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Abstract

In real world environments, the animal needs to orient relative to
another moving animal or objects such as during hunting a prey in a
group, etc. To understand the role of the hippocampus in this ability we
developed a task that would mimic important elements of this behavior
in the laboratory. Three groups of rats were trained to avoid a mild foot-
shock delivered in one of three positions: either in front, on the left side,
or on the right side of a moving robot. Using an all-white robot without
prominent visual patterns that would distinguish its different sides, we
also probed whether avoidance was simply due to increased noise
level or size of the retinal image or appearance of the robot. Further,
we explored if the neurons in the hippocampal CA1 subfield encode the
subject, the moving object and the environment in the task and how do
these representations interact among themselves.

We observed that rats can recognize geometrical spatial relationships
relative to a moving object. We found that rats can learn to avoid the
front or either side of a moving object. This ability is not solely
dependent upon visual marks on the object. By using an all-white
version of the moving robot we observed that rats can perform similarly
as with the black and white moving object. Recording from trained and
untrained rats indicated that the animal represented both the position of
the rat in the room as well as the spatial relationship between the rat
and robot. We observed different responses in the recorded cells.
However, they did not cluster into different classes of cells. Our
analysis of spatial parameters, like coherence and spatial
information revealed subtle differences between spatial activity in
trained and untrained rats.



Abstrakt

V realném svété se zvife musi orientovat vzhledem Kk jinym
pohybujicim se zvifatim nebo pfedmétim, napfiklad pfi lovu kofisti ve
skupiné atd. Abychom pochopili roli hipokampu v této schopnosti,
vyvinuli jsme ulohu, ktera napodobuje dUlezité prvky tohoto chovani
v laboratornim prostfedi. Byly natrénovany tfi skupiny potkan(, aby se
vyhybaly mirnému elektrickému Soku v jedné ze tfi oblasti vzhledem k
robotovi: pfed nim, po levé strané nebo po pravé strané pohybujiciho
se robota. Pouzitim zcela bilého robota bez prominentnich vizualnich
vzorl, které by odliSovaly jeho rGzné strany, jsme také zkoumali, zda
se vyhybani neuskute€nuje jednoduse kvili zvySené hladiné hluku
nebo velikosti sitnicového obrazu nebo vzhledu robota. Dale jsme
zkoumali, zda neurony v hipokampalni oblasti CA1 kéduji subjekt,
pohybujici se objekt a okolni prostfedi a jak tyto reprezentace interaguji
mezi sebou.

Zjistili jsme, Ze potkani dokazou rozpoznat geometrické prostorové
vztahy vzhledem k pohybujicimu se objektu. Zjistili jsme, Ze potkani se
mohou nau€it vyhybat se pfedni nebo jakékoliv bocni strané
pohybujiciho se pfedmétu. Tato schopnost nezavisi pouze na
vizualnich znackach na objektu. Pouzitim zcela bilé verze pohybujiciho
se robota jsme zjistili, Ze potkani mohou ulohu feSit podobné jako s
cernobilym pohybujicim se objektem. Zaznamy neuralnich dat z
trénovanych a netrénovanych potkant naznacily, ze zvifata kddovala
jak svoji vlastni polohu v mistnosti, tak prostorovy vztah mezi sebou a
robotem. Pozorovali jsme odliSné odpovédi mezi nahravanymi
burikami. Tyto buriky se vSak neshlukovaly do odliSnych klastru. Nase
analyza prostorovych parametrl, jako jsou koherence a prostorové
informace, odhalila mirné rozdily mezi prostorovou aktivitou u
trénovanych a netrénovanych potkanu.



