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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 “ o

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 CaM
(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; IP;, inosi-

tol 1,4,5-triphosphate; DAG, diacylglycerol; NINAC, a form of myosin; PKC, protein

kinase C; ER, endoplasmic reticulum; SMC, submicrovillar cisternae. NINAC
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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.)

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.)
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Statokinetické Cidlo — vestibularni aparat
Obratlovci: evolucné staré

2 typy informaci, 2 principy detekce
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Primarné statokinetickeé Cidlo — vestibularni aparat

Sekundarneé lagena se sluchovou funkci
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Obr. 16.4.Vlaskové bufiky a stavba vnitiniho ucha obratiove( (ptaka). Sluchové Ustroji je ve spojeni se statokinetickym. Polokuhovité chodby
svatky (ampulami), v nichZ se pohybuje Zelatindzni kupula, detekuji rotagéni zrychleni (a). Linearni zrychleni a gravitaci detekuji tfi policka
viaskovych bunék (utriculus, sacculus, lagena) s krystalky v Zelatindzni Gepigce (b). Treti organ - Cortiho - slou3i jako sluchovy (c).




Primarné statokinetické Cidlo — vestibularni aparat

Sekundarneé lagena se sluchovou funkci
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Figure 4 Inner-ear structure and hair-cell transduction
model. a, Gross view of part of the inner ear. Sound is
transmitted through the external ear to the tympanic
membrane; the stimulus is transmitted through the middle
ear to the fluid-filled inner ear. Sound is transduced by the
coiled cochlea. b, Cross-section through the cochlear
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
hair-cell stereocilia are coupled to the overlying tectorial
membrane, oscillations of the basilar membrane cause
back-and-forth deflection of the hair bundles. d, Scanning

electron micrograph of hair bundle (from chicken cochlea).

Note tip links (arrows). e, Proposed molecular model for
hair-cell transduction apparatus.
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Figure 8.10 Weberian 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 LN,
and IV indicate the four vertebrae from which the ossicles are

derived. Modified from Romer, 1970
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Wiasky nervovich bundk jsou zakotveny v membrdnd (neni tobrazena).
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Cortiho organ: 25.000 vlaskovych bunék ve dvou radach
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Figure 8,16 Innervation of inner and outer hair cells in the
ogan 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
tf the afferent fibres. (ii) Quter 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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Potencial v kochlei
Velka hnaci sila 140mV pro kationty
— snadny vznik receptorove odezvy

C. Kochlearni potencialy a rozlozeni
elektrolytt v oddilech hlemyzdé




Nemame mutantni linie vlaskovych bunéek jako u hadatka.

Pressure
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Figure 7.6 Conceptual model of C. elegans touch receptor. Explanation and nomenclature in text. From N. Tavernarakis and M,
Dngcoll, 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

Analyza vrozenych vad dokazala pfibuznost proteinu vl. bunék a bezobratlych




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

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

vyvola pohyb celého svazku

a influx kationtu. Depolarizace.
Ca pak kanaly inhibuje.

Plati i obracené: depolarizace
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a Adaptation Bundle

Transduction  motor movement
channel s
Positive Channels
y v Gating deflection close
RyChla ™ Ca dO bunky, spring _— —_—

Cast kanal(l se zavre,
Svazek se pohne zpét
Od kinocilie

Positive
deflection
|
Pomala — uvolnénitenze cumer | | s
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Return
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Obé zavislé na Ca?*

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
qate 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 whenthe motor (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
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Fig. 14.7 Adaptation in hair cells. A. Deflection of the hair bundle toward the tallest stereocilia
causes a large increase in the open probability of the transduction channels, followed by a rapid
decline toward the resting value. Upon cessation of the stimulus, the channels initially close, then
return to the resting value for open probability. B. The sensitivity curve shifts during adaptaton to
accommodate the shift in bundle position. C. A model for the mechanism of adaptation, consistent
with the tip-links model for sensory transduction. The changes in tension in the tip links are effected
by the movement of the upper insertion point of the tip link. (From Pickles and Corey, 1992)
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A. INNERVATION PATTERN B. |IHC RESPONSES C. OHC RESPONSES
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Fig. 15.5 Comparison of the organization and properties of inner hair cells (IHC) and outer hair
cells (OHC). A. Innervation pattern. In the lower diagrams, the numbers of hair cells are given
above and the numbers of auditory nerve fibers below. HF, high-frequency fibers; LF, low-frequency
fibers. B. THC response properties. (Above) Intracellular responses ro tone stimulus (s). (Below)
Response magnitude (as above) for different stimulus frequencies (abscissa) and at different stimulus
intensities (20—80 dB). C. OHC response properties. (A based on Spoendlin, 1969; B,C based on

