Obecna fyziologie smyslU




= Presreceptory vstupuji informace do NS

= Smysly jsou branami do védomi.
Jak vedou k subjektivni zkusenosti?
Jakymi fyziologickymi pochody?
Otcove experimentalni psychologie

Ernst Weber Gustav Feéhner Hermann Helmholtz
1795-1878 1801-1887 (1858 — 1871)
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Modality — formy energie: chemicka, teplotni, mechanicka,

svetelna, elektrickeého a magnetického pole

Table 10.1

Main types of sensory modalities

Sensory modality

Form of energy

Receptor organ

Recepror cell

Chemical
common chemical
arterial oxygen
toxins (vomiting)
oSMotic 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

O, tension
molecules
osmotic pressure
glucose

ions

ions and molecules

molecules

mechanical
mechanical
temperature

various

mechanical
mechanical
mechanical
mechanical

mechanical

mechanical
mechanical

electromagnetic
(photons)

various
carotid body
medulla
hypothalamus
hypothalamus
medulla

tongue and pharynx

nose

skin
skin and deep tissue
skin, hypothalamus

skin and various organs

blood vessels

muscle spindle

tendon organs

joint capsule and liga-
ments

vestibular organ

vestibular organ
inner ear (cochlea)

eye (retina)

free nerve endings
cells and nerve endings
chemaoreceptor cells
OSMOTECePLors
glucoreceptors
ventricle cells

taste bud cells

olfactory 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)




I. Olfactory V. Trigeminal
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3 Urovneé organizace sensorickych systémd

A) Receptory
B) Sensorické obvody a drahy
C) Sensoricka percepce




3 Urovné organizace sensorickych systému

A) Receptory
Sensoricka membrana specializovana pro prijem dané formy

energie

a) mikrovili- mikroklky (vlaskové bunky, vomeronasalni
chemorecepce, fotorecepce c¢lenovci)

b) cilie — brvy, rasinky (Cich v nosni sl., fotorecepce obratlovci)
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Rhabdomere

Mikrovily, mikroklky
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Organization of sensory membrane of a photoreceptor in the fruit fly
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 cvtosol and plasma membrane. PLC and PKC
}"-l“:l'lll'- are \E"‘k“\'. n .l I Cy [-"‘L‘iw. out are ‘!!\' Vo l‘\' at ’('."‘t l"l'll!‘hl'i'.'!?'. d5SO( 1.\“'\1
with the plasma membrane. Abbreviations: Rh, activated form of the photopigment
rhodopsin; GDP, guanosine diphosphate; CaM, calmodulin; GTP,

yuanosine triphos
phate; PLC, phospholipase C; PIP,, phosphatidylinositol 4,5-bispl }

) 17, inosi-
tol 14, 5-triphosphate; DAG, diacylglycerol; NINAC, a form of myosin; PKC, protein
kinase C; ER, endoplasmic reticulum: SMC, submicrovillar cisternac

NINAC



Ponévadz receptorové proteiny jsou integralni membranové proteiny, proces sensorické
transdukce vyzaduje specializovana misto — tzv. sensorickou membranu (SM). Ta byva
bohaté ¢lenéna, aby byl co nejvétsi povrch pro co nejvice receptord (tycinky).

SM je u vétSiny receptorovych bunék vyvinuta dvéma zpUsoby.

A) Ve vlaskovych bunkach ucha a vestibularniho systému, Cichovych receptorech
vomeronasalniho organu a fotoreceptorech clenovcl je tvorena tzv. mikrovily.
Mikrovilus je vysoce strukturovana membranova vychlipenina (evaginace) zpravidla
obsahujici asi 40 paralelnich vlaken aktinu nebo jiného strukturalniho proteinu jako je
fibrin nebo villin, o kterych se predpoklada, ze hraji roli pri udrzovani tuhosti a tvaru
mikrovilu. Tyto proteiny mohou ale také slouzit jako pripojna mista pro membranové
proteiny a tak se UcCastnit organizace transdukéni masinérie.

B) Ve vestibularnich receptorech mékkyst, mechanoreceptorech hmyzu, ¢ichovych
receptorech v nosni sliznici, fotoreceptorech obratlovcl a nékterych bezobratlych je
sensoricka membrana ve spojeni s cilii. Cilia jsou také vysoce organizované
membranoveé evaginace ale maji odliSnou vnitfni organizaci. Vnitrek cilia obsahuje
mikrotubuly slozené z tubulinu, obycejné v charakteristickém usporadani 9+2. U
nékterych tyto centralni chybi, napr. v obratlovcich tycinkach a Cipcich. Kromé
mikrotubul(l zde nalezneme dalSi proteiny jako nexin, které drzi tvar nebo slouzi
k pohybu.



Cilie (brvy, rasinky)
Mikrotubuly

\
1 Sooke

Plasma

memorane

Figure 2.3
Cilium (A) Structure of a ciliom from a sea urchin embryo. Note the basal body
(bb} at the base of the cilium (). Magnification 22,0(X)

(B) Schematic drawing of a
cross section of cilium. (A from Chakrabarti et al,, 1998,)

cilie (Cichové r. v nosni
sliznici, fotoreceptory
obratlovci)

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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Cilia jsou produkovana z bazalnich
télisek z centriol, ktera jsou v
delicich se bunkach nezbytna pro
organizaci a separaci chromozémd.
U tycinek se cilium organizuje a
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dava vznik vychlipeninam
membrany. U tyCinek pak fuzuje
membrana a meéchyrky se odstipnou
a tvori vesikuly v cytoplasmé. U
Cipk neni membranova fuze Uplna,
takze disky se neuzavrou.
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Uloha cytoskeletu v signalnich drahach recepénich bunék

Difuzni model signalového prenosu x Signalplex (transducizom),
scaffolding proteins; Multimolekularni signalizacni komplex zvysuje
rychlost a specifitu ,,rozhovor{




Drosophila jako uziteCny model zrakové transdukce:
Organizace proteinu signalplexu

v Case a prostoru — oddéleni, zhaseni
v odpovéd na svétlo

Cell membrane
: s Figure 1| Phototransduction in Drosophila and
the INAD complex. a, The five PDZ domains
of INAD (1-5) assemble components of the
phototransduction cascade, including PLC,
the TRP channel and PKC, into a signalling
complex at the cell membrane. b, Mishra et al?
report that, in response to light, the PDZ5
domain of INAD undergoes a conformational
change. In the dark, PDZ5 is in its canonical,
reduced form, in which a groove between an
a-helix and a [3-sheet serves as a ligand-binding
site. After stimulation with light, the PDZ5
domain undergoes a conformational change to
an oxidized state, whereby the formation of a
disulphide bond between two cysteine residues
results in the unravelling of the a-helix and
the distortion of the ligand-binding groove.
Following this conformational switch, the ligand
(arrowed) — putatively part of the PLC enzyme
— can no longer bind. (Adapted from ref. 2.)

