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Table 10.1

Main types of sensory modalities

Sensory modality

Form of energy

Receptor organ

Recepror cell

Chemical
common chemical
arterial oxygen
toxins (vomiting)
OSMOLIC pressure
glucose
pH (cerebrospinal

fluid)
Taste
Smell

Somatosensory
touch
pressure
heat and cold

pain

Muscle
vascular pressure
muscle stretch
muscle tension
joint position

Balance
linear acceleration

(gravity)
angular acceleration

Hearing

Vision

molecules

0, tension
molecules
OSMOLIC Pressurc
glucose

ions

ions and molecules

molecules

mechanical
mechanical
temperature

various

mechanical
mechanical
mechanieal
mechanical

mechanical

mechanical
mechanical

electromagnetic
(photons)

VArious
carotid body
medulla
hypothalamus
hypothalamus
medulla

rongue and pharynx

nosc

skin
skin and deep nssue
skin, hypothalamus

skin and various organs

blood vessels

muscle spindle

tendon ergans

joint capsule and liga-
ments

vestibular organ

vestibular organ
inner ear (cochlea)

eye (retina)

free nerve endings
cells and nerve endings
chemoreceptor cells
OSMOTECEPLors
glucoreceptors
ventricle cells

taste bud cells

plfactory receptors

nerve terminals

encapsulated nerve endings

nerve terminals and central
neurons

nerve terminals

nerve terminals
nerve terminals
nerve terminals
nerve terminals

hair cells

hair cells
hair cells

photoreceptors

Modified from Ganong (1985)
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3 Urovné organizace sensorickych systémd

A) Receptory
sensoricka membrana
a) mikrovili (vlaskoveé bunky, Cich vom., foto. cl.)
b) cilie (Cich v nosni sl., foto. obr.)




(A) Rhabdomere

Mikrovily

MWicrovilli

Actin filaments

Channels

Gpor
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 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; CDP, 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.)

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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Figure 2.7

Renewal of sensory membrane in a vertebrate photoreceptor Renewal of
membrane in the outer segment of rod photoreceptor. Black dots indicate labeled
amino acid, first incorporated into protein in the inner segment, then transported to
the outer segment as components of the disk (largely as rhodopsin). Synthesis of
new disks pushes label upward until, after 10-14 days, it 1s shed by the outer seg-
ment and phagocytosed by the cells of an adjacent cell layer, called the retinal pig-
ment epithelium. (After Young, 1976.)
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Figure 2.8

Taste receptors of the housefly

(A) Chemosensory bristles (hairs) on
the tarsus of the housefly. Letters
indicate different anatomical classes
of hairs (tyvpe a, type b, etc; see dis-
cussion in Chapter 8). (B) Structure
of a chemosensory bristle. In addi-
tion to two to four chemoreceptors,
the bristle also contains a single
mechanoreceptor. Trichogen and tor-
mogen cells are accessory cells that
secrete the hair and bristle socket.
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Kddovani signalu
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Fig. 11.11 Extracellular single-unit recordings of responses to odors of receptor cells (left) and
mitral cells (right) in the salamander, showing different types of responses and different temporal
patterns of activity. (After Kauer, 1974, and Getchell and Shepherd. 1978)
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Table 10.3 Common operations in sensory transduction

Transduction Operations in single Operations in
operations sensory cells cell populations
Detection Perireceptor mechanisms: Perireceptor mechanisms:

'

Amplification

Encoding/
discrimination

R

Adaptation and termination

Sensory channel gating

w

Electrical response

Transmission to brain

filters: carriers:
tuning; inactivation
Sensitivity
Rapidity

Positive feedback
Active processes
Signal/noise enhancement

Intensity coding
Quality coding
Temporal differentiation

Desensitization

Negative feedback
Temporal discrimination
Repetitive responses

Open or close
conductance gating

Depolarization or
hyperpolarization

Electrotonic spread

Active properties

Synaptic output or
impulse discharges

filters; carriers;
tuning; inactivation
Different thresholds

Positive feedback
Signal/noise enhancement

Different dynamic ranges
Quality independent of intensity
Center—surround antagonisms
Opponent mechanisms
Construction of maps

Temporal discrimination

Spatial patterns:
maps and image formation
Temporal patterns:
directional selectivity, etc.

