Prostorova pamet a
navigace

Lukas Hejtmane



Co si odnést

K cemu slouzi navigace? Jaké typicke navigacni chovani u zvirat pozorujeme?
ProC psychology a neuropsychology navigace zajima?

Jaké navigacni strategie existuji?

Jak se liSi allocentricka a egocentricka navigace?

Jaké jsou typické experimenty zkoumajici navigacni chovani?

Jaka voditka zvirata pro navigaci vyuzivaji?

Jaké jsou zakladni neuralni systemy podporujici navigacni chovani?
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https://geocawesomeness.com/awesome-interactive-visualization-of-bird-migrations/
http://globeofbirdmigration.com/ http://maps.tnc.org/migrations-in-motion/#5/42.537/-103.557
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C. Orientation flights D. Route following and homing
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https://www.youtube.com/watch?v=0uj1HSy2 Ttk

Naila Even, Olivier Bertrand, Mathieu Lihoreau. Navigation by Honey Bees. Jennifer Vonk; Todd Shackelford. Encyclopedia of Animal Cognition and
Behavior, Springer, pp.1 - 9, 2020, 978-3-319- 47829-6. ff10.1007/978-3-319-47829-6_623-1


https://www.youtube.com/watch?v=0uj1HSy2Ttk

Navigace a hadi

Vyzkumnici prenesli krajty z hnizda
Cesta 21-35 km

Krajty se vratily zpét na puvodni misto s presnosti 5km

Cesta se zdala ,prima“
Krajty se vydaly cca spravnym smerem
/3dnd nevyrazila vyslovené §patné AT

final capture point : .

Pittman, S. E., Hart, K. M., Cherkiss, M. S., Snow, R. W., Fujisaki, I., Smith, B. J., Mazzotti, F. J., &
Dorcas, M. E. (2014). Homing of invasive Burmese pythons in South Florida: evidence for map and
compass senses in snakes. Biology Letters, 10(3), 20140040.



Co to je navigace?

Lokalizace
Kde jsem? Znam to tady?

Planovani cesty
Vidim cil? MdzZu tam jit?
Znam cestu k cili?
Kde jsem vUci cili a jak se mUzu pfriblizit?

Vykonani cesty
Korekce na zaklade prekazek ci chyb




Je to navigace?

Navigace vs uceni (stimulus response)

| vizualni strategie nemusi vyuzivat prostorovych znalosti (diskriminacni a
generalizacni uceni)

§

START o FopoBox

Flan of mazg
14-Unit T-Alley Mazn
. Fio. 1
{From M. H, Elliatt, The effect of change of reward on the maz= per-
formmnce of rats, Uriv, Colif. Publ. Prychel., 1928, 4, p, 20.)




ProC studovat navigaci?

“Vyssi” kognitivni proces
Vyzaduje integraci mnoha procesu
Vnimani
Pamet
Integrace viem( — mysleni, kreativita, imaginace
Vnimani se mezi druhy lisi, chovani ne
Prirozeny Ukol
VSechna zvirata naviguji
Srovnatelna mezi lidmi a zviraty
Umoznuje zadat stejné Ulohy lidem a potkanim
Testy neurodegenerativnich chorob, [ékU atd.



Navigace a vhimani

V e

Vnéjsi voditka (allothetic cues)
Zrak

Pachy
Magnetické pole

Echolokace (geometrie prostoru)
/vuk — proC ano, procC ne?

Thermal edes

Vnitrni voditka (idiothetic cues)
Propriocepce
Vestibularni systém

Buehlmann, C., Mangan, M., & Graham, P. (2020). Multimodal interactions in insect navigation.
Animal Cognition. https://doi.org/10.1007/s10071-020-01383-2



Typy navigace
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Geva-Sagiv, M., Las, L., Yovel, Y., & Ulanovsky, N. (2015). Spatial cognition in bats and rats: from sensory acquisition to
multiscale maps and navigation. Nature Reviews. Neuroscience, 16(2), 94—108.