1.Introduction
Hippocampus and place cells

The hippocampus is a brain structure involved in many processes
including spatial memory and navigation. The hippocampus and its
related structures are included under the umbrellaterm, the
hippocampal information. It includes CA1, CA2, CA3, dentate gyrus,
subiculum, parasubiculum, presubiculum, entorhinal cortex (EC).
Principal cells in the hippocampus have been found to encode a
repertoire of variables, including spatial position (J. OKeefe &
Dostrovsky, 1971), time (MacDonald et al., 2011), the position of other
moving objects (Danjo et al.,, 2018; Omer et al., 2018), etc. The
discovery of neurons tuned to the spatial position in an environment in
the rat hippocampus (J. O’Keefe & Dostrovsky, 1971) set the stage for
future studies concerning the role of hippocampus in spatial navigation.
These neurons were termed place cells because they fire when the
animal is in a specific part of the environment (figure 1.1). The location
where a place cell fires is called its place field. Place cells are complex
spike cells, one of the two broad classes of cells found in the
hippocampus. The other being theta cells. putative interneurons.The
firing of place cells is influenced by several factors, including external
sensory cues (O'Keefe & Conway, 1978), self-motion cues
(McNaughton et al., 1996) boundaries of an environment (John
O’Keefe & Burgess, 1996), local cues (Knierim, 2002), experience
(Bostock et al., 1991).
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Figure 1.1. Three place cells recorded in a session. The upper part shows spike
plots, rat’s trajectory is in blue and each spike is shown as a red dot. In the lower
part corresponding firing rate maps are shown. Note that the cells mostly fire in
a particular place, hence called place cells. Firing rate (Hz) is coded on a color
scale from yellow (silent) to magenta (maximum rate; recordings from our lab).

Object representation in the hippocampus

Rats and other animals encounter objects in real world environments
and representation of these objects is an essential component
of episodic memory. As the hippocampus is believed to be the
anatomical site combining what and where information about an
experience/episode. It has been hypothesized that what (objects or
conspecific) and where (spatial information) information reaches the
hippocampus primarily via lateral entorhinal cortex (LEC) and medial
entorhinal cortex (MEC), respectively (Hargreaves et al., 2005). It is
also known that the distal region of the hippocampal CA1 subfield
primarily receives direct inputs from LEC and the proximal region
receives input from MEC (Witter et al., 2000).

The predominant activity correlate of hippocampal neurons is an
animal’s position in the environment. However, a number of studies
have shown that place fields are modulated by the presence of objects
(Burke et al., 2011; Cressant et al., 1997; Deshmukh & Knierim, 2012;
Gothard et al., 1996; Manns & Eichenbaum, 2009; Rivard et al., 2004).



Hippocampal activity in presence of another moving object

The neural representation of stationary objects has been studied
systematically in the hippocampus (Gothard et al., 1996; Rivard et al.,
2004) and other brain areas, the neuronal substrate for representations
of moving objects were previously assessed in only a few studies.
Earlier studies reported that hippocampal neurons responded to the
position of moving objects in allocentric space but they rarely assessed
the responses to position of a rat relative to moving objects (for such
exception see Ho et al., 2008). In these studies, the position of moving
objects (inanimate or animate) in space did not influence hippocampal
place cells much (Gianelli et al., 2018; Zynyuk et al., 2012), modulated
place cell firing a little (Ho et al., 2008), or was represented in the firing
of hippocampal cells (Danjo et al., 2018; Omer et al.,, 2018). The
likelihood of observing influence of moving objects on neuronal firing
increased when the object’s position was more relevant for the rat in a
particular experiment (Ahuja et al., 2020).

2. Aims of the study

Our broader aim is to understand how CA1 neurons encode
information about a moving object. Towards this end we aimed to
developed a task where a rat was required to organize its behavior
according to position (not just distance) with respect to a moving robot.
Next, we aimed to determine whether hippocampal unit activity reflects
position of a rat relative to a moving robot.