From Shepherd (1991b)




Somatosensory Mauscle  Hearing Vision
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Fig. 10.1 Different types of sensory receptor cells in vertebrates. Small arrows indicare sites where
sensory stimuli act. Stippling indicates sites for transduction of the sensory stimuli, and also for
synaptic transmission; both of these sites mediate graded signal transmission. Heavy arrows indicate
sites of impulse initiation. (Adapted from Bodian, 1967)




(A) Figure 2.1

Mechanisms of sensory transduction
Sensory stimulus . _ (A) lonotropic transduction. The stimulus
il directly gates an ion channel that is part of
the receptor molecule. (B) Metabotropic
transduction. The receptor is not itself a
channel but activates a heterotrimeric G
protein that initiates a transduction cascade.

(B)

Sensory stimulus

Odorant Light

molecule

Ty
e Na " CaZ?
Effector w(‘

'GTP GIP GTP Spcond
G protein messenger

Ionotropni — prima stimulace kanalu

Metabotropni — stejné jako hormony,
transmitery...

Receptor ne vzdy nutny — slano, MGP







Table 10.2  Steps in sensory transduction

Tasee
Sweetibitter Medhanor

Transduction step Vision lfaction amino aceds Saltfsour {(haer cells)
Energy Photons Molecules Molecules MNa® H* Displacement

l |
Membrane receptor . 7TD family: rhodopsin TTD family: olfacory  7TD family: gustatory
G protein Transdean Gy Cigase
G-protein targes Phosphodiesterase Adenylate cyclase Ill;  AC: PLC

phospholipase C

! ! !

Protein kinase Protein kinase A2
- __l B _I_

Membrane channel  Carionic; inward Carionac; imward Kt Na®; K* Cationic; invward

J Andomic; inward |

! ! ! l |
Sensory response Close channel Open channel Close channel Open; dose Open channel
Adaptation Ca**; phosphorylation?; Ca**; protein 2 2 Myosin/actin
mechanism ar.r-isun kinases ? motor; Catt s

| ! 1

Cell bedy outpur Synapses Impulses S¥napses Synapses Symapses

TTD family: 7 transmembrane domain recepeor Family,
From Shepherd {1991h)
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Obr. 4.15. Intenzita vjemu roste s intenzitou podnétu logaritmicky
— ne linearné. Tento kompromis mezi rozlisovaci schopnosti a sa-
turac¢nim prahem (nasycenim) receptortl umoznuje zachovat od-
stupriovanou reakci na velmi Siroky rozsah intenzit souc¢asné

s velkou citlivosti pro slabé podnéty.
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Figure 3.2 Psychophysical correlations. (a) When subjective
magnitude is graphed against stimulus magnitude on linear
coordinates the lines are frequently curved upwards or
downwards. (b) When graphed against log—log coordinates
straight lines are obtained whose gradients depend on the
value-of the exponent, ‘r’. From Stevens, 1961




Sensoricka adaptace

Diferenéni receptor Proporcionalni receptor
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| |

