Pohyb je jedna ze zakladnich vlastnosti zivota
Pohyb x lokomoce

Pro lokomoci zasadni spoluprace kostry téla a svalu




Tvar téla, pohyb a opora

Tvar zvifete je velmi dualezity. Morfologie téla je vzdy adaptovana na konkrétni
zpusob lokomoce.

Pf1 udrzovani stalého tvaru téla tkané musi odolavat dvéma deformujicim silam -
externim (gravitace, tlaky) a silam internim (vlastnich svalu).

Suchozems§ti a 1étajici tvorové musi odolavat zejména gravitacnim silam. Vodni
zivocichové zase vodnim proudiim a gravitace nema tak zasadn{ dilezitost.

Velikost t¢la ma zasadni vliv na stavbu oporné a svalové soustavy.



Jednotici faktor bezobratlych: Velikost téla
Bez obratlt — na sousi musi byt mali, pokud velci, tak vazani na vodu.

V zasadé¢ jsou mali.
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Jednotici faktor bezobratlych: Velikost téla

Relativni svalovy vykon klesa s velikosti svalu — Pro malé velka vyhoda.

Naroky na opornou soustavu rostou s velikosti téla — niz§i investice u malych.

Naklady na lokomoci na jednotku hmotnosti a kilometr klesaji s rostouci hmotnosti bez ohledu na
taxon nebo pocet nohou diky vétsim odporim. - Pro malé tedy nevyhoda vysokych nakladu.

Cost of locomotion (kJ kg™' km~")
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Jednotici faktor bezobratlych: Velikost téla

Vétsi st mohou dovolit vyssi rychlosti letu nebo plavani.

Flight requirements are different for
large and small insects
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Skelet bezobratlych:

eHydrostaticky skelet:
tekutina — meékka sténa (plosténci, hlistice,
krouzkovci, larvy hmyzu)
tekutina — tuha sténa (noha pavouka)
Svalovy vak — noha, chapadla mékkysu
eExoskelet — mekkysi, clenovci
eEndoskelet — ostnokozci



Vetsina bezobratlych vyuziva exoskelet.

Vyhody exoskeletu — |' :
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Vznaseni ve vode — vyuzivani vztlaku

Jestlize je vodni zivocich tézsi nez voda, ¢ast energie padne na zabranéni klesnutf ke dnu. Pro
veétsi zvifata je tento problém palcivéjsi nez pro mala. Bud’ musi stale plavat nebo redukovat
hustotu. To lze:

1. Redukci tézkych opornych struktur (tvofenych uhlicitany, fosforecnany, Ca).
Nahrazenim tézkych ionth v télnich tekutinach (Mg, Ca a SO,) leh¢imi Na, Cl, nebo
dokonce H* a NH,") — napt meduza Auwrelsa.

3. Odstranénim ionth bez nahrady (bezobratli nepouzivaji, ryby ano — dopad na pH).

Zvysenim mnozstvi lehkych latek — tukd a olejt.

5. Uzitim plynovych plovaki jako je méchyf ryb.

e



Redukce tézkych struktur (uhlicitany, fosforecnany Ca).

P11, ktefi se pohybuyji pelagicky (vznasi se), postradaji schranky. Podobné 1 lackovci (meduza)
nema CaCOyj skelet, charakteristicky naopak pro usedlé formy jako jsou korali. Krab
Callinectes nesel prilis daleko v redukct skeletu — musi stale plavat aby se nepotopil.

Pi1 redukct je ovSem velka nevyhoda ztrata
mechanické opory- Proto tolerovatelna spise u
malych zivocichd. Alternativou je vybudovani
kostry z leh¢ich materiald. Napfiklad chobotnice
nahradila CaCO; kostru jeji ptibuzné sépie lehci
strukturou z chitinu (tzv. péro).




Nahrazenim tézkych ionta (Mg, Ca a SO,) leh¢imi Na, Cl, nebo dokonce H" a NH, ") —
napt medtza Aurelia.

I velci Zivocichové uzivaji nahradu tézsich iontt lehcimi. Jako
napf. skupina hlubokomoftskych chobotnic Cranchiidae.
Tekutinou vyplnéna coelomova dutina je velmi velka a tvofi
az 2/3 zvifete. Pokud je voln¢ oteviena, zvife ztraci svou
vznasivost a klesa. Normalné tedy vylucuje tézké SO,, Ca a
Mg ionty a nahrazuje je NH,. pH je pak kyselé — 5.2




Tuky a oleje — Mnoho planktonnich organismt obsahuje tuky. Je to zasobarna energie, ale také

zajist'uje nadnaseni. Planktonni rostliny radéji pouzivaji tuk nez skrob — ackoliv ten je u rostlin
béznéjsi.
Plynové plovaky

Toto feSeni ma ale nedostatky: zalezi na tom, jestli je v mékkém nebo pevném obalu. P1i
potapeni se totiz smrst’uje. Jak se zvife potapi, ztraci vytlak a maze klesnout. Kromé toho je
tézké udrzet plyn pod takovym tlakem proti difuzi. Pfi vynofovani bez moznosti upousténi
plynu by se méchyf mnohonasobné rozepnul, coz by mohlo pro zvife byt fatalni.