3. Material and methods

Male Long-Evans rats aged three months (N=15) from the breeding
colony of the Institute of Physiology, Czech Academy of Sciences,
Prague were used. Diet was restricted to maintain the rats at 2 80% of
their free-feeding weight. All animal procedures were approved by the
committee for the ethical treatment of animals and animal welfare at
the Institute of Physiology, Czech Academy of Sciences and by the
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departmental committee of the Czech Academy of Sciences (Project of
Experiments No. 136/2013), and complied with the Animal Protection
Act of the Czech Republic and European Union directive 2010/63/EC.

Animals (electrophysiology experiments)

For electrophysiology experiments, rats were trained only to avoid one
of the sides of the black and white robot (see below for details). This
was done because side avoidance allows us to compare two zones
that are more similar. Post completion of behavioral training rats were
implanted with 32 channel versadrives (Neuralynx, Bozeman, MT). The
data for electrophysiology analysis was used from three untrained rats
and one trained rat.

Behavioral training procedure and testing protocol

In Experiment 1, one group of rats (N=5) was trained to avoid a shock
zone in front of the robot, and in Experiment 2 another group of rats
(N=10) was trained to avoid the left or right side of the robot (figure 3.1;
Ahuja et al., 2020). The position of the shock zone (front or left or right)
was fixed for each rat for all the experiments. Rats in both experiments
were subjected to the same four-stage training and shaping protocol,
which only differed in the shock zone location. The four stages were:
stage 1) rats were gradually trained to forage on the arena; stage 2)
avoid stationary robot; stage 3) slow moving robot (2cm/s) and stage 4)
fast moving robot (4cm/s; Ahuja et al., 2020). In each stage, rats
underwent training for 3 sessions of 10 minutes, each day.The criteria
for progression into the next stage was < 8 entrances to the shock zone
per session across three consecutive days. After the rats learned the
task, their performance was tested in slow and fast moving robot probe
sessions that were performed in the same way as the reinforced
sessions except that shocks were not delivered.

After avoidance behavior was characterized in well-trained rats using
the black and white (B&W) robot, we proceeded to assess whether
avoidance depended on recognition of prominent visual patterns
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painted on the robot, using an all-white robot (figure 3.1).The training
protocol was similar as for the B&W robot.
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Figure 3.1. Schematic of behavioral paradigm for avoiding left (one of the sides)
zone around the robot (B) Protocol of experiment 2, where a rat avoided the
shock zone on one side of the robot. The left plot shows a schematic of the
arena, a rat, and B&W robot with the shock zone on the left side. In the adjacent
figure, a photograph of the B&W robot is shown; right, shows a schematic of the
arena, rat, and all-white robot with the shock zone on the left side, and a
photograph of the all-white robot. The lower part depicts the timeline of the
experiment (Ahuja et al., 2020).

Electrophysiology testing protocol

During this period, each recording day was followed by a training day,
on which three sessions with the robot were conducted. These three
sessions were: one stationary and two fast moving robot sessions in
that order. Two important differences between these days were that on
each recording day the shock was switched off and four sessions were
conducted instead of three. The four sessions were: no robot (only rat
foraged on the arena), stationary robot, fast moving robot (rat with the
moving robot) and no robot, respectively. Analysis within the fast
moving session (session 3) was performed in different reference
frames as shown below (figure 3.2)
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Figure 3.2. Schematic of different reference frames used in the analysis: rat in
room. (A) In this frame rat’s position on the arena was superimposed on the
spiking activity for a cell across the time frame of the session; rat to robot. (B) In
this frame the moving robot was brought to the center of the arena (post hoc)
and rat’s position with respect to the robot was superimposed on the spiking
activity; robot to rat (C) In this frame the moving rat was brought to the center of
the arena (post hoc) and robot’s position with respect to the rat was
superimposed on the spiking activity. Shown below are the spike plots and firing
rate map for a place cell in different reference frames. Firing rate (Hz) is coded on
a color scale from yellow (silent) to magenta (maximum rate).