Podnét

Obr. 4.16. Rozdil v adaptaci D- (diferen¢nich) a P- (proporcio-

nalnich) receptor(l. D-receptory reaguji jen na c¢asovou zménu

podnétu. Odpovéd P-receptori trva po celou dobu plsobeni
podnétu.
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Fig. 12.5 Experimental analysis of transduction in the Pacinian corpuscle. A. Diagram showing
probe for stimulating the intact corpuscle, and recording from the nerve. (Below) recordings of the
receptor potential and impulse discharge. B. Repeat of experiment after removal of lamellae. C,
Sensitivity of Pacinian corpuscle to vibratory stimulation at different frequencies. Sensitivity of
Meissner’s corpuscle is shown by dotted line. (A, B based on Loewenstein, 1971; C modified from
Schmidt, 1978)
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Figure 3.1 Psychometric curve. The threshold is defined as
the intensity when half the responses are correct. The position
of the curve on the ordinate is arbitrary. It will shift to the right
or left according to circumstances
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a) _ b) Vystup na
Osvétleni sithice &% sluchovem

Lateralni
inhibice
vlaskovych

bunék ucha

Vystup na
zZrakovém
nervu
! Zvukové vibrace

Obr. 4.17.V'yznam lateralni inhibice pfi zpracovani smyslovych vstupu. a) Kontrastni prechod mezi osvétlenou a neosvétlenou sitnici je
jesté vice zvyraznén. b) Misto sluchového aparatu (hlemyzdé), kde jsou zvukové vibrace maximalni, je zvyraznéno proti méné vibrujicimu

okoli — kontrast je jesté ostie|si.
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Fig. 10.6 Enhancement of spatial contrast in Limulus eye. A. Surface of Limulus eye, with
superimposed rectangular stimulus pattern; pattern is divided into lighter (left) and darker (right)
regions. Pattern is centered on test ommatidium (% ). Arrows show directions in which the test
pattern was displaced, to produce lower curve in graph in B. B. Recordings of spike frequency in
axon from test ommatidium in A. Lower curve: responses to rectangular test pattern in A. Upper
curve: responses to small spot of light, at high and low intensities corresponding to those of test
pattern (see insert). The differences between the two curves illustrate that lateral inhibition enhances
the response on the light side of an edge (because there is less inhibition from the more darkly lit
neighbors to the right) and depresses the response on the dark side of an edge (because there 1s
more inhibition from the brightly lit neighbors to the left). (From Ratlitf, 1965)
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E. coli

Culture in
cephalexin
(b) \J
Treat with
EDTA/Lysozyme
A
(c)
Patch clamp
(d)

Figure 5.1 Patch-clamping E coli. {(a) E. coli cell. (b) Cultured
in medium containing cephalexin and forms lengthy filaments.
(c) Filament treated with EDTA/lysozyme and rounds-up {0
form large spheroplast. (d) Microelectrode (tip diameter about
0.5 mm) inserted to form a patch-clamp. Further explanation in
text
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Figure 5.2 T
Touch responses of Paramecium s
Stimuli were produced by an elec-
trically driven microstylus that
was pressed up against the cell. Posterior stimulation
The timing and relative ampli- = e e e s e
tude of the stimuli are shown in
the traces below each of the elec- = =
trical recordings. Two amplitudes E
of pressure were applied at each 20 [
location. (From Eckert, 1972.) %
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Caenorhabditis

elegans —
had’atko

Figure 7.1 Caenorhabditis elegans. This worm is about
200mm in length. C. elegans consiste of 959 somatic cells of
Which' 302 constitute the nervous system. The body is
iransiucent and many of its cells can be distinguished in the
g animal. Reprinted from J. G. White, 1985, 'Neuronal
connectivity in Caenorhabditis elegans', Trends in Neuro-
sciences 8, 277 with permission from Elsevier Science




6 hmatovych neuront

Figure 2 C. elegans touch-receptor structure and
transduction model. a, View of C. elegans showing
positions of mechanoreceptors. AVM, anterior ventral
microtubule cell; ALML/R, anterior lateral microtubule cell
left/right; PVM, posterior ventral microtubule cell; PLMLR,
posterior lateral microtubule cell left/right. b, Electron
micrograph of a touch-receptor neuron process.
Mechanotransduction may ensue with a net deflection of
the microtubule array relative to the mantle, a deflection
detected by the transduction channel. Arrow,
15-protofilament microtubules; arowhead, mantle.
Moditied trom retf. 3. ¢, Proposed molecular model for
touch receptor. Hypothetical locations of mec proteins are
indicated.