Disdlphide
; bond
Reduced Oxidized



Uloha cytoskeletu v signdlnich drahach recepénich bunék

Takova adaptace?
Translokace TRP —

mechanismus adaptace
na tmu a svétlo

(a) Ommatidia

Corneal lens —
Crystalline lens —1_

Rhabdom

Retinular cells

Rhabdom




Uloha cytoskeletu v signélnich drahach recepénich bunék
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Figure 2.7

Renewal of sensory membrane in a vertebrate photoreceptor Renewal of
membrane in the outer segment of rod p]u\tomu} or. Black dots indicate labeled
amino acid, first incorporated into plowm in the inner segment, then transported to
the outer segment as components of the disk (largely as lhndupxm Synthesis of
new disks puwhcx label upward until, after 10-14 da\ s, it is shed by the outer seg-
ment and phagocytosed by the cells of an adjacent cell layer, called the retinal pig-
ment e mtln,hum After \oun\m 1976.)




Externi specializace
Ochrana, podpora, ucast na recepci
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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 (type a, type b, etc; see dis-
cussion in Chapter 8). (B) Structure
of a chemosensory bristle. In addi-
tion to two to four chomoreccptors_,
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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Table 10.1

Main types of sensory modalities

Sensory modality

Form of energy

Receptor organ

Receptor cell

Chemical
common chemical
arterial oxygen
toxins (vomiting)
0SMOofIC 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

O, tension
molecules
osmotic pressure
glucose

ions

ions and molecules

molecules

mechanical
mechanical
temperature

various

mechanical
mechanical
mechanical
mechanical

mechanical

mechanical
mechanical

electromagnetic
(photons)

various
carotid body
medulla
hypothalamus
hypothalamus
medulla

rongue and pharynx

nose

skin
skin and deep tissue
skin, hypothalamus

skin and various organs

blood vessels

muscle spindle

rendon organs

joint capsule and liga-
ments

vestibular organ

vestibular organ
inner ear (cochlea)

eye (retina)

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

taste bud cells

olfactory 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)




Kddovani signalu — prekodovani intenzity do frekvence AP

RECEPTOR CELLS MITRAL CELLS
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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)



Zname také spontanni aktivitu a sestupné rizeni (od centra
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Table 10.3 Common operations in sensory transduction

Transduction

Operations in single Operations in
operations sensory cells cell popularions
Detection Perireceptor mechanisms: Perireceptor mechanisms:
filters: carriers: filters; carriers;
tuning; inactivation tuning; inactivation
Sensitivity Different thresholds
Rapidity
)
Amplification Positive feedback Positive feedback
Active processes
Signal/noise enhancement Signal/noise enhancement
:
Encoding/ Intensity coding Different dynamic ranges
discrimination Quality coding Quality independent of intensity

Adaptation and termination

Sensory channel gating

v

Electrical response

Transmission to brain

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

Center—surround antagonisms
Opponent mechanisms
Construction of maps

Temporal discrimination

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

From Shepherd (1991b)




Receptory vetsinou vyrazné zesiluji slaby podnét na siln€jsi stimul. Napr. nekteré
fotoreceptory jsou schopny detekovat jediny foton s energii 10-19 J. Zachyceni tohoto
fotonu mdze vést k otevreni 103-10* iontovych kanall a vyvola elektricky proud o energii

10-15J. Zesileni je tedy radu 104




Jednoducha receptorova bunika (primarni receptor)

Inervovana receptorova bunka (sekundarni receptor)
Mista vzniku akcniho potencialu a specialni konstrukce synapsi

Oxygen Taste Smell Somatosensory Muscle Hearing Vision

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)



Figure 2.1

Mechanisms of sensory transduction

(A) Tonotropic transduction. The stimulus
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.

Sensory stimulus

Odorant Light

hy
w Effector

molecule

Receptor
GTP Second

G protein messenger

Ionotropni — prima stimulace kanalu

Metabotropni — stejne jako hormony,
transmitery...

Receptor ne vzdy nutny — slano, MGP




Deformace
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Table 10.2  Steps in sensory transduction

Taste
Sweet/bitter Mechanoreception
Transduction step Vision Olfaction amino acids Salt/sour (hair cells)
Energy Photons Molecules Molecules Na* H* Displacement

Membrane receptor

G protein

G-protein target

Second messenger

Protein kinase

Membrane channel

Sensory response

Adaptation
mechanism

Cell body output

7TD family: rhodopsin

Transducin

|

Phosphodiesterase

|

cGMP

!

Catonic; inward

v

Close channel

Ca’t; phosphorylation?;
arrestin

Synapses

7TD family: olfactory

1

Goll

l

Adenylate cyclase 11I;
phospholipase C

cAMP; 1P,

Cationic; inward
Anionic; inward

Open channel

l

Ca**; protein
kinases ?

Impulses

l

7TD family: gustatory

Ggusl

1

AC; PLC

|

cAMP; [P,

l

Protein kinase A?

K + Na + : K +
Close channel Open; close

l l

? 2
Synapses Synapses

l

Cationic; inward

v

Open channel

!

Myosin/actin
motor; Ca®*?

!

Synapses

7TD family: 7 transmembrane domain receptor family.

From Shepherd (1991b)




Weber-Fechnerlv psychofyzicky zakon
S=alogI/l, +b

Weber gradually increased the weight that a blindfolded man was holding and asked
him to respond when he first felt the increase

Uroven saturace

log

-
=
R
>
©
by
N
=
(O]
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L=

Intenzita podnétu

Obr. 4.15. Intenzita viemu roste s intenzitou podnétu logaritmicky
— ne linearné. Tento kompromis mezi rozliSovaci schopnosti a sa-
turacnim prahem (nasycenim) receptorti umoznuje zachovat od-
stuprfiovanou reakci na velmi Siroky rozsah intenzit soucasné
s velkou citlivosti pro slabe podnéty.
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Neplati ale pro vSechny modality.

"is this sound twice as strong as
that sound?" Stevens found that
such results from different
sensory modalities varied too
much in "steepness" to be fitted
by the Webner-Fechner law.
Instead he introduced a formula
with one more parameter, and
therefore more flexible:

R =k (S_So)alfa

Exponent zavisi na typu stimulu

Pressure
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Figure 3.2
magnitude

L1 2 Lasasal 1 Lo sl Ll laa J

23 5 10 2030 50 100 200 500 100C
Stimulus magnitude (arbitrary units log scale)

Psychophysical correlations. (a) When subjective
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, ‘n'. From Stevens, 1961




Pressure

10° 10 10° 1
S-S, (relative units)

Pain has a high value of a, reflected in a steep curve. In other words, once a
stimulus is strong enough to elicit pain, the pain rapidly becomes stronger as the
stimulus becomes stronger. The other modalities shown have successively lower a
values, which means that they can cover much wider ranges of stimulus intensity.