4. Results and discussion
Rats can orient relative to a moving robot

The performance of all trained rats was measured using two
parameters: proportion of entrances in safe zones versus shock zone
and proportion of time spent in shock zone versus safe zones in probe
sessions. For rats avoiding the front zone, the performance was
compared between the front zone and average of three other safe
zones around the robot. In case of side avoidance, the performance
was compared between the shock side and the opposite side, as the
two side are mirror images of each other.



Experiment 1

In B&W robot condition during front avoidance, we observed that there
was significant difference in proportion of entrances and time spent in
the shock zone versus safe zone in both slow and fast probe sessions.
The shock zone values were lower. Similarly, in all-white robot
condition during front avoidance condition the rats entered less into the
shock zone versus the safe zones and they also spent less time in the
shock zone versus the safe zone in both slow and fast probe sessions.
There was significant difference between the two zones (p<0.05).

Experiment 2

In side avoidance paradigm with B&W robot there was a significant
difference in proportion of entrances and proportion of time spent in
shock versus safe zone during slow probe sessions. However, during
fast probe sessions, there was no significant difference in shock versus
safe zone in both of the parameters evaluated. In the all-white robot
condition, the rats entered less into the shock zone versus the safe
zones and they also spent less time in the shock zone versus the safe
zone in both slow and fast probe sessions (figure 4.1). The shock zone
values were significantly lower.
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Figure 4.1. Entrances and time spent in shock versus opposite zone. Experiment
2 — Avoidance of a shock zone at the side of the robot. Data from fast-moving all-
white robot are shown. Left figure show the proportion of entrances to the shock
zone and safe zone in unreinforced probe sessions. Right figure show the
proportion of time spent in the shock zone and safe zone in unreinforced probe
sessions. Plots show means * SEM. *p<0.05 and **p<0.01, (Ahuja et al., 2020).

In experiment 1, we demonstrated that the rats learned to avoid the
circular shock zone in front of the moving robot. In experiment 2, we

demonstrated the rats’ ability to avoid the shock zone on one side (left
or right) of the moving robot. Using the all-white robot, we showed that
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the rats were able to perform the same tasks under the conditions
when prominent visual patterns could not be used as cues controlling
avoidance behavior. This set of experiments showed that avoidance
behavior is based not merely on recognizing prominent simple stimuli,
such as increased noise levels, the size of the retinal image of an
object, or particular visual patterns characterizing the object, but is
based on recognizing spatial relationships in the object's moving
reference frame.

In experiment 2, when the rats had to avoid the shock zone on the side
of the fast-moving B&W robot, the tendency for avoidance was not
statistically significant at a=0.05 and was weaker than in experiment 1
with the shock zone in front of the robot (Ahuja et al., 2020). We can
speculate that this difference can be attributed to the fact that avoiding
the front of a dangerous object (animal or inanimate object) is an
ethologically more common situation than avoiding the side of it. It is
also possible that it is easier to recognize the front of the robot from the
other relatively distinct-looking sides than it is to recognize the left side
from the right, which looks more similar. Nevertheless, after additional
training the rats were able to avoid the side of the robot as accurately
as the front, as was manifested in the subsequent avoidance behavior
with the all-white robot (figure 4.1).

We further looked at rats’ behavior when they were within 20 cm of the
shock and safe zones. In probe trials, where the behavior was not
directly affected by foot shocks, we identified each entrance to the
shock and safe zones and characterized every single entrance using
the following parameters: time spent in a particular zone, average and
minimum distance between a rat and the robot, speed of the rat, visit
path and duration. We did not detect a systematic difference between
shock zone and safe zone entrances in any of these parameters. The
lack of a systematic pattern suggests that despite significantly lower
numbers of shock zone entrances, once an animal entered the shock
zone, its behavior there was not distinct from behavior in the safe zone.