Dallos, 1985)
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HraniCni spektralni citlivost pro
ruzna vlakna sluchového nervu
- Kazdy ma sveé frekvencni optimum
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Kromé lokalizace k kochlei existuje i Casovy kod
Neuron muze ,poznat” fazi nizkych frekvenci —
Omezeno ale refrakterni periodou

pod 1 kHz
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Rovnovaha
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Sluchova draha
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FIGURE 9.20 Schematic of auditory sys-
tem pathways. Not all pathways are shown.
Although there are two parallel pathways,
note that information from both ears comes
together very early in the auditory system, at

the superior olives.
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Psychoakustika:

Hlasitost neni totéz co intenzita

a frekvence neni totéz co vyska tonu (nestoupe linearné)
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Urdéeni hlasitosti zvuku
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Urceni sméru zvuku — dva klice
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Sound wave Cochlear fibre
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Figure 9.8 (i) Phase locking and coincidence detection. The
cochlear fibre fires in response to every second peak in the
sound wave. (a) If cochlear fibres from opposite ears convergs |
on a coincidence detector the latter will fire if the two signas
are delivered within a few tens of microseconds of each other,
(b) if the time differential is greater the detector will responi
only weakly or not at all. (i) The principle of source location by
way of interaural time differences (ITDs). A sound source (8]
equidistant from the two ears will stimulate a cerlan
coincidence detector (dark circle); a sound source further from
one ear than the other will stimulate a different coincidencs
detector. LE = left ear; RE = right ear. Further explanation #
text. After Konishi, 1993




Prostorové slySeni — Casovy kliC

0% ITD = 0 s
~20% ITD = 200 ps @ @ 20 1TD =200 s

~60% ITD = —480 s . . 60° ITD = 480 11

-90% ITD = —640 s . . 90°: ITD = 640 s
—120° ITD = —480 ps . . 120°: ITD = 480 us

~160° ITD = -200 us @ _ @ 160 1TD = 20015
180% ITD = 0 us




Po jediné synapsi se uz drahy krizi — na rozdil od zraku. Synapse zdrzuiji.

To higher brain centers
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Vzdalenost zdroje — hlasitost
spektralni slozeni zvuku

FIGURE 10.11 The relative amounts

of direct and reverberant energy coming ) . ) . )
from the listener's neighbor and the like a “boom.” Note that this auditory cue is analogous to the visual depth

singer will inform him of the relative dis- e of atmospheric perspective (more distant objects look more blurry).
tances of the two sound sources. final distance cue stems from the fact that, in most environments, the
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Harmonické frekvence
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Harmonické frekvence
Vyska ténu zustane beze zmény i kdyz hlavni frekvence chybi!
Dulezitéjsi je vztah mezi harmonickymi.
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Harmonické frekvence

VySka tonu zustane beze
zmény i kdyz hlavni frekvence
chybi!
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() Violin (pluck) (b) Violin (bow)

Nastup a konec zvuku rozhoduiji
o vjemu. Jsou velmi dulezité pro
rozliSeni hlasek ( bill x will ).

Amplitude (dB)

(c) Speech ("ba’)
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Preruseni zvuku na kratkou dobu neni patrné — efekt doplnéni
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Preruseni véty — Sum vadi porozumeéni mené nez ticho. Ticho zvuk ,roztrha
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RozliSovani zdroju zvuku-segregace.
TézsSi nez u zraku — vSe v jednom.
Prostorové, spektralni a Casova segregac