Sensoricka adaptace

Diferencni receptor

Proporcionalni receptor
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Adaptace: inaktivace kanall, ¢asto pod vlivem Ca, odstredivé tlumeni z CNS

Vliv pridatnych struktur na adaptaci Paciniho téliska

274 SENSORY SYSTEMS

A NORMAL CORPUSCLE B DESHEATHED CORPUSCLE C THRESHOLDS FOR VIBRATORY STIMU

20

101~

Recordings:

N = |

Threshold (xm)
=N
|

| | | |
Receptor Potential 25 50 100 200 400
Frequen e (Hz)

| |ﬁ |

o ._JII l\\f,J' \L, b’ kL, ——//

Impulse Response

c —’E‘ c’ ‘I——l__

Stimulus Monitor

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)




Smyslovy prah
Zesileni, sum
Casova a prostorova sumace snizi prah, ale zhorsi rozliseni.

Psychometricka krivka

Prah je definovan jako stimul,
ktery je detekovan v poloviné
pokusU. Prah kolisa podle
Unavy, nacviku, zkuSenosti,
ruseni atd. To svedci o tom,
jak je cela smyslova fyziologie
zavisla na psychice. Napr.
bolest nemusi byt za urcitych
okolnosti viibec vnimana
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Threshold Stimulus
intensity

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




ZlepSeni poméru signal/Sum je mozné dvéma cestami. Jednou je:

priimérovani signalli (analogie ¢asové sumace) kdy jsou napf. u sluchového
receptoru scitany za sebou jdouci podnéty nebo:

scitani signalli z vice paralelnich receptor{ (analogie prostorové sumace).
Jednak se tim zvysi pravdépodobnost detekce a snizi se prahovy podnét. (Citlivost
mouchy k roztoku cukru se odstranénim jedné nohy 5krat snizi).

Vzdy se ale néco ztraci: bud’' casové nebo prostorové rozliSeni.




Smysloveé receptory existuji i mimo klasické smyslové

nervove drahy:

VEDOMI

PODVEDOMI '
Reflexni,
automatické rizeni /

Bunécéna recepce a
komunikace

U Vnitrni podnéty:

Vneéjsi podnéty: hladina Glc,



Smysloveé receptory existuji i mimo klasické smyslové
nervove drahy:

http://www.the-scientist.com/?articles.view/articleNo/46831/title/What-
Sensory-Receptors-Do-Outside-of-Sense-

Organs/&utm campaign=NEWSLETTER TS The-Scientist-

Daily 2016&utm_ source=hs email&utm medium=email&utm content=3442
6135& hsenc=p2ANgtz-
80yf2avL7nTDkuQ9at12H50pc6CQbK5aATIUtkmurAQX5rp13PwBa08AHpftiWa
7iKvP5KWOxyN8Ysih0AOgm3IlfahGw& hsmi=34426135

http://www.the-scientist.com/?articles.view/articleNo/46833/title/Odor--Taste-
-and-Light-Receptors-in-Unusual-

Locations/&utm campaign=NEWSLETTER TS The-Scientist-

Daily 2016&utm source=hs email&utm medium=email&utm content=3442
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TASTE IN THEGUT

In contrast to taste receptors in the mouth, TIR and T2R receptors in the gut do not
induce sensations of taste, but rather initiate molecular pathways that help guide
the digestion or rejection of food substances traveling through the intestines. The
underlying pathways, however, have many similarities.

FOODSIN THEGUT
Q Speclallzed endocrine cells of the small Intestine,

known as enteroendocrine cells, display T2R bitter Insulin
receptors on thelr cell membranes. When bitter o ﬁ?:j:ge‘"ag
compounds bind to the T2R receptors, the cells release \ /
the peptide hormone cholecystokinin (CCK), which acts e E

on CCK2 receptors located on enterocytes, or Intestinal P v
absorptive cells. This Increases the expresslon of the y y
transporter ABCB1, which pumps toxins or unwanted i
substances out of the cell and back Into the Intestinal i

-
~ Pancreatic

lumen. CCK also binds to CCK1 receptors on sensory B-cell

fibers of the vagus nerve, sending signals to the brain

to cease food Intake. =

@ TI1R-class receptors on enteroendocrine celis lining the - m GLPIR

small Intestine detect sweet substances and respond by \_/ receptor
n B

secreting the glucagon-llke peptide GLP-1. GLP-1 then travels to
the pancreas via the bloodstream, where It boosts the release
of Insulin from pancreatic B-cells, promoting the uptake of
glucose by diverse tissues. Additionally, GLP-1diffuses to = Py o ALL
nelghboring enterocyte cells In the small Intestine, driving the e 2o : y r R 6 !u STINI
Insertion of the glucose transporters SGLT-1 and GLUTZ2, which ' 3 a— K

facliitates the uptake of glucose from the Intestines.

@ In the colon, bitter ligands bind to T2R receptors on
eplthellal cells, where they Induce the secretion of anlons and
water, which leads to fluld rushing Into the Intestine, resulting
In dlarrhea that flushes out the colon.




Horké latky v dychacich cestach
vyvolaji obranné reakce.

TASTE IN THE AIRWAYS

Scientists have also recently identified the existence of taste
pathways in human airway cells, where they likely mediate defensive
responses to inhaled foreign and potentially toxic substances.

~ Airway )
‘chemosensory cell = @
g Na*
rushes in

% ; calcium
Nerve ) i {5 channel »
fibers A : &

Synaptic
. vesicle

Acetylcholine
y CaZ+

rushes in
IN THE UPPER AIRWAY
In the upper airways (nasal passages and trachea), T2R receptors
on chemosensory cells sense bitter compounds, releasing secondary
messengers that spur the release of Ca?* from the ER. The increase in
cytoplasmic Ca?* activates the TrpM5 transduction channel, allowing
the influx of Na* and the depolarization of the cell. This in turn activates
voltage-gated Ca?* channels, which permit even more Ca?* to flood into
the cell. This initiates the fusion of synaptic vesicles with the plasma
membrane, releasing the neurotransmitter acetylcholine to activate
nearby nerve fibers and induce protective reflexes such as sneezing 0
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IN THE LOWER AIRWAY

In airway smooth muscle cells

of the lungs, the same T2R
pathway is initiated by the
binding of bitter compounds.
Increases in cytoplasmic Ca?*
likely cause nearby calcium-
activated potassium channels to
open, allowing the outflow of K*,
which causes hyperpolarization
and subsequent relaxation of

the muscle cells @ Also in the
lungs, T2R receptors on ciliated
airway epithelial cells bind bitter
compounds, initiating the same
G protein-mediated pathway that
results in the release of Ca?* from
intracellular stores and thereby an
increase in ciliary beat frequency,
which researchers suspect serves
to sweep irritants away from the
surface of the cell @

Bitter
foods

Cilia on airway
epithelial cells

Matters of taste

Calcium-
activated
potassium
channel

+

K+
rush out

Ca?* release
causes cilia
to move




Mechanorecepce muze pfimo fidit expresi bez zprostfedkovani kanalem
Napf. rist svalu

IGF- 11\ (;ro\,v.' ¢ /x():;k )
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> which activates a )
Mech :anoreceptor / /

c target proteins, including
= n factors, are
Cytoskeleton : : phosphorylated. This enhances the rate
f gene ding
.such as IGF-II.