Beaconing

Navigace ke konkrétnimu zdroji vnéjsiho voditka

Priblizovani k pachu, zvuku

/

Pasivni, nevyzaduje dalsi zpracovani krom vniman

/




Beaconing u karety obecne

Zelvy se rodi v noci a po narozeni se potrebuji rychle
dostat do more

Ochrana pred predatory

More se za Cisteho pocasi leskne
Beaconing ke konkrétnimu zdroji svetla
Zelvy preferuji modré svétlo a maji averzi ke Zlutému

Witherington, Blair & Martin, Erik. (2003). Understanding, Assessing, and
Resolving Light-Pollution Problems on Sea Turtle Nesting Beaches. Fl. Mar. Res.
Inst. Tech. Rep. TR-2.
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B. E. Witherington and R. E. Martin Sea Turtles and Lighting

APPENDIX F
POOR
Diagrams depicting solutions to two common lighting problems near sea turtle nesting beaches: Poorly directed parking lot lighting can cause prob-
balcony or porch lighting and parking-lot lighting,. lems on sea turtle nesting beaches.
POOR
Poorly directed balcony lighting can cause problems
on sea turtle nesting beaches.
BETTER
Fixtures with 90°cutoff angles can reduce the amount
of stray light reaching the beach.
BETTER
Completely shielding fixtures with a sheet of metal
flashing can reduce stray light reaching the beach.
MUCH BETTER

Fully hooded floods can direct light accurately and
reduce stray light even more.

BEST

Louvered step lighting is one of the best ways to light
balconies that are visible from nesting beaches.

BEST

Low-mounted, louvered bollard fixtures are the best
way to light parking lots near nesting beaches.

56 FMRI Technical Report TR-2

FMRI Technical Report TR-2 57



Mravenci a navigace ke zdroji

Mravenci zanechavaji pachovou stopu ke zdroji potravy

Tato trasa je prima
na rozdil od trasy, kterou usli smérem k jidlu

Kdyz jsou na konci trasy presunuti, chovaji se, jako by
nebyli (vyrazi paralelné ke spravné cesté)

Shen, J. X, Xu, Z. M., & Hankes, E. (1998). Direct homing behaviour in the ant
Tetramorium caespitum (Formicidae, Myrmicinae). Animal behaviour, 55(6),

1443-1450.

(b}

Figure 1. Dmgram of the experimental apparatus tor the
ants used {a) in the field and (b) the laboratory. N, nest;
F, tood site. : The outward path of an ant; — ——: its

homeward path.




Nl input

Behavioral OL transfer function

Vnimani vlastniho pohybu

Kroky, pohyby koncetin, mavnuti kridly 1 proceseing [~ contol [

,Sel jsem 3 kroky vpred, pak se otocil doleva, g | SR S— Motor

pak dva zpét”“ input 2

, L, o . , .. Environment le————
Vnimani zmen polohy (vestibularni input)

Cesta dopravnimi prostredky

sjeli jsme rovne cca 10 vterin, pak jsme
zatocili doleva”

Fry, S. N., Rohrseitz, N., Straw, A. D., & Dickinson, M. H. (2008). TrackFly: virtual reality for a behavioral
system analysis in free-flying fruit flies. Journal of Neuroscience Methods, 171(1), 110-117.




Integrace drahy

Dead reckoning (Deduced reckoning)
Vypocet “vektoru domud” —homing vector

Vyuziva internich voditek
Externi voditka se nepouzivaji primo pro navigaci,
ale pouze pro vypocet odchylky drahy
Napf. opticky tok, soldrni azimut
Pokud mravence uvéznime v temné krabicce na

nekolik hodin a vypustime, vyda se stejnym smeérem,
kterym by meél

Pozice slunce neni pri navratu dulezita

];I]"-I




Integrace drahy |

Zasadni pro prostory bez jasnych externich
voditek

A Idiothetic path integration: uses rotation estimates ”
Allothetic path integration: uses absolute directions i Optic flow
Celestial compass cues

Poust, more, sneéhoveé plané
B 5
Trpi kumulativni chybou %
Kazda chyba se nasditd §
Kdyz jednou ztratime orientaci, uz ji E y ; |
nenajdeme o
o tops ., 10 s t 4
: ,
= ’ . 4 '
/ . .§'
Chyba rotace, chyba vzdalenosti =
5 i :

Heinze, S., Narendra, A., & Cheung, A. (2018). Principles of Insect Path Integration. Current
Biology: CB, 28(17), R1043-R1058.



