane  hair cells

hair-cell transduction apparatus.
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Box 2 Figure Hair-cell transduction and adaptation. a, Transduction and fast
adaptation. At rest (left panel), transduction channels spend ~5% of the time open,
allowing a modest Ca** entry (pink shading). A positive deflection (middle) stretches
the gating spring (drawn here as the tip link); the increased tension propagates to the
gate of the transduction channel, and channels open fully. The resulting Ca®* flowing
in through the channels shifts the channels” open probability to favour channel closure
(right). As the gates close, they increase force in the gating spring, which moves the
bundle back in the direction of the original stimulus. b, Transduction and slow
adaptation. Slow adaptation ensues when the mator (green oval) slides down the
stereocilium (lower right), allowing channels to close. After the bundle is returned to
rest (lower left), gating-spring tension is very low; adaptation re-establishes tension
and returns the channel to the resting state




Tip link

Motor
complex

Actin
core

|



Stereocilium K*/Ca2"

Transduction
channel

Adaptation motor

Tip link Actin core

Negative
displacement

G

\

Positive
displacement
i

g

\ Cuticular p:a'tj \

.

Open probability = 0

Open probability = 0.1
Rest

Open probability = 1

e e+



30

20

10

sound level (dB SPL)

inner ear

travelling waves

f2 distortion ;
\NNCTTTI &
potopadongaotconaden =':'nn'u‘===nnu=annnu:cnn‘w

spontaneous OAE
moustached
bat

reptiles

barn owl
lguana
Anolis
human human *
4 6 8 10 12 62 63

frequency (kHz)

loudspeaker

sound level (dB SPL)

stimulus
3
E
2
froq.;anm_.r

microphone

distorsion product OAE
[ f f2
60 [
40 F 2f1-f2
af1-2f2
2f2-H
20
3f2-2f1
D -

57 59 61 63
frequency (kHz)



Adaptation Bundle
Transduction  motor movemeant
channel L

Positive Channels
(ating deflection close
spring > —>




+80 mV
—80mV

(A)

1
120

Time (ms)

40

= ==

0.2 0.4 0.6 0.8 1.0 12
Receptor current (nA)

0.0

20

|
—_

-

80 -
6l [~

I | | | 1 ] 1
g = = = = Lam] ]
I

0.0 |-

|
L
=]
(vu) uermno 103daoay () juswaoeidsip (W) juswaoedstp apunq et

ajpung Jep

(B)

e e e



P

iy g

150 nm

Control

A A At

Stimulus 200 Hz

RWWWWW“ | 440 mv

100 ms

,Jancujici* membrana



Endolymph
+80 mV

0mV




home calcium "
chinoels open

Drepolanzation

el ! ' v [ 171 HTL]
geansedd by calelum influx) Fuartber depolanzation pelarizing phisa

enternal caleunm rises

Soares calcium channels open!
Inbermal calcuien cemcenlration 15 ki

Resling slibz :
Calcium-achved potassium channels chose

Calcidim-adivaled
pakeisaian Channels apen

-
1
|
1
|
1

1
1
1
1
1
1
1
1

1
1
1
1
1
1
|
1

1
1
1
1
1
1
|
1

1
1
1
|

[ncernal colcaum Comcentralga e
decreasss, causing cakium-activaled Hyperpolunzalion e Hyperpelarizing phase
priotassiuim chaneels w chese

l\\____‘ Cnlcium

chiunnels

b NEUROBIOLOGY chog
Gary G. Matthaws

B kel
Scionce



(A)

Injected current

=

L

(B)
F, =75Hz

KCa rhannel

(C)

g

P

e e e e g e e el

Low channel density

Slow K¢, channels

Electrical resonance

Zm‘u"

20 ms

Injected current
- L.

F =300 Hz

High channel density
Fast K-, channels

K

B channels

TP

10 ms






e — ————————————s—————==






Sluchova draha

0 - A4 r
90% z vnitfnich i —
Vv b annditory aditory

s COTIER Cories

Medial geniculale
nucleus of thalamus

Medial pemicalase
rmuckeus of thalamas

Inferiar
colliculus Tektum

Imferior
calliculus

- Brainsbem

=t
———

Crchlea Micllane Crchlea



C

ammillary body

esencephalon

Fourth ventricle
Pons

Mesencephalic
aqueduct




3 - Cerebrum
natic of auditory sys-

pathways are shown.
i parallel pathways, =
rom both ears comes

he auditory system, at 1' : i \‘\
J "./

> \'
"N A\
L \
et o, I_____g;'..-l’rinmr_r
A 1 "II.lI.{illJl’""
I cortex

Rostral
midbrain

_~ Medial geniculate
complex of the
thalamus

T

Caudal
midbrain
— Inferior colliculus

Pons-
midbrain

junction
J ad . Nucleus of

ore lateral
1 leminiscus

Pons Varoli

— —~_—— Superior
olive

Rostral Cochlear nuclei

Auditory medulla
nerve — Dorsal
M d | | \ i— Posteroventral
e u a \ =——Anteroventral