Cuticle

Cuticle

Meuronal
process

c Extracellular anchor

i (MEC-5)

Transduction channel
(MEC-4, MEC-67,

Extracellular link
(MEC-9)

MEC-10)

LLLLL s FARRRATONA

AR 3455444545
Stomatin-like
MEC-2)

£ 54,8 5.6 % 6 % 88

[eeasuns e '

L) ;8

A X
J

!
Microtubule (MEC-7, MEC-12)




organelle

Mantie

Bohaté na
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Figure 7.3 Ultrastructure of C. elegans touch receptor
neuron in transverse section. The neuron is surrounded by a
connective tissue mantle and is attached to the cuticle by a
Tibrous organelle’. It contains a bundle of microtubles (each

composed of 15 protofilaments (pf)). After Tavernarakis and
Driscall, 1997
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Extracellular

Ala

Membrane

NH-

Intracellular COOH

Figure 7.4 Transmembrane topology of the MEC-4 protein.
There are two transmembrane domains and a small mem-
brane insertion just before the second transmembrane helix.
The bulk of the 768 residue protein is, as indicated, in the
extracellular space. When Alanine;,. (Ala) is replaced by a
bulkier amino acid cell death ensues. After Tavernarakis and

Driscoll, 1997
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Mantle
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Figure 7.6 Conceptual model of C. elegans touch receptor. Explanation and nomenclature in text. From N. Tavernarakis and M,
Discoll, 1997, ‘Molecular modelling of mechanotransduction in the nematode Caenorhabdilis elegans', Annual Review of
Physiology, 59, 679. With permission, from the Annual Review of Physiology. Volume 59, (1997, by Annual Reviews
www.annualreviews.org
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Figure 6.1 Schematic drawing of the stretch receptors in the abdominal segments of the crayfish, Astacus fluviatilis. RM1,
RM2 = receptor muscles 1 and 2. SN1 — slow adapting sensory neuron; SN = fast adapling sensory neuron; S1, S2 = sensorny
fibres; Mo1 = three thin motor fibres to RM1; Mo2 = thick motor fibre ta RM2: J — inhibitory fibre. From Handbook of Physiclogy,
Section 1, Volume 1, Neurophysiology (1959), p: 378. Reproduced by permission of The American Physielogical Society
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Figure 5.10

Single-channel recordings from crayfish
stretch receptors  On-cell patch recordings
made from the cell body and main dendrites
of stretch receptors. Channel openings were
produced as in Figure 3.4 by the direct appli-
cation to the patch pipette of suction from a
calibrated pressure transducer. The amplitude
of suction is given to the left in units of mil-
limeters of mercury (Hg). Pressure was

applied continuously for the
duration of each record.
Patches were voltage-clamped
at the resting membrane
potential (for SA) and 50 mV
negative to the resting mem-
brane potential (for RSA).
(From Erxleben, 1989.)
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Figure 6.3 (a) The figure shows the brushwork of sensilla at
the articulation of the second leg of the cockroach, Periplaneta
americana. The thick cuticle of the pleuron (pl) thins to a
dal!cate articular membrane and then thickens again to form the
cuticle surrounding the coxa (cx), the first segment of the leg.
The brush of sensilla forms a hairplate (hp). From Pringle, 1938

rigure 3 Lrosopiiia bristue-receptor mode.
a, Lateral view of [). melanogaster showing
the hundreds of bristles that cover the fly's
cuticle. The expanded view of a single

bristle indicates the locations of the
stereotypical set of cells and structures
associated with each mechanosensory argan.
Movement of the bristle towards the cuticle of
the fly (arrow) displaces the dendrite and
elicits an excitatory response in the
mechanosensory neuron. b, Transmission
electron micrograph of an insect mechanosensory

bristle showing the insertion of the dendrite at the base of
the bristle. The bristle contacts the dendrite (arrowhead)
so that movement of the shaft of the bristle will be
detected by the neuron, ¢, Proposed molecular model of
transduction for ciliated insect mechanoreceptors, with
the locations of NompC and NompA indicated.
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Figure 5.11