Referencni ramce

Pozice neexistuje — vzdy je vazana na néjaky bod v prostoru

Egocentricky ramec

Vztah jedince k okolnim objektim, zavisly na pozici a
P o Spatial reference frames
rotaci jedince . |

Zpracovavana v parietalnim laloku (vztah k motorickému

a somatosenzirickému kortexu)

Allocentricky ramec

Vztahy mezi obejkty mezi sebou, nezavisly na jedinci
Zpracovavan v MTL (zejména hipokampus)

Egocentric (self-centred) coding Allocentric (world-centred) coding

Coughlan, G., Laczo, J., Hort, J., Minihane, A.-M., & Hornberger, M. (2018).
Spatial navigation deficits - overlooked cognitive marker for preclinical Alzheimer
disease? Nature Reviews. Neurology, 14(8), 496-506.



Nasledovani cesty/asociacni uceni

soyoos Lake sockeye
salmon migration route

Route following/response strategies

Migration
route ¥ Dam

Egocentricka navigace

Nutné pouze znat, kde zatocit, kde zmeéenit smer
Také nutné dobre integrovat drahu a udrzovat
spravny smer

Behavioristické modely
Tradi¢ni bludiste

Vyzkumneé elegantni

vV v/

Pouze merime binarni odpovedi — spravng, Spatne




Japonsti mravenci

{a) N
Inte,gravce drahy nefunguje zcela N H\
spravne X
Casto se odchyli z trasy, ale na konci \
se ,najdou” © Ne .

/da se, ze vyuzivaji siluety horizontu
pro upresnéni pozice a cile

Fukushi, T. (2001). Homing in wood ants, Formica japonica: use of the skyline
panorama. Journal of Experimental Biology, 204(12), 2063-2072.




J Ve

Netopyrl

Netopyfri cestuji dlouhé vzdalenosti (15km)
mezi jeskyni a konkrétnim zdrojem potravy

Pfimé trasy tam a zpét, trasy jsou rovné
| pri navratu zpét z jinych mist

Neda se vysvétlit pomoci ,beaconing”

Dislokace do ,,nezndmé” oblasti
Pokud vidi horizont, orientuji se rychle

Pokud je vypustime v krateru, chvili trva,
nez najdou voditka

Cumulative straightness index

Tsoar, A., Nathan, R., Bartan, Y., Wssotski, A., Dell’Omo, G., & Ulanovsky, N. (2011).
Large-scale navigational map in a mammal. Proceedings of the National Academy of
Sciences of the United States of America, 108(37), E718-E724. s 0 B w s o m o s

Radial distance (km)

Cave (N=15) —
Release site, R1 (N=10) m—
Crater in, R2 (N=7) —
Crater out, R3 (N=4) —




Niko Tinbergen

Posun Ci zména okoli u Ulu vede k
chybné navigaci

VCely zrejmé naviguji pomoci zraku

Thomas Collet, Peter Graham
Mravenci se nauci cestovat podel zdi

Zvysem/snlzem vysky zdi ovliviuje jak
daleko od ni se pohybuiji

n A digger wasp carries food (a paralyzed bee) back to her nest.

A 0 g 20 cm high wall
& & & 30 20 cm wall 60 40 em y distance
‘When the landmarks are moved, the wasp follows the landmarks rather — 30 é
than returning to the nest site. £ &
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o b F
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o Changing the landmarks reveals that the wasp responds to the 30
arrangement of the landmarks, rather than the type of landmark, Gl 1| —
10 30 40 cm high wall
" 20 cm y distance
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Graham, P., & Collett, T. S. (2002). View-based navigation in insects: how wood ants (Formica rufa L.) look at
and are guided by extended landmarks. The Journal of Experimental Biology, 205(Pt 16), 2499-2500.