Dveé samostané ,linky“ —
dva samostatné zdroje (proudy) zvuku

Dvé samostatné melodie

in D Minor" utilizes the strean
researchers in the twentieth cd
er notes (red) are heard as ong
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Fig. 2 Important anatomical features of auditory organs in insects. a
Tympanal organ in the first abdominal segment of the locust (Locusta
migratoria), inside view. The relatively large tympanum (tym) spans
across a cuticular ring. The peripheral sensory ganglion (Miller’s
organ, MO) lies near the anterior edge, from where sensory dendrites
reach out to sclerotized attachment points on the tympanum. The den-
drites in the pyriform vesicle (pv) insert in a relatively thin membrane
region, those of the elevated process (ep) in a thicker region; fyn tym-
panal nerve. b Tympanal organ of tropical bushcricket (Mecopoda
elongata) in the opened foreleg tibia and after impregnation with meth-
ylene blue. The characteristic crista acustica {ca) extends along a
branch of the acoustic trachea (tr). It comprises ca. 40 scolopidial

sensory neurons and is part of a larger mechanosensory organ complex
in the insect leg; sn sensory neurons: ac attachment cells; post tvin pos-
terior tympanum. ¢ Scanning electronmicrograph of Drosophila head
showing the two antennal hearing organs next to the compound eyes
(ce). The branched arista (ar) is firmly attached to the third antennal
segment (3); both oscillate in the acoustic near-field (see also Fig. 7);
1, 2, 3 segments of left antenna. d Schematic representation of a single
scolopidium with bipolar sensory neuron and accessory cells. The den-
drite (dt) of the sensory neuron (sn) runs out into a ciliated terminal
(ci); ed ciliary dilatation; ac attachment cell; sc scolopale cell; or cili-
ary root: bb basal body: ro rod: cp scolopidial cap



Th— tympanal
e — spiracle organ

amplifier

control

-

D/A AD
converter

computer

Fig. 3 Recording DPOAEs in the bushcricket Mecopoda elongata,
experimental setup. The insect is secured to a metal holder and the
forelegs fixed to two supports with beeswax. For acoustic stimulation,
two pure-tone signals are generated via D/A-conversion and fed into
two loudspeakers (Is1, 1s2) following calibration and power amplifica-
tion. Separation of the two stimulus channels is essential to preclude
distortions in the technical sound-producing system. The resulting
sound signal, which consists of the two stimuli as well as the DPOAE,
is recorded via a microphone, then amplified and fed into a A/D con-
verter. Sound-producing and sound-recording channels are gathered
into a coupling device, whose tip is adapted to the diameter of the
opening of the acoustic trachea (spiracle) in the prothorax of Meco-
poda. One advantage of this arrangement is that the stimulating/record-
ing device is applied to the prothoracic spiracle while the tympanal
organ with its crista acustica remains freely accessible for experimental
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Fig. 4 DPOAE-measurements in the tympanal organ of the locust. a
DPOAE-spectrum following two-tone stimulation with 10 and 12 kHz:
distortion products (peaks in red) reach sound intensities that are clear-
ly distinguishable from background noise. Asterisk denotes 2f1 — 2
distortion product. b Auditory threshold curves determined electro-
physiologically for two groups of neurons (in red: adapted from Rémer
1976) and expressed as sound intensity sufficient to elicit DPOAES (in
black: adapted from Kossl and Boyan 19958b) within the normal hear-
ing range of locusts. ¢ Reduction of DPOAE-levels following CO,-
treatment demonstrates the importance of active metabolic processes
for generation of otoacoustic emissions (adapted from Kossl and Boy-
an 1998a, b). d Brief electrical stimulation of the auditory nerve (hor-
izontal bars) causes transient reduction of emission levels (acoustic
stimuli: 10.5/12 kHz with 6050 dB SPL: electrical nerve stimulation:
bipolar pulses of 10 A, pulse frequency 200 Hz, pulse duration 2 ms:
modified from Mickel et al. 2007)