Vesicle
After export from the nucleus, the
mMRNA for the protein is tre ted in th»’\
rough ER, and packaged into transport
vesicles.

causing exocytosis of IGF-II.

Once IGF-II binds its receptor, it
activates another protein kinase.
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actors leads to a change in exg
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Figure 5.33 Control of gene expression by stretch receptors Some muscle
Cells sense the degree of stretch and respond by a cascade initiated by stretch receptors and
CUlminating in changes in muscle gene expression.




... nebo uvoliovani chemickych signald fidicich srde¢ni €innost.
Mechanické napeti prenaseno na cytoskelet a primo méni enzymatickou aktivitu
vazaného signalniho komplexu.

= ‘\l}- - _/"
i y,‘ W""l
ROS 9@ RyR2
Ca*

X-ROS signaling. In heart muscle cells, transverse tubule (T-T) membranes con-
tain voltage-gated (a?* channels (VGCC, green). Influx of Ca?* through the chan-
nels generates signals that open RyR2 channels (blue) in the neighboring sar-
coplasmic reticulum (SR); the ensuing Ca?* release promotes cell contraction.
The T-T membrane also contains the NOX2 subunits p22 and gp91 (red). Before
stretch (A), NOX2 activity, production of ROS (red dots), and Ca?* sparks (blue

AFTER STRETCH

dots) are low. A moderate stretch (B) causes an immediate activation of NOX2 by
recruiting its regulatory subunits (p40, p47, p67, and racl) to the T-T membrane
via a mechanism that requires intact microtubules. The resulting increase in ROS
production sensitizes RyR2 to activation by Ca%+, presumably by changing RyR2
redox state, causing a burst of Ca?* sparks. Returning the cell to its initial length
returns X-ROS signaling to its initial state. [Figure adapted from (2)]



3 Urovneé organizace sensorickych systémd

A) Receptory
B) Sensorické obvody a drahy
C) Sensoricka percepce

Jesté pred vznikem digitalniho zapisu se informace na periferii zpracovava.




Konvergence, receptivni pole, zpétna vazba, syntéza,
centrifugalni (odstredive, sestupne) vedeni

Receptive Fieid
for A
A

Stimuius

PRIMARY
SENSORY
NEURON

FIRST
ORDER
NEURON

T

Centrifugal
(Feedback)

SECOND
ORDER
NEURON

Specitic Non-specific
Sensory (Muitimodal)
Pathway Pathway




Receptivni pole — rlizné velikosti
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Shodna architektura sensorickych drah — shodné pozadavky

Ho;i'zontal
Cell

Periglomerular
Cell

Bipolar
Cell

B {@)“ | Mitral
Granule Cell
Cell |

Amacrine
Cell

A. RETINA B. OLFACTORY BULB

Comparison between simplified basic circuit diagrams of the vertebrate r
bulb. (After Shepherd, 1978)



Lateralni inhibice

Vystup na
sluchovém

Osvétleni sitnice

X, nervu
e
Lateralni
inhibice [ Lateralni
fotoreceptoru inhibice
viaskovych
bunék ucha
Vystup na
zrakovém
nervu
Zvukoveé vibrace
_’-

Obr. 4.17.Vyznam lateralni inhibice pfi zpracovani smyslovych vstupu. a) Kontrastni pfrechod mezi osvétlenou a neosvéetlenou sitnici je
jesté vice zvyraznén. b) Misto sluchoveho aparatu (hlemyzdé), kde jsou zvukoveé vibrace maximalni, je zvyraznéno proti méné vibrujicimu
okoli — kontrast je jesté ostrejsi.




Lateralni inhibice
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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 (X). 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 is
more inhibition from the brightly lit neighbors to the left). (From Ratdliff, 1965)
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Lateralni inhibice
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Topografie drah a poli - Sensorické mapy
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Sensorické mapy

- somatotopie
- retinotopie
- tonotopie
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NIV 7

Axony jednotlivych drah se kfizi v centralni roviné pred
vstupem do thalamu.

Zrakova, sluchova i somatosensoricka draha.
Cichova a chutova draha ne.
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Kazdy sensoricky systém (kromé cichu) ma sva specificka jadra v thalamu.
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V ramci jedné modality vedou paralelni drahy —
mozna kvuli vétsi rychlosti zpracovani, mozna
ruzny puvod.

Sluch: pozice zdroje a parametry zvuku jsou
zpracovavany oddélené

Zrak: oddelene se vyhodnocuje barva, kontury,
pohyb, pozice

Ukol pro CNS zpétné je integrovat do jednoho
celku.



3 Urovneé organizace sensorickych systémd

A) Receptory
B) Sensorické obvody a drahy
C) Sensoricka percepce




Sensoricky kortex

Primarni a sekundarni (asociacni, interpretacni) oblasti kiry.
Princip paralelnich rysovych analyzatort — specialistdl na linie,

barvy, tony, vzdalenosti, smery pohybu atd. Hierarchickée
skladani do celku




Co vnimame, kdyz slySime a vidime? Psychofyziologie.
Velka uloha zkusenosti a interpretace.
Vjemy jsou automaticky zarazovany, aktivne interpretovany.

Identifikace, emoce, pamét.







Kam se toci?



http://www.stribro.net/2007110002-pro-vas-usmev-test---kam-vidite--ze-se-toci-.html

= Vjemy z ruznych smyslU se integruji

* [luze s gumovou rukou —zrak a hmat
spolupracuji na vnimani polohy téla v
prostoru

» https://wolfes4e.sinauer.com/wai3.o4.html



https://wolfe4e.sinauer.com/wa13.04.html
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Mechanorecepce




Mechanorecepce

e Vedle chemorecepce nejstarsi smysl.
e Odhaluje podstatné vlastnosti prostredi. Sluch, hmat,

rovnovaha, zrychleni, propriorecepce, osmorecepce,
hygrorecepce? magnetorecepce?
e Konzervativni molekularni mechanismus



Mechanorecepce

Molekularni mechanismus

Do detaildl molekularni stavby jsou dnes znamy jen tri priklady
mechanicky vratkovanych kanall, a to na baktérii Escherichia
coli, had'atku Caenorhabditis elegans a octomilce D.
melanogaster.