View-dependent navigation

,Snapshot memory“ - Cartwright a Collet (1983)
Mravenci i vCely se Casto otaci a divaji se zpatky

Spojovani konkrétni ,,scéeny” se smerem pohybu
Snaha vytvorit stejny pohled

Podobné jako response-based strategie, ale
komplexneéjsi

Vyzaduje prepocet pozic a velikosti

Na rozdil od ,beaconing”, zvire nejde nutnée
primo za sméerem pohybu

Brebner, J. S., Makinson, J. C., Bates, O. K., Rossi, N., Lim, K. S., Dubois, T., ...
Woodgate, J. L. (2021). Bumble bees strategically use ground level linear features
in navigation. Animal Behaviour, 179, 147-160.
https://doi.org/10.1016/j.anbehav.2021.07.003



Prob

Neflexibilni
Prekazky Ci zmény v prostredi kompletné zméni navigaci

emy s response-based strategiemi

VétSina navigacnich Uloh se da vyresit asociacnim ucenim
Experimenty Casto nepotvrzuji navigaci, ale prosté uceni

ALE!

Integrace drahy a latentni uceni nejsou asociativnée
podminené

Musi existovat prostoroveé uceni, které neni
napodminovanée

| HAVE NO MEMORY OF THIS PLACE




training phase testing phase
A B

Edward Tolman

Pozoroval, ze potkani se latentné uci prostorovym informacim
UcCeni neni zavislé na odmeéné

Potkan vyuziva znalosti prostoru
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Kognitivhi mapy

Komplexni pamétova stopa ukladajici prostorové vztahy mezi objekty a geometrii prostoru
Umoznuje reseni novych uloh
Obchazeni prekazek, navrat z nového mista
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Navigace pomoci vnitrniho kompasu

| kompas vyzaduje znalost soucasné pozice
Zvirata umi navigovat i z neznamych mist ol _
Nejedna se o asociacni uceni

Holubi naviguji pomoci pozice slunce .
Nutné i udrzovat ,,denni dobu” shaow N

Rozhozeni vnitrnich hodin vede k ad 7 B
ocekavatelnému posunu N \§.
Rozhozeni o 6 hodin vede k chybé 90stuprid




Magneticky kompas

Jiné zdroje vnejsich voditek (kdyz je zatazeno) mohou byt napr. magnetické pole zeme

Magnetické pole vyuzivaji ptaci, ale i napr. zelvy, krtci

Externi magnetické pulsy mohou rozhodit navigaci u holubU
Silnejsi efekt u dospelych nez u mladat

. North A " B
Northern Florida Northeastern Gyre
N N

epoH =

s Days 5 and 8 Day 10 and later
Southern Gyre

Wiltschko, W., & Wiltschko, R. (2005). Magnetic orientation and magnetoreception in birds and other animals. Journal of Comparative Physiology. A, Neuroethology, Sensory,
Neural, and Behavioral Physiology, 191(8), 675-693.



Navigace pomoci mapy

Pozdéjsi experimenty poukazuji, ze ve znamém prostredi neni rozhozeni vnitrnich
hodin tak zasadni

Kompas také lze rozhodit zménou svetelnosti prostredi, zvukovymi pulsy atd.
Holubi se uci postupne, inkorporuji nove znalosti

@

unfamiliar with the pantly familiar
site and the region with the route

Vyuzivaji dalSich voditek pro zpresnéeni trasy
Olfaktoricka voditka, zvuky

H

familiar wath the site




Existuji kognitivni mapy? |
V dobeée vzniku velice kontroverzni téma

Vétsina uloh u zvifat se da vyresit/vysvétlit ,snadnéjsim*
zpusobem
Occamova britva
Entity se nemaji zmnoZovat vice, nez je nutné

Pokud pro néjaky jev existuje vicero vysvétleni, je lépe
uprednostnovat to nejmené komplikované .