Physalia méchytovka portugalska - Svym vzhledem
pfipomina pifbuzné meduzy. Je to ale seskupeni stovek
jednotlivych trubyst. Ziji pod spoleénym zvonem, ktery je
naplnény plynem a vznasi se na hladiné. Kolonii tvofi
nckolik typt trubyst, které plni rizné dlohy - nékteré lovi
kofist, jini vytvareji vajicka. Jed ve vlaknech je podobny jedu
kobry. Pro clovéka zahnuti nebezpecné jen vyjimecne. Plave
na hladin¢ mofe a driftuje ve vétru.




Physalia méchytfovka portugalska (portugalska galéra)

Tlak v plovaku je stejny jako atmosféricky, ale je slozen z 90% z CO. O, je
méné nez na vzduchu, CO, je zanedbatelné, dusik tvofi zbytek. Plyn je
produkovan plynovou zlazou (podobné jako

ryby), ktera pouziva AK serin jako substrat

pro tvorbu CO. ,,

' Air+CO(10%) ISR
SRt e ‘AJ ;‘.:.
‘\\:7, Gt o ,».":-'I

Apical pore

Také napt. plz vorenka ktehka (Jathina jathina)
Bubliny tvofené hlenem na spodku nohy — hlavou dolt.
Lovi méchytovky.

Rafty vorenek vznikly modifikaci hmoty obalujici vajicka,
ktera postupné zachycovala ¢im dal vic vzduchu.

http:/ /www.rozhlas.cz/leonardo/priroda/_zprava/jak-sneci-prisli-k-bublinovym-raftum--961078



Pokud je plyn uzavien v tuhé schrance, potiZe se rozepinanim nejsou a zivocich muaze jezdit nahoru i
dola. Navic slouzi i jako skelet. To vyuziva sépie — skoro 1/10 objemu t¢la je tvofena sépiovou kosti
vyplnénou komutrkami s plynem, ktera nadnasi. Kost je z CaCOj a chitinu.

Jak regulovat difuzi plynt z vody do komurek v riznych hloubkach kdyz plynovou zlazu nemaji?

Vodu tlacici se v hloubce vysaje ionty transportujici epitel a plyn uz dodifunduje. Podobné i lodénka
Nautilus plni komirky plynem pomoci vodnfho transportu a tak kompenzuje tlakové rozdily.
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Vznaseni ve vodé

CUTTLEBONE The buoyancy mechanism of the cuttlefish
(a relative of the squid and octopus) depends on a
gas-filled structure, the cuttlebone, made of calcium
carbonate. The cuttlebone consists of thin layers of calcium
carbonate, spaced about 0.66 mm apart, and supported by
pillars of the same material. [Courtesy of M. L. Blankenship,
Duke University]
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Figure 10.35 Diagram of a cuttlefish, a marine cephalo-
pod that uses a gas-filled rigid structure called the
cuttlebone to achieve neutral buoyancy in water. The
posterior part of the cuttlebone (shown in black) is filled
with liquid. In sea water the cuttlebone gives a net lift of
4% of the animal’'s weight in air and thus balances the
excess weight of the rest of the animal.

[Denton and Gilpin-Brown 1961]

Nautilus

Figure 10.36 The shell of the chambered nautilus. Section
of the shell of Nautilus macromphalus, oriented in its
natural position. The chambers are gas-filled, and new
chambers are added as the animal grows. A new chamber
is initially filled with fluid, which is withdrawn osmotically
and replaced by gases. A small amount of liquid remains in
the most recently formed chambers. [Denton and Gilpin-
Brown 1966]



Vznaseni ve vode
Srovnani ruznych feseni

ach wate!

Reduction of heavy
structures 0 Fair Poor Excellent Poor No maintenance
Replacement of heavy
ions 200 Good Poor Excellent Fair Needs continuous
maintenance
Fat 50 Good Good Excellent Good High initial cost, no
; maintenance
Squalene 35 Good Good Excellent Good High initial cost, no
maintenance
Soft-walled gas float 5 Excellent Excellent Poor Excellent  Needs continuous
maintenance
Rigid-walled gas float 10 Excellent Excellent Good Excellent  Probably needs
' maintenance

Table 10.9 Advantages and disadvantages of various
mechanisms used by aquatic organisms to improve

buoyancy.