Anatomy of insect mechanoreceptive organs  Schematic drawings of major
nufrplmllugicnl classes of touch sensilla. (A) Hair plate (bristle) sensillum. (B) Magz-
nified \f;luw n]::f hair plnul:i sensillum, (C) Campaniform sensillum. (D) Scolopidial
organ. 1he thecogen cell is a type of supporting cell. (After Thurm, 1964: Bull

and Horridge, 1965; Keil, 1997, e O T i




Figure 6.3 (a) The figure shows the brushwork of sensilla at
the articulation of the second leg of the cockroach, Periplaneta
americana. The thick cuticle of the pleuron (pl) thins to a
dalmate articular membrane and then thickens again to form the
cuticle surrounding the coxa (cx), the first segment of the leg.
The brush of sensilla forms a hairplate (hp). From Pringle, 1938

rigure 3 Lrosopiiia briste-receptor mode.
a, Lateral view of [). melanogaster showing
the hundreds of bristles that cover the fly's
cuticle. The expanded view of a single

bristle indicates the locations of the
stereotypical set of cells and structures
associated with each mechanosensory argan.
Movement of the bristle towards the cuticle of
the fly (arrow) displaces the dendrite and
elicits an excitatory response in the

mechanusgnsoqr newron, h Transmission b . Extracellular anchor (NompA)
electron micrograph of an insect mechanosensory /
bristle showing the insertion of the dendrite at the base of e e =
the bristle. The bristle contacts the dendrite (arrowhead)
so that movement of the shaft of the bristle will be & g._ Extracellular link
detected by the neuron, ¢, Proposed molecular model of Non-adapting i’.;' | Adapting
transduction for ciliated insect mechanoreceptors, with transduction transduction
the locations of NompC and NompA indicated. channel ) channel (NompC)
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Figure 1 General features of mechanosensory transduction. A
transduction channel is anchored by intracellular and extracellular
anchors to the cytoskeleton and to an extracellular structure to which
forces are applied. The transduction channel responds to tension in the
system, which is increased by net displacements between intracellular
and extracellular structures.




Propriorecepce u endoskelertu

Svalova vreténka
Slachova téliska

A G Lendon
dmzan

Ciraiip Ih
Cerang la
[t ST
capsule . - M be apioulie
s Ml Uzl
fjmu_p I

l::-h!-ll_-l benidein
{Ean

.. NEUROBIOLOGY
_} Gary G. Matthaws

Abacuwsel
Seonce




— A, Koinl senzory

dkera

neochlupend kaze

Zrohovaidla kide R i b : :
pokazka = ol 1 Melssnerovo télisko
{RA-senzer)

od lupena kiZe

2 Merkelovlisk (5A Lsenzon) 7

_{____‘T_Eﬂ_jdﬂqiwf##ﬁ;@ Iisenzor)

—_— |

=

| & VoterPacinho bisko |=—@

g

— B. Reakce koZnich senzor( na tlak (1), dotyk (2) a vibrace (3)