E. coli jako model pro
vyzkum molekularniho
mechanismu

Culture in
cephalexin

Treat with
EDTA/Lysozyme

Patch clamp

(d)

Figure 5.1 Patch-clamping E cofi. (a) E. coli cell. (b) Cultured
in medium containing cephalexin and forms lengthy filaments.
(c) Filament treated with EDTA/lysozyme and rounds-up to
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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Aby mohla byt dokdzana schopnost mechanické citlivosti kanall, je potreba pouzit
techniku patch-clamp. Baktérie jsou vSak priliS malé, jen asi 1mikron v priméru. Byla-
i baktérie prilis mala, elektrofyziologové ji museli zvetsit. Nastésti existuji metody, jak
pomoci antibiotik vytvorit gigantické baktérie. Na cephalexinové plidé se replikuje DNA
a bunka se prodluzuje, ale bez deleni. Vznikne tak jakési vlakno az 100 mi dlouhé,
které ovSem po aplikace EDTA lysozymu se transformuje do koule 10 mi v prliméru.
To uz je dost pro terCikovy zamek. OBR. Kousicky membrany byly inkorporovany do
uméle vytvorenych lipozdmd a opét testovana mechanicka citlivost. Nakonec byl
vyizolovan a sekvenovan protein o 17kDa a nalezen gen s odpovidajici nukleotidovou
sekvenci. Kdyz pak byl gen umele exprimovan vzniklé bilkoviny inkorporované do
lipozdm{ opét vykazaly mechanickou citlivost — schopnost mechanického vratkovani
membrany. Dostal nazev MscL

Vykazuji strmou sigmoidni krivku mezi pravdépodobnosti otevreni a tenzi membrany.
OBR. Nejsou nijak selektivni a to spolu s jejich velkou vodivosti napovida, ze jde o
Siroké, vodou vyplnéné kanaly, ktery patfi mezi nejvétsi znamé vibec.

Analyza hydrofilnich a hydrofobnich skupin pomohla sestavit model, podle kterého
kanal sestava ze 6 podjednotek seskupenych okolo péru. Pri deformaci nebo tlaku v
membrané se podjednotky mirné rozestoupi. Umélé substituce Casti kanalu vedly k
zajimavym zmenam aktivity.



Analogie: SavCi osmosensitivni bunka hypotalamu —
napojeni na hormonalni osy vodniho hospodareni.

Hypotonicity Set-point Hypertonicity
(275 mosm) (295 mosm) (315 mosm)




Pro savce je udrzovani osmotické homeostazy stejné dllezité jako vyrovnavani se

s kolisajicim osmotickym sanim pro baktérie. U savcl jsou osmosensitivni buriky
lokalizovany do hypotalamu do tzv. magnocelularnich neurond. V jejich membranach
byly nalezeny receptory tahu a napnuti. Jejich axony jsou bohaté vétvené a pIné
neurohormond. Maji tedy vztah k neurosekreci ovladané hormonalni ose oxytocinu a
antidiuretického hormonu.

Neni zde zadna krevné-mozkova bariéra, takze osmotické poméry krve maji primy vliv.
Frekvence otevirani zjisténa patch campem korelovala s aplikaci hypertonického
roztoku OBR v némz se bunka zcvrkava a permeabilita kationtového kanalu roste.
Také zménami tlaku primo na sklenéné kapilare bylo zjisténo, ze membrana je
mechanickym napétim inaktivovana. Molekularni struktura nebyla v r. 2000 znama.
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Caenorhabditis*®
960 bunék

302 neuront
1998 genom

Figure 7.1 Caenorhabditis elegans. This worm is about
200mm in length. C. elegans consists 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
lving animal. Reprinted from J. G. White, 1985, ‘Neuronal
connectivity in Caenorhabditis elegans’, Trends in Neuro-
sciences 8, 277 with permission from Elsevier Science




Jemny dotek na hlavu zpUsobi obraceni pohybu a dotek na zadni ¢ast zplsobi pohyb
vpred. Byl zkouman velky pocet mutaci, které zplsobi poruchu tohoto zakladniho
chovani. Bylo vytipovano 15 gend, které zplsobi ztratu mechanosensitivity, aniz by

byla zasazena schopnost pohybu. Dostaly jméno mec geny a proteiny, které koduji
MEC proteiny.
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../Úvod do SB/C-elegans-responding-to-a-touch-stimulus[www.savevid.com].flv

6 hmatovych neuronl se svazky mikrotubuld

Po vyrazeni kolchicinem, laserem, mutacemi ztrata citlivosti

Figure 2 C. elegans touch-receptor structure and
transduction model. a, View of C. efegans showing
positions of mechanoreceptors. AVM, anterior ventral
microtubule cell; ALML/R, anterior lateral microtubule cell

left/right; PYM, posterior ventral microtubule cell; PLMUR,

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; arrowhead, mantle.
Madified from ref. 3. ¢, Proposed molecular mode for
touch receptor. Hypothetical locations of mec proteins are
indicated.

b
Cuticle
S.‘ et '3?'\\
y, ,.." “‘\\ ;,‘ L.
2 | W

{ .
B Yo %

: S ‘b h
. o

;'\ % Hypodermis '{;’,;

Cuticle

Neuronal
process

Cuticle

Fibrous
organelie

Mantle

Hypodarmis

Vas Microtubule
(15pf)

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 culicle by a
librous organelle’. It contains a bundle of microtubles (each

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




Extracellular anchor
(MEC-5)

Transduction channel Extracellular link
(MEC-4, MEC-67, (MEC-9)
MEC-10)

Stomatin-like
(MEC-2)

|
Microtubule (MEC-7, MEC-12)

Kdyz byla prokazana ztrata citlivosti u nékteré mutace, zjistovalo se, ktery to byl gen a
ktera bilkovina. Bylo definovano nékolik proteind tvoricich kationtovy kanal. Jak MEC-4
tak MEC-10 patri do velkorodiny pribuzné s podjednotkami savCiho Na kanalu. Kdyz jsou
MEC-4 a MEC-10 exprimovany v oocytu Xenopus je mozne pomoci voltage clamp merit
jejich otevreni — proudy pri urCitém potencialu. Zadné napét'ove sensitivni kanaly se pak
neuplatiuji a vSechny zmény iontovych tokd jdou na vrub mechanickému podrazdéni.

- dalSi vyznam Voltage clamp pro membranovou fyziologii



MEC-4 protein
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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




Pressure

i Cutcl \AAAA/

Mantie

Mantle

Cytoplasm
Figure 7.6 Conceptual model of C. elegans touch receptor. Explanation and nomenclature in text. From N. Tavernarakis and M.
Dnscoll, 1897, ‘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

Proud vyrazné vzroste, kdyz se exprimuje jesté i MEC-2. Podobné je to s MEC 6 kou.
Jak je tedy cely komplex pospojovan dohromady neni dosud zcela jasné, ale
pravdépodobné MEC-1, MEC-5 a MEC-9 jsou organizovany tak, Zze prenaseji tlak

z kutikuly na MEC-4 a oteviraji Na kanal. Tento mechanicky prenos je funkcni jen tehdy,

kdyz je kanal ukotven z intracelularni strany na mikrotubuly cytoplasmy.
Dale se uplatni MEC 7 a 12 coz jsou tubuliny, 5,1,9 jsou extracelularni, exkretované do
prostoru okolo sensorickych vybézka.