Hydroskelet tekutina+meékka sténa
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Figure 10.25 The crawling earthworm uses its body fluids
as an internal hydrostatic skeleton. Contraction of circular
muscles pushes the front end forward and is followed by a
contraction in longitudinal muscles that thickens the body.
The thickened segments remain in place relative to the
ground as the other parts move forward. The track of
individual points on the worm’s body and their movements
relative to each other are shown by the lines running
obliquely forward from left to right of the diagram. Diagram
was prepared from a movie film. [Gray and Lissmann 1938]

Pohyb Zizaly. T¢lo je rozdéleno septy na kompartmenty.
Diky tomu jsou casti t¢la

nezavislé, coz velmi napomaha lokomoci. Pf1 zranéni
bez sept (Arenicola, piskovnik, Polychaeta) je pohyb
nemozny. Naproti tomu 1 rozputlena zizala se dobfe

pohybuje.



Hydroskelet tekutina + tuha sténa

Pavouct nemaji extenzory. Rozevfeni se da
dosahnout bud’ pruznym pantem — jako maji
lastury nebo hydraulickym tlakem. Kdyz svérac
lastury relaxuje, lastura se otevira. Ale utrzena
noha pavouka nedéla nic. Ztrati-li pavouk pii

zranéni tlak, neni schopen pohybu.

JUMPING SPIDER The jumping spider (Sitticus
pubescens), like other spiders, lacks muscles for extension
of its legs. When this spider leaps on its prey, it uses the
hind pair of legs, which are extended hydraulically by plood
pressure. [Courtesy of G. A. Parry, Cambridge University]



Sviravé pojivo.

Pojivova tkan jako jsou §lachy a vazy ma zpravidla pasivni vlastnosti a neméni své
vlastnosti. Ale u ostnokozcu jsou unikatni kolagenni pojivova vlakna, ktera maji variabilni
tuhost, ktera je pod nervovou kontrolou. Kdyz je zvife vyruseno, stane se pojivo velmi
tuhym. Spoje mezi kosternimi elementy se stanou imobilni. Je to podobné jako u mlza
uzavirajicich lastury bez vynalozeni energie. Pf1 doteku na jezovku se ostny vztyci a

zastanou tuhé.
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Pohyb celych bunék diky

cytoskeletu




Stavba myosinovée fibrily

Myosinove hlavy maji
dvé vazebna mista.
Jedno pro ATP

s ATPazovou aktivitou,
druhé pro aktin.

(@) Myosin molecules of a thick filament

Cross-bridges

(b) A single myosin molecule

Actin-binding site

ATP-binding site

Light chains

S I
V H 'n
Tail of myosin Head of myos!
heavy chain heavy chain



CONNECTIVE
TISSUE

Pohyb svall diky uspofadané staZlivosti
spolupracujicich bunék.

MUSCLE consists of cells full of strands called myofibrils, which
are in turn made up of contractile units called sarcomeres. The
key components of sarcomeres are two filamentary proteins,
actin and myosin. These protein molecules slide over one another
telescopically as the sarcomere contracts and uncontracts.

BUNDLE OF FIBERS




Svaly

Svaly jsou biologické stroje, které
konvertuji chemickou energii na
mechanickou praci a teplo.

Univerzalni mechanismus stahu
Rozdéleni: hladka (vnitfni organy) a
Zihana svalovina (lokomoce) u

bezobratlych neplati

Hmyz ma pouze zihanou
Mekkysi pouze hladkou
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Zihana svalovina - stimulace

Od elektrického stimulu po pohyb
cytoskeletu
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Ca spousti interakci
myosinu s aktinem

Vapnik iniciuje setkani Myosinu s
Aktinem

Fig. 50-28

Tropomyosin Ca?*-binding sites
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@ Acetylcholine released by

axon of motor neuron @ Action potential generated

crosses cleft and binds to in response to binding of

receptors/channels on acetylcholine and subsequent

motor end plate. end plate potential is @ Action potential in T tubule

: propagated across surface triggers Ca2+ release from
Terminal button membrane and down T tubules sarcoplasmic reticulum.
of muscle cell.
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being physically
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uncover Ccross-
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@ With Ca2+ no longer bound
to troponin, tropomyosin slips
back to its blocking position over
binding sites on actin;
contraction ends; actin slides back
to original resting position.

® Ca2+ actively
taken up by
sarcoplasmic
reticulum when
there is no longer @ Myosin cross bridges attach to actin and bend,
local action pulling actin filaments toward center of
potential. sarcomere; powered by energy provided by ATP.




Capillary

Varicosity containing
vesicles of neurotransmitter
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Hladka svalovina - kontrakce T
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an increase in muscle
tension.



Animace/Svalová struktura a kontrakce/Structure 1.swf

Hladka svalovina -
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Animace/Svalová struktura a kontrakce/Structure 1.swf
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Sval hmyzu — tracheola zasahujici do nitra vlakna
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Jak predkové hmyzu opustili vodni prostiedi, bylo pro né nezbytné vyvinout prostredky pro pohyb
na suchu. Investice do pohybového aparatu mohou byt velmi velké. Letové svaly u nc¢kterych
druhtd mohou pfedstavovat az 65% vahy téla. Svalové vykony hmyzu jsou udivujici (skok, nosnost)
takze by se mohlo zdat, ze jsou jinak konstruovany. Nejsou, jsou v podstaté shodné. Relativni sily
je dana allometrii. Snad jen pocet svali u nékterych druht hmyzu prevysuje cloveka.