Prominent familiar landmarks

A Feeding point A
B Feeding point B

Roger Gallistel 2

Area familiar to bee. No other areas visited.

Kognitivnhi mapa je cokoli, co umoznuje zviratidm navigovat = -2-  eossibte shortcut
Elegantni, ale netestovatelné rten A ot B Revognition of Eomilin Idenacs (bolled with

asterisk) allows novel short-cutting between A and B, without a
cognitive map, sensy Tolman (1948) and O Keefe and Nadel {1978).



/

Biologie prostoroveho vhimani

R.M. Grieves, KJ. Jeffery / Behavioural Processes 135 (2017) 113-131

Rdzné vstupy
Externi, interni vnimani

Stejny vystup
Cilené chovani, planovani

Abstrakce vnimani
Velice zajimavé pro mnohé vyzkumné obory e 3 % ‘ @« Lt
biology, neurology, psychology, ale i filozofy —

Rdzné strategie -> RUzné mozkové oblasti



Hipokampus

Integrator senzorickych vjem?U
HM mél zasazenou nejen episodickou pameét, ale i prostorovou pamet

Puvodni nazor byl, ze hipokampus souvisi s paméti
Prostorova pameét je jen podsekce paméetoveho systému

Léze hipokampalni formace u potkanu
/nemoznuje preuceni se naucenemu prostorovému chovani
Vyvolava hyperaktivitu v novém prostredi

Nicméneé i po |ézi se zvife nauci nekterym typUum bludist (u nich se tedy nejspis
nejedna o prostorovou pamet, ale asociativni uceni)



Morrisovo vodni bludiste

Richard Morris (1984) i

insertion point N

Metoda studia deklarativni pameéti u zvirat
P\r{lrozeﬂv L]kOl msert\l;;; point ) ’ insertion point
Zvirata nejsou trapena hladem ci Soky

cm
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visual landmark

Zvire muze vyresit Ulohu nékolika zpUsoby ,
Egocentricka strategie
Vim, jak jsem se tam dostal minule
Vizualni strategie
Navigace na zakladé jednoho voditka —
Prostorova strategie ) -
Navigace na zakladé konfigurace vice voditek
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A The watermaze B Paths and latency during place navigation

g video

camera oy

o

L

g

pool 2

g

w

base board
https://www.youtube.com/watch?v=uco9kTr il
C Post-training probe tests (no platform) D Overtraining
control hippocampus subiculum hippocampus & hippocampus
lesioned lesioned subiculum lesioned lesioned

OO @

Morris, R. G. M., Schenk, F., Tweedie, F., & Jarrard, L. E. (1990). Ibotenate Lesions of Hippocampus
and/or Subiculum: Dissociating Components of Allocentric Spatial Learning. The European Journal
of Neuroscience, 2(12), 1016-1028.

https://www.youtube.com/watch?v=LrCzSIbvSN4



https://www.youtube.com/watch?v=LrCzSIbvSN4
https://www.youtube.com/watch?v=_uco9kTr_jI

Place cells (mistové bunky)

John O‘Keefe, Johnatan Dostrovsky 1971
Nachazeji se v hipokampu
Zejména cornu ammonis (CA1, CA3)

Place field
Misto, kde dochazi ke zvyseni aktivity

10 place cells

r
-

>‘;-’ Lo
3

curtain



https://www.youtube.com/watch?v=STyd1qJr3yM
https://www.youtube.com/watch?v=DNtClmdmUks

Place cells

Vznikaji v zavislosti na rdznych vstupech
Zrak, propriocepce, pachy
Formuji se i ve tmeé na zakladé vnitrnich voditek

Koduji pozici v zavislosti na allocentrické pozici

,Emerging“ —v novem prostredi chaoticke, postupné se aktivita jednotlivych bunéek
definuje
Nejsou organizovany topicky

Dvé sousedici bunky mohou kodovat naprosto odliSne oblasti



Place cell remapping

Zmeény v poloze orientacnich bodU posouvaji

C
aktivitu bunek Black bo
Jedna bunka koduje vice mist v ruznych
prostredich %
Cell 1 : | .