Behavioralni skrining hmyzu - Drosophila
a elektricky zaznam z hmatové brvy

Mutanti NompA a C
Necitlivi na dotek, ale i
nekoordinovani a hlusi

NompaA je extracelularni kotva a NompC je TRP kanal

gure SC fe e-receplo Odel.
a, Lateral view of 0. 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 organ.
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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Aby se zjistilo, zda jsou behavioralnim skriningem vybrani mutanti
defektni v transdukéni draze, byly méreny potencialy z brv dospélcli a srovnhavany
s wild-type mouchami.

Dotykové necitlivi larvalni mutanti se vyvinuli do dkladné
nekoordinovanych dospélcl, ktefi vykazovali zadny mechanorecepcni potencial
(nomp mutant). Evoluce patrné zakonzerovavla transdukéni mechanismus vice
mechanosensorickych modalit, protoze nekoordinovani mutanti byli také hlusi.
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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.




Mechanosensitivita TRP
Mutantni Drosophila hlucha a
Spatné chodici

3 mozné mechanismy:

a) Tenze membrany

b) Tenze kotvy cytoskeletu
c) Zmeéna aktivity enzymu




Diky pokrok@im v genetice a mol. Biol. had'atka jsme se dozvédéli néco, co
mdze platit i pro nasi vlastni mechanoreceptivitu: Rizné kanaly mohou byt pouzity —
MEC se zasadné lisi od osmotického kanalu baktérii nebo NOMPC proteinu
drosophily. A za druhé, cely komplex struktur je kromé kanalu zapotrebi jak na intra

tak na extracelularni strané membrany
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Figure 3 | Mechanisms of mechanotransducer current desensitization. Desensitization of mechanosensitive
currents manifests as a decline in response to sustained application of the mechanical stimulus. The different
desensitization rates of mechanotransducer currents relate to their functions as sensors of phasic and tonic stimuli, and
contribute to the extraction of biologically important information from the stimulus. a| A series of mechanical stimuli
applied in 0.7-pm increments in a rat dorsal root ganglion neuron elicits a family of rapidly adapting mechanosensitive
currents. b | A conditioning stimulus of increasing duration causes desensitization, manifested as a decrease in the current
response to subsequently delivered test steps. ¢ | Current—stimulus (I=X) relationships derived from (b} at different times
after the onset of the conditioning stimulus illustrate the effect of desensitization. In particular, the conditioning stimulus
shifts the activation curve rightward (adaptation) and reduces its amplitude relative to the control relationship
{(inactivation). d | A cartoon representation of the main states of mechanosensitive channels in sensory neurons.
Mechanical forces are conveyed to the pore-forming structure through an elastic element or gating spring, which can be
a cytoplasmic domain bound to phospholipids and/or cytoskeletal elements or an associated protein. When the gating
spring is stretched, channel domains are pulled apart, favouring the open state. As force is maintained, the channel either
inactivates, possibly via a ball-and-chain mechanism, or adapts. The inactivating ball could be either a cytoskeletal
element or part of the channel protein. During adaptation, the stiffness of the gating spring remains constant but the
channel reverts to a closed conformation. cT, conditioning time; |mﬂ, maximum current. Figure is modified, with
permission, from REF. 51@ {2010} Society for Neuroscience.




Propriorecepce-
somaticky smysl




S exoskeletem — Hmyz

KlOme Spojem I;igure 6.3 (a) The figure shows the brushwork of sensilla at

) the articulation of the second leg of the cockroach, Periplaneta
d proprloreceptory americana. The thick cuticle of the pleuron (pl) thins to a
delycate 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

qure L/ L 1) e-receplol moder,
a, Lateral view of 0. 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 organ.
Movement of the bristle towards the cuticle of
the fly (arrow) displaces the dendrite and

elicits an excitatory response in the Netran

mechanosgnsory newron. b Transmission = Extracellular anchor (NompA)

electron micrograph of an insect mechanosensory /

bristle showing the insertion of the dendrite at the base of = ETC=000— s =
=T A 000 Wi =

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.

f, Extracellular link
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transduction transduction
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Aktivni zvirata potrebuji informace o poloze téla a konc”:gtin | o
U zivocich( s tuhym exoskeletem (¢lenovci) se toho typicky dos,ahIUJe, vnejsimi-
sensory v podobé plosek hmatovych chloupkl nebo chordotonalni vidkénka uvnitt.

Mo

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 adapting sensory neuron; S1, S2 — sensory
fibres; Mo1 = three thin motor fibres to RM1: Mo2 — thick motor fibre to RM2; J = inhibitory fibre. From Handbook of Physiology,
Section 1, Volume 1, Neurophysiology (1959), p. 378. Reproduced by permission of The American Physiological Society

Existuji jeste jiné mechanoreceptory, multipolarni neurony svmnPha denglrity
opéet bohatymi na mikrotubuly. U raka nebo u larev hmyzu tésné pod méekkou

kutikulou



200 nA

100 ms

Dost velké pro elektrofyziologii
V- clamp

Svalova propriorecepce raka

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 0 L
potential (for SA) and 50 mV
negative to the resting mem-
brane potential (for RSA).
(From Erxleben, 1989.)
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Ackoli je had'atko idealni pro genetiku a molekularni biologii, je mnohem méné
pro detailni vyzkum funkce, Mala velikost receptorovych bunék znemoznuje rutinni
elektrofyziologicka meéreni. Pro svalové proprioreceptory raka na druhé strané
nemame zadné klonované geny nebo sekvenované proteiny, ale elektrofyziologie
je relativné jednoducha.

Mezi kazdymi dvéma clanky zadecku raka jsou dva pary svalovych receptorovych
organd, které monitoruji pohyby zadecku. Svalova vlakna jsou obklopena jemnymi
dendritickymi terminalami jednoho velkého mechanoreceptoru OBR. Dendrity jsou
pIné mikrotubull, podobné jako u had'atka. Kdyz se zadecek ohyba, receptory se
protahuji, depolarizuji a generuji AP.

Pomoci V clamp je mozné sledovat dva typy, jeden se adaptuje rychle a druhy
pomalu OBR. Pipetkou je také mozné napét'oveé zamknout jediny kanal a fizenym
podtlakem v pipeté sledovat mechanickou citlivost kanalu.