Hmyz ma dva hlavni typy sval: visceralni a skeletalni. Visceralni obklopuji vnitfni organy, ale
nepfipojuji se k télni sténé. Skeletaln{ jsou ukotveny do exoskeletu. Hmyz nema hladkou svalovinu,
a tak v obou pfipadech jde o svalovinu pficné pruhovanou, ktera vsak mize byt z histologického
hlediska dosti odlisné utvarena.
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Endoskeletn{ dtvary hmyzu

A = endoskeletn{ 1li¥ta, B - apodema; a = lutikula, b = epider-
mis



Tonofibrily skeletalnich svalu
Museji zespodu projit epidermis az ke kutikule.
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Fig: 3.2 Muscle attachments to bodv wall: (a) tonofibrillae traversing the epidermis from the muscle to the
cutu:!e; (b) a muscle attachment in an adult beetle of Chrysobothrus femorata (Coleoptera: Buprestidae), (¢) a
multicellular apodeme with a muscle attached to one of its thread-like, cuticular "tendons’. {,;m,,

Snodgrass, 1935.)
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Elasticita kutikuly

Kutikula bohata na resilin je pruzna a mtze fungovat jako akumulator energie. Maly sval nemuze
vyvinout takovou relativn{ rychlost jako sval velky a dosahnout stejného zrychleni. Mize ale
energii ulozit do napnuté kutikuly a pak vystfelit. Jak z praku, jak lusknuti prstt nebo Sprtnuti
prsty. Blecha startuje rychlosti 2000ms-2, coz je zrychleni 200g. Jediné resilin ji mutze takto
katapultovat. Podobné kovafik — prohnutim t¢la dosahuje zrychleni 400g,

Velka cast energie, ktera byla nutna pro pohyb kfidel shora dold je uchovana v napéti pruznych
stén hrudniku a je znovu vyuzita pit pohybu kfidla zdola nahoru.



Elasticita kutikuly

Kutikula bohata na resﬂm )e pruzna a muze fungovat jako akumulator energie. Maly sval nemuze

vyvinout tako
energii ulozit d
prsty. Blecha st
katapultovat.

Velka cast ene { pruznych
stén hrudniku



Svaly ¢lenovcl

U hmyzu se déli se na synchronni a asynchronni.

Synchronni: rychla a pomala svalova vlakna. Rychla maji kratsi sarkomery, vice
sarkoplazmatického retikula, a pomér aktinu a myosinu 3:1. Inervovany excitacnimi rychlymi
neurony, na synapsi vylévano velké mnozstvi mediatoru. Pomalé 12:1 aktin/myosin. Malo sar.
retikula. Vapnik zastava déle a maji pomalejsi relaxaci. Casto inervovany pomalymi neurony:.
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Inervace -3 typy neuronu bezobratlych
Excitacni: pomalé a rychlé, ale 1 Inhibi¢ni

() Vertebrate tonic muscle fibers (b) Arthropod muscle fibers

Excitatory neurons Inhibitory neuron

Motor neuron

Overlapping
motor units

Multiterminal innervation

Polyneuronal, multiterminal innervation



Mnohocetna inervace svall ¢lenovcul

Sval obratlovct je inervovan mnoha neurony,
kazdy axon jde ke malé skupiné¢ svalt. Korysi
naopak malo neurond, ale multiterminaln{
inervace. Vedle toho jsou excita¢ni (rychlé a
pomalé) a inhibicn{ vlakna. Inhibi¢ni u
obratlovct nejsou.

Inhibice se u obratlovcd odehrava na urovni
motoneurond a ne na urovni svalu. Celkové
je axont bezobratlych vedoucich od
motoneurond ke svalu malo — na rozdil od
obratlovct. Az axony se vetvi k mnoha
svalovym vlaknim. Sval se tak chova jako
jednotka. Gradace stahu je proto dana
balancovanim mezi excitacnimi a inhibi¢nimi
impulzy. Troji inervaci je umoznéna siroka
skala odstupnovani stahu.

Twitch

Inhibitory

Crustacean Vertebrate striated

Figure 10.22 Top: a crustacean muscle is innervated from
a few neurons, and the nerve fibers branch extensively and
supply the entire muscle. Vertebrate muscle is innervated
from a large number of neurons in the spinal cord, each
one supplying a relatively small number of muscle fibers.
Bottom: a crustacean muscle fiber supplied by three
different nerve fibers, one for fast contraction, one for slow
contraction, and one for inhibition.