Fig. 5 The metathoracic tympa-
nal organ of notodontid moths
has only one auditory neuron:
nonetheless, the ear produces
distinct DPOAES in the high fre-
quency range. a Detailed draw-
ings of Eggers (1919

plate 23)demonstrate that the
tympanal scolopidium of the
buft-tip (Phalera bucephala)
comprises only one sensory neu-
ron (T tympanum; N tympanal
nerve: L ligament: remaining la-
bels denote putative cell nuclei).
b Schematized representation of
the tympanal organ of notodont-
ids; the scolopidial dendrite is at-
tached to the tympanum. ¢
DPOAE growth-functions in
tympanal organ of another noto-
dontid, the maple-prominent
(Ptilodon cucculing), before and
after treatment with ether acting
as an anesthetic: the two sound
stimuli were at 69.5 kHz (f1) and
75 kHz (12 imodified from
Kissl et al. 2007)
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Fig. 6 Miiller's organ of Locusta migratoria: travelling waves and
DPOAES before and after lesions. a External view of tympanum: diag-
onal line indicales measuring points (in mm) for laser-vibrometric
recordings of tympanic vibrations. Arrows mark position of pyriform
vesicle (PV) and of folded body (FB). b Stimulation with pure tones
generates vibration patterns that resemble travelling waves across mea-
suring points. Low frequency stimulation (at 3.3 kHz) causes displace-
ments of PV and FB, while high-frequency stimulation {at 26 kHz)
generates amplitude maxima at the PV without displacing FB. ¢ Inter-
nal view of locust tympanum showing Miiller's organ and PV (scan-
ning electronmicrograph). The PV was severed from Miiller’s organ by
setting a lesion through the dendritic attachments (vellow spoi).
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d DPOAE-levels at sound stimuli of constant intensity and varying fre-
quency (f2), i.e., so-called DP-gram (f2/f1 ratio maintained at 1.08; L1/
L2 of 6/50 dB SPL). Upper: following a lesion at PV, DPOAE-levels
above ca. 15 kHz (red curve) drop nearly to noise level (dashed black
lines noise level expressed as the average (£15D). Lower: subsequent
lesion of FB and of Miiller's organ itself (in the same preparation)
cause a marked reduction of DPOAE-levels across the entire frequency
range. The results indicate that high-frequency DPOAEs are only
generated as long as the connection between sensory neurons and PV
remains intact (ab modified from Windmill et al. 2005; ¢.d modified
from Mickel et al. 2007)



Fig. 7 Vibrating antennal ear of
Dirosophila. a Schematic repre-
sentation of the two distal anten-
nal segments with branched
arista and arrangement of laser-
vibromeltric measurements
{adapted from Gapfert et al.
20050, Near-field sound vibra-
tions of the arista rotate the third
antennal segment relative to the
second. b Time course of spon-
taneous { “self-sustained™) anten-
nal oscillations in nan-mutant
{having deficient TRPV chan-
nels): by comparison, in animals
with deficient NompC TRP-
channels spontaneous activity is
reduced below that found in wild
type flies. ¢ Power spectra of
such oscillations in the same
Dvosophila strains. Black traces,
spectrum obtained for one arista;
gray, spectra from additional
specimens of the same strain

ib. ¢ adapted from Gépfert et al.
2006
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er hair cell: TM tectorial membrane; BM basilar membrane. Data
sources: Frank et al. 1999 {motility of OHC-somata): Ricci et al. 2002
(motile stereovilli in mammalian cochleay. Manley et al. 2001 {electri-
cally evoked OAEs in reptiles). Manley et al. 1993 (DPOAEs in liz-
ards). See text for detailed discussion

Fig. 8 Comparing the ears of mammals, sauropsids, and insects: fun-
damental anatomical and bic-acoustical parameters. Hearing ranges
are indicated without considering infra-sound perception. DPOAE-
sensitivities are listed for minimal stimulus-levels that are just suffi-
cient to evoke DPOAEs of — 100 dB SPL. JHC inner hair cell: OHC out-




Pore-less
/ sensillum

Cuticle
Sensory
dendrites
Dense
secretion
~ 100 /
IO
4
E, "Dry receptor’’ ""Moist receptor’’
g
=
T
2
: | M
g
k=
[
<)
- )
:
g '
S
< 0
100% | 0% | 100% | 0% RH
[ | | 1 | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Time (sec)

FIGURE 7-18 The *‘cold-moist-dry”’ triad sensory sensillum of the cockroach contains
three bipolar sensory neurons; one neuron of the hygroreceptor responds to high humid-
ity (**moist”’ receptor) and one to low humidity (‘‘dry”’ receptor). The receptor cavity of
the poreless sensillum is filled with a dense secretion. (Modified from Yokohari and Tateda
1976; Schaller 1978.)