Drosophila
Hledali se mechanosensoricti mutanti u octomilek adaptaci C. elegans

skriningu. Zdokonalené genetické metody spolu s moznosti zaznamenavat
mechanosensitivni receptorové potencialy a proudy z hmatovych brv, ucinily

z octomilky dokonaly nastroj pro rozbor mechanorecepce. Smyslové organy much
maji 1-3 smyslové neurony, kazdy s jednim smyslovym dendritem vybihajicim do
jediného vlasku podepiranym pridatnymi bunkami.

Protoze velké brvy jsou duté a vyplnéné vodivou endolymfou bohatou na
K+ podobné jako endolymfa lidského sluchového a vestibularniho organu,
endolymfa omyva apikalni povrch smyslového epitelu. Elektricky pristup k tenkym
sensorickym dendritim je proto mozny usttizenim Spic¢ky brvy a nasazenim
zaznamenavaci a stimulacni elektrody na vrcholek. Je pak mozné zamknout
potencial pres membranu a sledovat mechanicky vratkované transdukcni proudy.



Propriorecepce a endoskelet

U zivocichl a endoskeletem a mékkym povrchem téla je mnohem vétsi
pozornost soustredéna na tenzi svaloviny. Smysl| pro polohu a pohyb téla je
Casto podvédomy, naproti tomu poskytuje nezbytny stav vnimani svého
Jtelesného obrazu®. Je doplnovan informacemi z oci, statokinetického
aparatu.
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Zivot bez ,,obrazu o vlastnim téle"

12.1 Living Without Kinesthesis

Close your eyes. Now cross your legs. Tap your foot. Raise your left hand.
Touch your nose with your right index finger. These tasks shouldn't be too
difficult (unless you're just back from a night on the town).

But at the age of 19, Englishman Ian Waterman suffered a viral infection and
lost the ability to do these things. Not because he was paralyzed: his
muscular control was unaffected by the infection. What was affected was his
sense of proprioception, a word that literally means “sense of self,” but is
used by psychologists to describe our perception of where our body parts
are, Proprioception, like its sister sense kinesthesis, is driven by
somatosensory receptors in our muscles and joints, and the nerves
connecting Waterman's proprioceptive receptors to his brain had been cut
off.

Waterman was initially confined to a wheelchair because of his condition, but
over a number of years he eventually learned to use his eyes to tell him what
his proprioceptive receptors no longer could. He is able to walk now because
he watches his legs move and puts one foot down when it moves in front of
the other.

Waterman's case is described in a book called Pride and a Daily Marathon,
by his physician, neurologist Jonathan Cole. A summary of the case is
available in an archived article in the APA Monitor, linked below.
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http://www.the-
scientist.com/?articles.view/articleNo/46796/title/Proprioception--The-
Sense-Within/
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Taktilni kozni receptory — smysl
pro dotek a hmat, teplotu
a bolest

Tlak, dotyk, vibrace.
R{zna adaptace receptord
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Taktilni receptory v kiiZi obratlovci

Je celd rada zpUsobl jak klasifikovat receptory doteku v kizi savcl. Neurony,
které tvori dotykove citliva zakonceni maji jadra v dorzalnim sloupci ganglii
segmentalné podél michy. Jak dosahnou kliZze, ztraceji myelin a tvori jemné
dendrity, obvykle obalené extracelularni matrix a pridavnymi bunkami, tvorici
extraceluarni specializace.

Nékteré jsou citlivé na teplotu a na bolest. Rychle se adaptuji Paciniho téliska,
Meissnerova teliska, Krauseho téliska a nervova zakonceni chlupového vacku.
Pomalu: Merkelovy disky, Ruffiniho zakonCeni a C-mechanoreceptory. OBR - tlak,
dotyk, vibrace

Pomala adaptace vhodna na Citi tvaru — co drzime, co ¢teme Brailleovym

pismem. Rychle adaptujici — nizkofrekvencni kmity a vibrace — struktura a forma
— |lépe pozname predmét a povrch, kdyz s nim v ruce pohybujeme. Paciniho na
vysokeé frekvence — nahlé podrazdeni — jemné zavany vzduchu.
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Pomala adaptace na Citi tvaru — co drzime, co ¢teme Brailleovym pismem. Rychle

adaptujici — nizkofrekvencni kmity a vibrace — struktura a forma — Iépe pozname
predmét a povrch, kdyZ s nim v ruce pohybujeme. Paciniho na vysoké frekvence — nahlé

podrazdéni — jemné zavany vzduchu
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Paciniho télisko a vliv pritomnosti kapsule na adaptaci

274 SENSORY SYSTEMS

A NORMAL CORPUSCLE B DESHEATHED CORPUSCLE C THRESHOLDS FOR VIBRATORY STIMUL
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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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Plasticita
somatosensorické kary

Reprezentace se meni
podle pouzivani

Houslisté, slepci

Figure 7.16 Mouse whisker barrels. (a) Head showing five
rows of vibrissae. (b) Section of cortex showing ‘barrels
corrresponding 1o one whisker. (c) Diagram to show ?
organisation of the whisker barrels. (d) Diagrams to show the
effect of removing whiskears. (i) Full set of whiskers, full set of
barrels; (i) one row ol whiskers removed, unaffected barre
grow Into termtory of unused barrels
whiskers removed,; again una £ 2

ing barrels; (iv) total removal of whisi : loss of all

Woolsay & van der Loos, 1970: with
owan, 1979: wilth permission




Podobna zjisténi na lidech pomoci fNMR a MEG.
Somatosensorické reprezentace prstll levé ruky jsou vyrazné
vétsi i houslistd. Nebo u slepych ctoucich Brailleovo pismo
jsou oblasti pro dané prsty vetsi.

Zajimave také, je, ze u téch, kteri oslepli v mladi, jsou
tyto oblasti spojeny s kirou, kterd u normalnich lidi slouzi
k analyze zraku. Tyto spoje jsou dllezité pro presnost cteni.

R{zna velikost recepcnich poli — podle pozadavkd na jemnost
prostoroveho rozliseni:
http://sites.sinauer.com/wolfe4e/wal3.05.html
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Zaver

Mechanorecepce je ionotropni, méne nez 100mikros.
Prinejmensim dva zcela odlisSné druhy kanalti: MEC, NOMPC,
ktery patri k TRP rodiné. Mozna i dalsi typy. Bez ohledu na
konformaci, vSechny jsou kationtove neselektivni s vyjimkou
Paramecium. Také témer univerzalni schéma propojeni
extra — intra, soustredici silu na kanal.