Napiiklad sval ve stehné kobylky je inervovan dvéma motorickymi neurony, z nichz kazdy ma
4.000-5.000 axonovych terminal. Kazda terminala ma jest¢ 5-30 synaptickych plosek, takze mezi
svalem a nervem existuje asi 100.000 synaptickych kontakti. Hmyzi svalova membrana, v kontrastu
se svalovou membranou obratlovcl, nema schopnost propagovat akéni potencialy, a tak potfebuje
pro aktivact celého svalu synapsi na kazdych 20-80um.
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Transmittery a myotropni latky:
L-glutamat aktivacni, GABA inhibicni.

Nekteré skeletalni svaly mohou byt inervovany neurony samostatného NS (DUM dorsal
unpaired medial), které uvolfiuji octopamin, ktery je schopen modulovat ucinky jinych
mediatort. U sarance zvySuje vykon svalt po zacatku letu a stimuluje adipokineticky h. ,
ktery také mobilizuje lipidy.

Myotropni peptidy: jak skeletalni tak visceralni svaly mohou byt modulovany myotropnimi
neuropeptidy. Proctolin, kardioakceleracni peptid, myokininy, tachykininy.



Typy zihané svaloviny.

1. svazky fibril s malo zfetelnym zihanim obklopenych cytoplasmou - vlakno osové 2. podobna
svalovym vlaknim obratlovcu s velmi zfetelnym zithanim a s rozptylenymi nebo periferné
ulozenymi jadry - vlakno disperzni 3. mohou mit svalova vlakna tvar trubicky u nichz jadra

tvofi axialni fetézec po délce vlakna jeho stfedem - trubicovita svalova vlakna 4. zvlastni
vlaknita (fibrilarni) svalova vlakna, v létacich (,,nepiimych®, asynchronnich) svalech
Hymenopter a Dipter. Kazdé obrovské ,,vlakno* tohoto typu je slozeno ze svazku velmi
hrubych fibril (nebo sarkostyltl) o tloust’ce 2.5-3u s fadami velkych mitochondrii (nebo

Osove Disperzni  Trubicovité Fibrilarni (asynchronni)



Typy lokomoce: Stani, chuze, lezeni, let

Let se u zivocichu inul nezavisle alespon 4x: u hmyzu, plazu, ptaka a savca. Zdvih a tah
VyV p yzu, p > P
jsou dvé komponenty sily. Jedna drzi ve vzduchu, druha zene vpfed.

Letovy metabolismus: mimofadné mnozstvi energie — Malé Reynoldsovo ¢islo malych
organismu a neucinnost konverze energie limituji vykon. Letové svaly musi byt vysoce
vykonné a pfitom pracovat s vysokou frekvenci. To je také ve fyziologii rozpor — zname
rychlé anaerobni, které ale nemohou pracovat stale a ne s vysokou frekvenci.

Mozna feSeni: Jeden faktor, ktery zvysuje rychlost je teplota. Zvyseni télesné teploty ze 30 na
40°C vede k 2,2x zvyseni syntézy ATP. Tomu odpovida vyssi télesna teplota ptakt nez savcu.,
Hmyz se musi pro let zahfat. Také rychleji pracuji Ca pumpy, které jsou nutné pro Ca pulzy.
Ptact a hmyz maji az 2x vétsi vnitini plochu mitochondrii nez savci. Tak mitochondrie
konzumuji misto 4-5 mlO,/cm’min 7-10 mlO,/cm’min.



Hmyzi svaly pracuji kompletné aerobneg, avsak jen 10% chemické energie je konvertovano na
mechanickou, zbytek unika jako teplo. Zasoby energie z riznych zdroja: nejlépe, uvnitf svalu
samotného. ATP uvnitf svalu staci na par sekund letu. Arginin fosfat. Také mala mnozstvi
prolinu, glykogenu, triacylglycerolu. Potom cerpaji z hemolymfy, trehal6za ve vysoké
koncentraci pro ranou fazi letu. Také diacylglycerol a prolin v hemolymfé. Jsou mobilizovany
z tukového télesa.

FAT BODY HEMOLYMPH \ FLIGHT MUSCLE
T \
; ycog M Trehalose
: | #/ Giycogen™.
i Triacylglycerides i | ﬁ\
¥ : § Glucose
Diacylglycerides \yLlpoproteln\._b Free JV

fatty
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/ Proline ATP
Proline \
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Nepfima inervace u asynchronnich letovych svalll