Muller, R. U., Kubie, J. L., & Ranck, J. B. J. (1987). Spatial Firing Patterns Fixed Environment of Hippocampal Complex-Spike Cells in a Fixed Environment. The
Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 7(7), 1935-1950.



Place cells ve 3D

Side length = 970 mm
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775, 25102016, 19, c1, 1446 spdkes, 43.3 min

Grieves, R. M., Jedidi-Ayoub, S., Mishchanchuk, K., Liu, A., Renaudineau,
S., & Jeffery, K. J. (2020). The place-cell representation of volumetric space
in rats. Nature Communications, 11(1), 789.

Yartsev, M. M., & Ulanovsky, N. (2013). Representation of three-dimensional space in
the hippocampus of flying bats. Science, 340(6130), 367—372.



VR Environment

Schematic of the Setup Head Holder

Projectors

Zvitata ve VR * =P

"
. 3

A B D
E

VR umonuje oddélit vizualni a
propriocepcni/vestubuldrni vstupy

Monitors

Studie na potkanech ukazuji, ze jak
vizualni tak propriocepcni vstupy
jsou dulezité

https://elifesciences.org/articles/34789#videol

Chen, G., King, J. A., Lu, Y., Cacucci, F., & Burgess, N. (2018). Spatial cell firing during virtual navigation of open arenas by head-
restrained mice. eLife, 7. https://doi.org/10.7554/eLife.34789


https://elifesciences.org/articles/34789#video1

Head-direction cells

180° B ae™

Ranck (1984), Jeffrey Taube (1990)

Subiculum, postsubiculum, retrosplenialni kura

Koduji pozici hlavy v zavislosti na okoli *

Odlisné od kodovani pozice hlavy ve vztahu k
vlastnimu télu, které resi vestibularni systém a
nejedna se o prostorovy vztah
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Nekompletni obrazek

Place cells nemaji dostatecny vestibularni a visualni input
Integrace vstupU z ruznych smysld musi probihat jesté jinde

Neumi dobre kodovat vzdalenost (nejsou systematicky organizovany)
Head direction bunky nam davaji smeér, ale ne jak daleko jit
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Park, S. W., Jang, H. J., Kim, M., & Kwag, J. (2019). Spatiotemporally random and diverse grid cell spike patterns contribute to the transformation of grid cell to place cell
in a neural network model. PLOS ONE, 14(11), e0225100. https://doi.org/10.1371/journal.pone.0225100



Grid cells (mrizkové bunky) ®

May-Britt a Edward Moser (2004)
Zejména v entorinalni kure

Jedna bunka koduje hexagonalni sit

- Fyhn, M., Hafting, T., Treves, A., Moser, M.-B., & Moser, E. |. (2007). Hippocampal remapping and
https://www.youtube.com/watch?v=i9GiLBXWAHI grid realignment in entorhinal cortex. Nature, 446(7132), 190-194.



https://www.youtube.com/watch?v=i9GiLBXWAHI

Grid cells

Pravdépodobny zaklad metrického systému
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Figure 4 | Grids are aligned to environment-specific landmarks. a, Rate A LD D4 L D U : g 0 g 2
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b-d, Firing properties of grid cells on trials with the cue card in A and B
positions (all rats; means * s.e.m.).
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properties of grid cells in L, D and L' (all rats; means * s.e.m.).

Hafting, T., Fyhn, M., Molden, S., Moser, M.-B., & Moser, E. |. (2005). Microstructure of a spatial map in the
entorhinal cortex. Nature, 436(7052), 801-806.
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Solstad, T.,, Boccara, C. N., Kropff, E., Moser, M.-B., & Moser, E. |. (2008). Representation of
geometric borders in the entorhinal cortex. Science , 322(5909), 1865—1868.



Shrnuti

R.M. Grieves, K. Jeffery / Behavioural Processes 135 (2017) 113-131 115
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Dekuji za pozornost

lukas.hejtmanek@fhs.cuni.cz
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