:..\ B Spiral
- anglion
Cochlea i



Tonotopicka a bilateralni o b VR Primary awditory
organizace primarni sluchové ol i s '
kary

Neurony citlivé na modulované
frekvence nebo volani

High Frequency
Nékteré sloupce sumuji aktivitu
z obou usi, jiné reaguiji na vstup st B
jen z jednoho ucha a umlkaji,
pFIChézle-ll VStUpy Z obou. Low froquency
Jsou zde bb, které nereaguiji jen _ - b

na urcité Cisté tony ale jsou
naladény na specificky
modulované frekvence stoupavé
nebo klesavé. Podobné jako to P R
uvidime u zrakové kdry, jsou tu v
bunky aktivované zcela
specifickymi druhy volani —

v primarni kdre makakad.
Dokonce volanimi individualnich
jedincg.




Corresponds to
base of cochlea

Corresponds to
apex of cochlea

r

Primary
Auditory Cortex

Secondary
Auditory Cortex



e — ————————————s—————==



http://newt.phys.
unsw.edu.au/jw/h
earing.html

Sound level (dB 5PL)

Audibility threshold
T B T T ] e o B LA e LA s o LT A
0.02 0.05 0.1 0.2 0.5 1 2 5 10
e Frequency (kHz)

oup-arc.com/access/content/sensation-and-perception-5e-student-
resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag chapter-09



http://sites.sinauer.com/wolfe3e/chap9/equalloudF.htm
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
https://oup-arc.com/access/content/sensation-and-perception-5e-student-resources/sensation-and-perception-5e-activity-9-3?previousFilter=tag_chapter-09
http://newt.phys.unsw.edu.au/jw/hearing.html
http://newt.phys.unsw.edu.au/jw/hearing.html
http://newt.phys.unsw.edu.au/jw/hearing.html

300

250

200

tise hlasitéji jesté hlasitéji

150

|
b
|
:

100

Average discharge rate (spikes/s)

50

e
e R
_.“.p

{5801
;

S > = } % ll _H.I.*.H.H_I.I.I. 0 L 1 L 1 i | | |
" 0] 500 1000 1500 2000 2500 3000 3500 4000
vidgkna slucho- e A i .
cochlea iy akéni potencidly pfi plsobeni zvuk-u Frequency (Hz)
A. . Hlasita a ticha” informace ve sluchovém nervu (zvukova frekvence nezménéna)
450 |’
400
350

200

150

Firing rate (spikes/s)

100

1 I 1
( 10 20 30 40 50 Al i 80 90

= T _—

Sound intensity (dB)



bl 1 T T 1 L

rychlost zvuku akusticky tlak ;.25322225%%

zpozdeéni
zvuku

akcni potencialy

|
I
i
sméFujici do centra doba latence =
(vedeni nervem) I
- o rozdil __ F[™7}
N v dobé P .
i J latence £
= | ]
vzdalenéjsi ucho =™ aiusticky tlak
rozdil

akustickych tlakl




0% ITD = 0 us
~20 1TD = -200 pus @ ’ @ 20°:1TD = 200 us

~60% ITD = ~480 s . . 60° TTD = 480 s

/N
90" ITD = —640 s . U . 90°% ITD = 640 us

—-120% ITD = —480 ps . . 120% ITD = 480 us

~160° ITD = -200 us @ _ @ 160" 1TD = 200 s
180°% ITD = 0 us



Simultanné
Offset

https://oup-
arc.com/access/content/sensation-and-
perception-5e-student-resources/sensation-

and-perception-5e-activity-10-
1?previousFilter=tag chapter-10

P

e e R

(i) Sound wave

Sound wave Cochlear fibig

O—4—4r——4— ~
Coincidence

detector
(strong resporse]

s RS -

(b) Coincidence
detector
(no response)
(it} S
LE

RE LE RE
I ] ]
' ] ]
' ] I
| : :
[

ele] Jele] @000

Figure 9.8 (i) Phase locking and coincidence detection. The.
cochlear fibre fires in response to every second peak in lhe'
sound wave. (a) If cochlear fibres from opposite ears converg |
on a coincidence detector the latter will fire if the two signals|
are delivered within a few tens of microseconds of each ather,|
(b) if the time differential is greater the detector will respond,
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coincidence detector (dark circle); a sound source further from |
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detector. LE = left ear; RE = right ear. Further explanation i
text. After Konishi, 1993
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from the listener's neighbor angr;}i'r the . more like a “boom.” Note that this auditory cue is analogous to the visual depth
singer will inform him of the relative dis-  cue of atmospheric perspective (more distant objects look more blurry).

tances of the two sound sources. A final distance cue stems from the fact that, in most environments, the
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