Béhem letu Svaba, vazek, motyla a pod. je frekvence pohybu kfidel stejna jako frekvence
zmen elektrického potencialu. Kazda kontrakce svala pft pohybu kfidel je tedy vybavovana
nervovym vzruchem. Synchronni svaly se mohou stahovat do 100Hz. U jinych druhd hmyzu
(Diptera, Hymentoptera) maji v§ak svalové kontrakce mnohem vyssi frekvenct (100-200Hz)
nez jakou maji zmeény elektrického potencialu. Maji tzv asynchronni svaly. %4 znamych druha
hmyzu je pouziva pro let. Pfedpoklada se, ze nervové vzruchy o pomérné nizké frekvenci
prichazeji prostfednictvim nervd ke svalovym vlakntim, maji v tomto pfipadé za ukol pouze
uvést létaci svaly (fibrilarni svaly) do aktivniho stavu. V tomto stavu jsou pak fibrilarni
svalova vlakna schopna velmi rychlych oscila¢nich kontrakei. Zvlastnim mechanismem je
umoznéno nahlé uvolnéni kontrahovaného svalu, coz ma za nasledek okamzity pfechod do
stavu klidu a relaxaci. V témze okamziku se v§ak natahuje jiny, antagonisticky sval, a to
zpétne vyvola novou kontrakei uvolnéného svalu atd.

Frekvence udert kfidel mnoha druhtt hmyzu dosahuje hodnot stovek maximalné¢ az tisic Hz
(Bombus 100-200, Apzs 250, Culexc 300, Musca 150-220, Drosophila potiebuje k vzletu 240 udert
za sekundu).

Calliphora odpovida frekvenci kfidel 120Hz pouze nizka frekvence vzrucht kolem 3Hz.
Vypreparovany létaci sval fibrilarntho typu se za 1zotonickych podminek chova jako kazdy
jiny pficné pruhovany sval, t.j. reaguje na jednotlivé podnéty izometrickou kontrakci, ktera je
delsi nez doba uderu kfidel. Pfi zvySovani frekvence podnéti pak dochazi jiz pomérné brzy k
hladkému tetanu (u Bomzbus 40-60Hz).



Asynchronn{ svaly Setfi prostor svalu,
protoze maji mensi sarkoplasmatické
retikulum. Napf. u zvuk produkujicich
synchronnich svalt cikady zabira SR 34%,
u asynchronnich pouze 4%.

Prostor v bunkach dale Setf{ fakt, ze neni
potfeba tolika mitochondrii, které by
zasobovaly energii pumpy recyklujici Ca
zpét do retikula. Tim se do svalovych
vlaken vejde vétsi pocet myofibril. Tim je
cely proces letu efektivnéjsi.

U vyvinut¢jsich skupin hmyzu jsou silové
svaly oddé¢leny od téch, které jemné
reguluji parametry pohybu kfidel a letu, U
Calliphora existuje mimo letovy motor
jesteé 17 part svall, které mohou
ovliviiovat amplitudu, frekvenci a thel
zabéru kridel.



Walking

Central Pattern Generation
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Hypotéza centralniho generatoru vs. reflexni retézec reakci.

Central pattern generators. (a) Early work
suggested two hypotheses for the generation
of rhythmic and alternating movements. In the
reflex chain model (left) sensory neurons
innervating a muscle fire and excite
interneurons that activate motor neurons to
the antagonist muscle. Right, in a central
pattern generator (CPG) model a central
circuit generates rhythmic patterns of activity
in the motor neurons to antagonist muscles.
(b) Fictive motor patterns resemble those
recorded in vivo. Top left, picture of a lobster
with electromyographic recording (EMG)
wires implanted to measure stomach motor
patterns in the behaving animal. Top right,
EMG recordings showing that triphasic motor
pattern generated by the LP, PY, and PD
neurons. Modified from [34]. Bottom left,

in vitro preparation, showing the dissected
stomatogastric nervous system in a saline-
filled dish with extracellular recording
electrodes on the motor nerves and
intracellular recordings from the somata of the
stomatogastric ganglion motor neurons.
Bottom right, unpublished recordings by V.
Thirumalai made in witro from the
stomatogastric ganglion of the lobster,
Homarus americanus. The top three traces
are simultaneous intracellular recordings from
the somata of the LP, PY, and PD neurons,
and the bottom trace is an extracellular
recording from the motor nerve that carries
the axons of these neurons. Note the similarity
of the in vivo recordings and the fictive motor
patterns produced in vitro in the absence of
sensory inputs. STG, stomatogastric ganglion;
OG, esophageal ganglion; CoG, commissural
ganglion; Ivn, lateral ventricular nerve.

(a) Reflexes vs central pattern generation
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Generatory rytmu
Biologické oscilatory

(a) Oscillating and generating impulses
(b) Oscillating, without impulses

AT TR

(¢) The half-center model of (d) The closed-loop model of
an oscillatory network an oscillatory network

\l\
’71
= = e

To flexors A To extensors  To flexors To extensors
Two neurons (or pools Three or more neurons
of neurons) synaptically are connected in a cyclic
inhibit each other. inhibitory loop.