Mechanorecepce

e Typicky rychlé, ionotropni fizeni kanall, ale:

- Mechanické podnéty mohou zapinat a vypinat geny. V mnohobunécné tkani je
kazda bunka v kontaktu se svymi sousedkami i s okolni extracelularni hmotou
prostrednictvim mnoha typU pfilnavych molekul, které prenaseji mezi bunkami
nejen chemické signaly, ale i sily mechanické a deformacni. Vétsina bunék neni
schopna dlouhodobého zivota, pokud postrada mechanické kontakty, at' uz s
okolnimi burfikami nebo s pevhym povrchem.
- Mezenchymalni kmenové bunky nasazené na podlozky rlizné mechanické tuhosti
diferencuji na rlizné bunécné typy. Na mékkych podlozkach se méni v neurony, na
stredné tuhych podlozkach ve svalové buriky a na nejtvrdsich v kostni buriky.
(Vesmir 3, 2010)



Mechanorecepce muze pfimo fidit expresi

Napf. rust svall (IGF —insulin-like growth factor)

Stretching a cell changes the shape of
IGF-II\ Growth the cytoskeleton, stimulating a

@ factor membrane-bound mechanoreceptor,
\ receptor which activates a protein kinase
Mechanoreceptor

Cytoplasmic target proteins, including
‘ \g ) > transcription factors, are
Cytoskeleton N/ : phosphorylated. This enhances the rate
e of expression of genes encoding
regulatory proteins, such as IGF-II

@ After export from the nucleus, the
mRNA for the protein is translated in the
rough ER, and packaged into transport
vesicles.

Golgi D

— [
v
. -

Rough ER

Vesicles fuse to the plasma membrane,
causing exocytosis of IGF-II.

Nucleus Phosphorylation of other transcription
factors leads to a change in expression

of genes for muscle-specific proteins.

Once IGF-II binds its receptor, it
activates another protein kinase.

Figure 5.33 Control of gene expression by stretch receptors Some muscle
Cells sense the degree of stretch and respond by a cascade initiated by stretch receptors and
CUlminating in changes in muscle gene expression.



... nebo uvoliovani chemickych signald fidicich srde¢ni €innost.
Mechanické napeti prenaseno na cytoskelet a mozna primo méni enzymatickou

aktivitu vazaného signalniho komplexu.
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X-ROS signaling. In heart muscle cells, transverse tubule (T-T) membranes con-
tain voltage-gated Ca?* channels (VGCC, green). Influx of Ca?+ through the chan-
nels generates signals that open RyR2 channels (blue) in the neighboring sar-
coplasmic reticulum (SR); the ensuing Ca?+ release promotes cell contraction.
The T-T membrane also contains the NOX2 subunits p22 and gp91 (red). Before
stretch (A), NOX2 activity, production of ROS (red dots), and Ca?* sparks (blue
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dots) are low. A moderate stretch (B) causes an immediate activation of NOX2 by
recruiting its requlatory subunits (p40, p47, p67, and racl) to the T-T membrane
via a mechanism that requires intact microtubules. The resulting increase in ROS
production sensitizes RyR2 to activation by Ca%+, presumably by changing RyR2
redox state, causing a burst of Ca?* sparks. Returning the cell to its initial length
returns X-ROS signaling to its initial state. [Figure adapted from (2)]



Cells are continuously subjected to mechanical forces that influence cell
division, gene expression, cell migration, morphogenesis, cell adhesion, fluid
homeostasis, ion channel gating and vesicular transport. The rapidly growing field of
mechanobiology is focused on investigating the influence of mechanical forces on
cellular and molecular processes.

The primary motivations of mechanobiological investigations are to uncover
the mechanisms that enable cells to sense, transduce and respond to mechanical
stimuli, as well as to characterize the mechanical properties of molecules and cells.

Nanoscopic changes in plasma membrane stress and tension can influence ion channel
activity, synaptic vesicle clustering, neurotransmitter release and axonal growth cone
dynamics.
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Ozmeolarity

Mechanical forces are generated
and transduced in neurons. a | The
cell body of a neuron, showing cellular
and molecular components that
transduce or sense micromechanical
forces. The components illustrated,

such as the plasma membrane, ion
channels, actin filaments, microtubules,
neurofilaments, motor proteins,
spectrins, integrins, extracellular
matrix, lipid rafts and osmolarity, have
key roles in neuronal and glial function.
b | A neuron or glial cell showing
several properties of plasma
membranes, including the bending
(KB), compression (KC) and area
expansion (KA) moduli. Stalling (/stall)
and buckling (Auckle) forces act on
actin filaments, and microtubules and
neurofilaments interact and exert
pushing (Aush) and pulling (Apull)
forces. Adhesion forces (Fadhesion)
generated by cell adhesion molecules,
such as integrins and cadherins, couple
cells together. In addition, interaction
(Anteract) and hydrophobic matching
(Amatch) forces are generated by the
inclusion of a protein, such as an ion




Box 1| Experimental strategies to probe mechanotransduction

The development of various 8 Celi-based assays

techniques for studying mechano- Stretch of a

transduction has opened up new patchmembrane  Motor-driven ]
pathways for the investigation Hypotonic cell swelling e
of molecular mechanisms of 0 i -

mechanosensation. These
techniques can be used to bridge
the gap between the properties
of mechanotransducer currents
in vitro and the characteristics of
mechanoreceptors in vivo.
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Cell-based assays

Several types of mechanical
challenges can be used to activate
mechanosensitive channels (see
the figure, part a). These strategies
are based on membrane
deformation, yet each has the
potential to recruit different
populations of mechanosensitive 8.5 um

channels. J \\
0 pm

Motor-driven pressure. Focal
deformation of the plasma \ Patch
membrane uses an electrically pipette
driven mechanical probe. This
technique can be applied to cell

Membrane
stretch using
a magnet

E Stretch of the —_— Membrane

seeded surface protein

b Whole-cell mechano-clamp

Stimulus

bodies and neurites of sensory Mechadlical > L { > S

neurons in vitro*+%, probe Pl B(p pA
100 ms

Cell stretch. Two methods are E-

commonly used — surface Patch 2

elongation of a flexible silicone pipette &

elastomer substrate on which b . .< 5 <

cells have been seeded*” and

application of positive or negative Mechanical

pressures to a patch membrane probe \ um - ‘%ﬁé

through a patch pipette?®-138.159,
Arecently developed, related technique consists of stimulating neurites of cultured dorsal root ganglion (DRG) neurons
through indentation of an elastomeric substrate adjacent to the neurite with a mechanical probe’®.
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Figure 1| Tension biosensor. a, To measure
localized cellular forces, Grashoff et al.’ designed
a tension-sensor module by using an elastic
protein segment — 40 amino acids long and
derived from the sequence of flagelliform, a
spider silk protein (SSP) — flanked by two
fluorescent proteins (blue and green). They
inserted this sensor module between the

head and tail domains of vinculin, a protein
component of cell-adhesion structures. Talin
b, Increased cellular tension across the vinculin-
tension sensor stretches the SSP region, resulting geees
in decreased fluorescence as the two fluorescent | JIH
proteins are pulled apart (as measured by

Increased
tension

Extracellular

fluorescence resonance energy transfer). In this  matrix Dl
way, tension is quantified by measuringchanges | ————————s—— =2 |
in fluorescence. (Figure not to scale.) / Xe—7— =
=y - e ——
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