Our current work extends the previous findings from our lab
(Pastalkova et al., 2003; Svoboda et al., 2017; Telensky et al., 2009,
2011) by showing that the rat can assess not just the distance from a
moving significant object, but also its relative position to the object.
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While navigation relative to a moving beacon is a variant of taxon
navigation, our task presents a different and more demanding cognitive
problem, which requires a more complex spatial strategy: locale
navigation (Gothard et al., 1996).

Activity of hippocampal units during the task

To understand the neuronal basis of navigation relative to the moving
robot and relevant representations we recorded electrophysiology data
from trained and untrained animals. These data are from three
untrained rats who were never shocked and a trained rat. We looked at
responses of cells across sessions and representation in the moving
robot session.

We recorded 42 hippocampal CA1 complex spike cells (CSCs, putative
pyramidal neurons) and four theta cells from three rats in no-shock
conditions and 46 CSCs and eight theta cells from one rat trained in
robot avoidance task. We observed various representations both
across sessions and representation in different reference frames within
the fast moving robot session which could allow the rat in navigating
around a moving object.

Effect of robot on firing pattern of cells

We observed that some of the recorded cells changed their firing
pattern with the introduction of the robot, while others remained
unchanged. An example of a changed cell is given below (figure 4.2).
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Figure 4.2. An example of cell whose firing pattern changed dramatically across
four sessions. Spike plots and firing rate maps are shown for each unit. Spike
plot shows rats trajectory in blue and a single spike as red dot. Unit 1 is from a
untrained rat. C14_1=0.1751 is correlation values (for smoothed map) between first
and fourth sessions. Firing rate (Hz) is coded on a color scale from yellow
(silent) to magenta (maximum rate).

Representation of rat and robot in various frames

To explore if the information about the moving robot is encoded in the
firing of hippocampal cells. We made firing rate maps in robot to rata
and rat to robot reference frames from moving robot sessions as
discussed in the methods section. In the recorded sample of cells,
besides place cells and theta cells, we also observed cells that
represented the position of the rat in the room as well as its position
relative to the robot or robot relative to the rat.

We observed the following type of units: 1) units that represented only
position of rat in the room; 2) units that represented the position of rat
relative to the robot and robot relative to the rat (unit 1, figure 4.3); 3)
units that represented the position of rat in room as well as rat relative
to the robot and robot relative to the rat (unit 2, figure 4.3); 4) units
which conjunctively represented the position of rat in the room, rat
relative to the robot and robot relative to the rat (unit 2, figure 4.3); 5)
units which were not organized in any of the reference frames.

The presence of these type of units in the hippocampus is in line with
the increasing evidence that the hippocampus is also involved in social
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information processing (Omer et al., 2018; Danjo et al., 2018; von
Heimendahl et al., 2012; Sutherland & Bilkey, 2020; Mou & Ji, 2016;
Leroy et al., 2018; Meira et al., 2018; Hitti & Siegelbaum, 2014)
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Figure 4.3. Two example units showing representation in various reference
frames. Spike plots and firing rate maps are shown for each unit. Spike plot
shows rats trajectory in blue and a single spike as red dot. The colors on rate
maps corresponds to the color bar. Only the no robot (session 1) and moving
robot (session 3) sessions are shown. For moving robot, representation has
been constructed for three reference frames: rat in room, rat relative to the robot
and robot relative to the rat (see figure 3.2). For no robot session, only rat in
room representation is possible which is shown on the left. Firing rate (Hz) is
coded on a color scale from yellow (silent) to magenta (maximum rate).

Absence of distinct cell types in the task

We made distribution of recorded cells based on their coherence and
spatial information from both trained and untrained groups. The
distribution were continuous for both theta and complex spike cells,
pointing towards absence of different cell types in the sample.
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Next, we looked at how coherence, spatial information and information
per spike changed across reference frames in trained and untrained
groups.

We found significant difference in spatial information (bits/sec; denotes
rate at which spike train conveys information) and information per spike
(bits/spike; denotes specificity of firing) across reference frames in
CSCs from trained rat. Thus CSCs from trained rat had different spatial
specificity and rate of conveying information across reference frames.