WA R

0g 409
_'l'-_ ..\.L,. _'."_
podnét; tlak zavazi ryehlast zmény tlaku zmitna rychiasti
1111 |
O s+ IEEIERSEE
odpovad akéni potenclaly (impulzy)
3
1ot 2 20 400
= M —— 200
)
10— ] — 80 f——=
; ‘ 40
i = 1= 20 1 -
1 10 160 0.1 1 10 20 40 B0 200 400
intenzita padnétu (g) rychlost zminy tlaku {rakvence vibracl (Hz)
{mm/sl (padia Firmmermanna a 5chmidiag
— €. Reakee — — D. PD-propriorecepce: reakce na rychlost a Ghael
termoreceptord ohybani kloubu (text viz nasledujici str.)
1 ohybani 2 yhel
rychlé valky
stfecni stiednl
pqmnld maly
&S r
f stijna rychiost
nh#binl
35".'__—.— ¥
a0 Dsenzor £
* = P-sanzor
20 20
stie|né konedna T ——
pastaveni ruzné kaneénd
3 d |
25 39358 1 40 Yo 5 16 15 0':: 8 10 15
teplata kize (*C) (pedic Boyda s Aohortur  £08 (3} cas (5)




Drermis Epudiermas

MMechanoreceptors

Fucinian corpascle
Toich; vibmticn
Rapid adapntion
Myedimaled nxon

Metesner corpuiscle
Tk vibimtion
Buapsl aclppintion
Myelimated uxon

Ruaffens eompuschs
Touch; pressime
Slow adapation
Myelimuled nxon

Merke] disk
Tk presaune
Slonw adapaniion
Myedinated nxon

Hanr Tublicle veceptor
Hatr displaciment

Rapid adaptation
My elinuind axon

Thermoreceplors
Cald §srmalber myelinated axon

Warim Lmnl}ulinunzd A{Ha)

Mociceplors
Raagidd {erenlber myelinated nxomng

Sk (ummyelinsled axonh

b NEUROBIOLOGY
Gary G. Matthews

Fibairem i
Schinge




— A. Svalové vieténko a slachove télisko

ce=rmotoneuron
1 svalove
/ wetenkg % aferentni vidknalaall
f " S J-motoneurony
I' 2 Gulglhu slachove ‘
. tellska

anulospirdlni
zakonden!

vidkno s jadernym
varkem

\3.; vidkno T bg
\ ﬂ.

,'| slachoveé .

b 3 A vidkino s fetézovité
k‘\ s re.l'rsk{n uspofddanymi jddry
/ = = kosterni . = svalové vieténko
o sval ot extrafuzdini vigkna svalu
— B. Funkce svalového vieténka
1 vychozi delka svalu
receplor svalovd vieténko

extrafuzdini vidkna -
swalu

reflexni kontrakce pracujiciho svalu
pro opétné nastaveni vychozi délky svalu

supraspindini
centra

3 supraspinalni aktivace svalu

volni zmény délky svalu s preventivnim
nastavenim (Zprostredkovang y-vidkny)
a} Zadané délky (o-ykoaktivace)

b} vysif citlivosti senzoru
(fusimotor-set”)




274 SENSORY SYSTEMS
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Fig. 12.5 Experimental analysis of transduction in the Pacinian corpuscle. A. Diagram showing
probe for stimulating the intact corpuscle, and recording from the nerve. (Below) recordings of the
receptor potential and impulse discharge. B. Repeat of experiment after removal of lamellae. C,
Sensitivity of Pacinian corpuscle to vibratory stimulation at different frequencies. Sensitivity of
Meissner’s corpuscle is shown by dotted line. (A, B based on Loewenstein, 1971; C modified from

Schmidt, 1978)
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Figure 7.16 Mouse whisker barrels. (a) Head showing five
rows of vibrissae. (b) Section of cortex showing ‘barrels’, each
corrresponding to one whisker. (¢) Diagram to show the
organisation of the whisker barrels. (d) Diagrams to show the
effect of removing whiskers. (i) Full set of whiskers, full set of
barrels; (ii) one row of whiskers removed, unaffected barrels
grow into territory of unused barrels; (i) one column of
whiskers removed; again unaffected barrels colonise space left
by missing barrels; (iv) total removal of whiskers; loss of all
barrels. A, B, and C from Woolsey & van der Loos, 1970: with
permission. D from Cowan, 1979: with permission