KEY

—C Excitatory
——@® [Inhibitory

Figure 18.9 Models of oscillators underlying central pattern genera-
tors (a) An oscillator neuron generating bursts of impulses (e.g., in
Aplysia). (b) A neuron with membrane-potential oscillation but without
impulses (e.g.,a neuron controlling pumping of the crustacean
scaphognathite, or gill bailer). (c) A network oscillator composed of
reciprocal inhibitory half-centers. (d) A network oscillator composed of
closed-loop cyclic inhibition. All three cells may be spontaneously
active or may receive unpatterned excitatory input (dashed lines). If cell
1 is active first, its activity inhibits cell 3, but this inhibition prevents cell
3 from inhibiting cell 2. Cell 2 can now be active, inhibiting cell 1 and
thus releasing cell 3 from inhibition. Cell 3 can then be active, inhibiting
cell 2 and releasing cell 1 from inhibition, and so forth.



Smyslové vstupy z periferie méni vlastnosti centralné generované sekvence.
Elevace strida depresi, zpomali se po pretéti aferentace (vzestupného viakna).
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Wingbeat frequency
Current Biology

Sensory input can alter the properties of a
centrally generated motor pattern.

(a) Measures used to quantify rhythmic motor
patterns include the cycle period, burst
duration, duty cycle, and phase of firing of an
individual element, as illustrated and defined
here. (b) Preparation used to study insect
flight. A locust is attached to a stick and
placed in a wind tunnel while intracellular
recordings are made from the thoracic
ganglia. (c) Recordings from the depressor
motor neuron (red) and elevator motor neuron
(green) in the intact (top) and deafferented
(bottom) showing the frequency drops after
deafferentation. (d) Plots of the interval
between onset of depressor and elevator
bursts as a function of wingbeat frequency for
both the intact and deafferented preparations.
(b—d) modified from [17,139].



Nékolikaurovnoveé rizeni: antagonisté jednoho kloubu, jedné nohy, vSech nohou.

(a) Coordination during walking

Joint

(b) Interjoint coordination

Subcoxal|; |[CT-joint
joint \

Alternating
activity of
antagonistic
muscles

Interjoint

Step cycle
(stance
k3 fgwing)
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Pilocarpine-induced rhythms in isolated ganglia

(c) Different cycle periods for
different leg joints

FT-joint
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(d) Entrainment of such rhythms by
sensory inputs signaling movement
of the adjacent joint
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Current Biology

Stick insect walking: coordination and sensory
input. (@) The control of movement occurs at
numerous levels: the control of antagonistic
muscles of a single joint, the coordinate
regulation of multiple joints in a single step,
and control of many legs to produce different
gaits. (b) Interjoint coordination. The activity of
motor neurons controlling two adjacent leg
joints in the middle leg is coordinated by
multiple interactions between sensory
feedback, central rhythm generating networks,
and reflex-like pathways. Modified from [113]
and an unpublished figure from A. Blischges.
(c) Pharmacologically induced rhythmicity in
the isolated mesothoracic ganglion reveals a
widely independent pattern generation for
individual leg joints. Different motor neuron
pools can readily be recorded from separate
peripheral nerves. Modified from [115,117].
(d) Pilocarpine-induced rhythmic activity of
motor neurons of one leg joint can be
entrained by sensory feedback from adjacent
joints. The receptor apodeme of the femoral
chordotonal organ is moved to mimic flexion
and extension of the femur-tibia joint. The
ganglion is denervated except for the nerve
carrying fCO afferents. Modified from [118].



Svab: Alternujici tripodni krok pro pomalou chdzi.

Gaits in insect walking:

tripod gait

Tripod1  Tripod 2

cockroach (Periplaneta americana)
0.44-1m/s alternating tripod gait

1-1.5 m/s quadruped gait or bipedal




adult stick insects use tetrapod gait

(like “walk”, tripod gait like “trot”)
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Pattern
generators in
walking

alternative hypotheses:
one central pattern generator for all legs?

one central pattern generator for each leg?




Coordination between legs in the stick insect

. swing phase inhibits swing (anterior)
. start of stance excites start of swing
(anterior, lateral)
. candal positions excite start of swing
(posterior, lateral)
. targeting (tarsi go to last position of
anterior tarsi, lateral)
Sa. increased resistance increases force
(coactivation; all directions)
Sb. increased load prolongs stance
(all directions)
6. do not step on your own toes

“The temporal sequence of the movements of all legs can be explained by the
actions of a distributed command structure consisting of six more or less
independent walking-pattern generators and at least three different kinds of
coordinating pathways between them. “ (Bassler, Buschges 1998)




The image that arises from the
observations that are described above is
one that includes complex interactions of
neural circuits that reside in different
regions of the insect CNS. Local reflexes
and CPGs interact in thoracic ganglia

to generate basic leg movements.
Reflexes also account for changes in
strength of motor activity at appropriate
times, such as when walking up or

down inclines or after postural
adjustments to rear up in preparation for
climbing over blocks. When the insect
approaches an object that is too large

to be negotiated with simple reflex
adjustments, sensors on the head evaluate
it and the resulting information is
integrated within brain circuits such as
those that reside in the CC. Here
appropriate commands are formulated
that descend to the thoracic ganglia
where they can redirect leg movement by
altering the strength of competing

Central

Complex

. ~Thoracic

<«— Ganglia



Mozek nadrazeny hrudnim
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Ta zase koordinuji pohyby nohou a
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Muscles contract before the jump.
Energy i1s stored elastically
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Most pterygote insects have 4 wings.

Wings can have different shapes.

Paleodictyoptera {extinct) Raphidia (snakefly) Panorpa (skorpionfly) Eoxenos (Strepsiptera)

Sphinx (hawk moth)
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In basal insect
- taxa, fore and
i“ ~, hind wings are
. similar

Libellula



The evolutionary trend is towards
different fore and hind wings and




Fore wings and hind wings may
be phase- shufted

and may differ
In stroke
amplitude

one wing beat cycle
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Some insects can hover. Dragonilies beat fore wings
and hind wings in anti-phase.

Other insects change the angles of wings and body axis
and produce lift without thrust.

Aeschna junacea ho ' Norberg 1975
forewings shaded; wing beat frequency 17 Hz




(a)




Muscles
attach to
the wing
base and
control
wing beat,
rotation
and torsion




during the
upstroke
the wing Is

rotated
ventral
side up

nmm  Nemestring capito
undersurface shaded; wing beat frequency 143 Hz
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Vznaseni

lift — vzestupna sila
pusobi pfi pohybu pfed i
vzad. Horizontalni
vektor se strida, takze
zvire stoji ve vzduchu.

Figure 10.33 The hovering hummingbird obtains lift during
both upstroke and downstroke of the wings. The down-
stroke is actually a forward stroke (left), and in the return
stroke (right) the wing is twisted, reversing the airfoil, thus
providing lift in both strokes. The horizontal vector is
reversed so that the hovering bird remains in place.
[Stolpe and Zimmer 1939]



Wing rotation
Increases thrust

<+— direction of flight
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leading dorsal side
edge ventral side

»” movement of

wing tip




Direct flight muscles directly attach to the
wing joint. They may power the wing or
control wing rotation, deformation etc.

direct flight muscles




Odonata and Blattodea use direct mus-
cles for wing upstroke and downstroke

Depressors
contract




Insects
generate
flight
power
using
indirect
flight
muscles

o4 /5 direct




Stretch receptors and tegula receptors measure
movement and position of the wings. Their action
Increases the wing beat frequency.

wing hinge
f

tegula receptors




Stretch receptors are active during the upstroke.
They inhibit elevator motor neurons and activate
depressor neurons

Stretch receptor
of left \
front wing

200ms|
Hind wing stretch receptor
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Wingbeat frequency {Hz)
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The indirect flight
muscles of Diptera
and Hymenoptera
vibrate the thorax
‘box” at resonance
frequencies.

These muscles are
morphologically ana
functionally
specialized (‘fibrillar
muscles’)




Flies have
prominent
indirect flight
muscles

The wing joint

=\ comprises a ‘click’
mechanism that
drives the wings

: Strausfeld 89 '

steering




Fibrillar muscles are also called
‘asynchronous’ or ‘myogenic
because they do not contract in
synchrony 53
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Wing load, air speed, wind direction, turbulence
and other mechanical parameters are integrated
with visual information (flow-fields, landmarks,
targets)

PATTERN MOTION ELGE QRIEHNTATICN TONLIC DORSAL
LIGHT RESFPONSE
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Diptera (flies) have
halteres, modified
hind wings that serve
as sensory structures.
They work like
gyroscopes

and measure
accelerations. R
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Information from
the halteres directly
feeds to the wing
motor neuropill

hallere nerve

wing motor neurons
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o
moflor neurons

Ty Strausfeld & Seyan 1985




Propojeni zraku, pohybu
kridel a halter

Zrakove stimuly z oka
aktivuji svaly halter. Pohyb
halter drazdi jejich sensily,
coz ma vliv na motoricke
neurony svalu.

Compound eyes

Wing control muscles
Visual information n /
from the brain — |

Motor
neuron

\ Sensilla on wings

Sensory
neuron
Motor
neuron- Haltere control muscles

Sensory ‘
neuron Sensilla on halteres

IGURE 10.24 The mechanism of direct haltere control in the blowfly, Calliphora. The visual
nterneurons from the compound eyes activate the haltere control muscles. Twisting movements of the
1alteres activate their sensilla that feed to the wing muscle motor neurons and modulate their control.
Reprinted with permission from Chan, W. P,, E Prete, and M. H. Dickinson. Visual input to the effer- |
nt control system of a fly's “gyroscope” Science 280: 289-292. Copyright 1998. American Association °
or the Advancement of Science. "



Visual
Input Is
required
for flight
control

after Bacon and Strausfeld, 1986
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