5. Conclusion

In summary, we behaviorally characterized and analyzed the rats’
ability to navigate with respect to a moving object. In our experiments,
the rats avoided specific positions defined in relation to a moving robot,
either the front of the robot or one side of the robot. The avoidance did
not depend on prominent visual patterns (drawings) on the robot, as
the geometry of the all-white robot was sufficient to guide the
avoidance behavior. Robot movement was not necessary as the
avoidance behavior was preserved also in the presence of a stationary
robot. This important and cognitively challenging aspect of navigation
deserves a further study on the level of behavior as well as underlying
neuronal mechanisms required for coordination of own position and
position of an object. Electrophysiology recording from trained and
untrained rats indicated that the animal represented both the position of
the rat in the room as well as a spatial relationship between the rat and
robot, we observed different responses in the recorded cells. However,
they did not cluster into different classes of cells.
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1. Uvod
Hipokampus a mistni buriky (place cells)

Hipokampus je mozkova struktura u€astnici se mnoha procesu véetné
prostorové paméti a navigace. Hipokampus a souvisejici struktury jsou
zahrnuty pod zastfeSujicim terminem hipokampalni formace.
Hipokampalni formace zahrnuje oblasti CA1, CA2, CA3, gyrus
dentatus, subiculum, parasubikulum, presubikulum a entorinalni kdru
(EC). Bylo zjisténo, Ze principialni bunky (tzv. principal cells) v
hipokampu koduji repertoar proménnych, véetné pozice subjektu v
prostoru (J. O’Keefe & Dostrovsky, 1971), €asu (MacDonald et al.,
2011), polohy dalSich pohybujicich se objektd (Danjo et al., 2018;
Omer et al., 2018) atd. Objev neuronu reflektujicich pozici subjektu v
prostoru v potkanim hipokampu (J. O’Keefe & Dostrovsky, 1971) byl
zakladem pro budouci studie tykajici se role hipokampu v prostorové
navigaci. Tyto neurony byly nazvany mistni buriky (place cells), protoze
jsou aktivni, kdyZz se zvife nachazi na urCitém misté v prostoru
(obrazek 1.1). Misto v prostoru, ve kterém je mistni bunka aktivni, se
nazyva pole mista (place field). Mistni buriky pfedstavuji tzv. “complex
spike” burky, jednu ze dvou hlavnich tfid bunék nachazejicich se v
hipokampu. Druhou tfidu tvofi theta bufky, pravdépodobné
interneurony. Aktivita mistnich bunék je ovlivnéna nékolika faktory
v€etné vnéjSich senzorickych podnétl (O’Keefe & Conway, 1978),
vhimanim vlastniho pohybu (McNaughton et al., 1996), hranic prostfedi
(John O’Keefe & Burgess, 1996), mistnich podnétd (Knierim, 2002) a
zkuSenosti (Bostock et al., 1991).
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Obrazek 1.1. Tfi mistni bunky nahrané béhem sezeni (session). V horni ¢asti jsou
zobrazeny akéni potencialy, trajektorie potkana je modra a kazdy akéni potencial
je zobrazen jako cervena tecka. Ve spodni casti jsou zobrazeny odpovidajici
frekvenéni mapy aktivity jednotlivych bunék. VSimnéte si, ze buriky jsou vétSinou
aktivni na urcitém misté v prostoru, proto se nazyvaji mistni bunky. Frekvence
aktivity (Hz) je kodovana na barevné stupnici od zluté (neaktivni) po purpurovou
(maximalni frekvence; zaznamy z nasi laboratore).

Reprezentace objektl v hipokampu

Potkani a jina zvifata se v realném prostiedi setkavaji s objekty a
reprezentace téchto objektl je podstatnou soucasti epizodické paméti.
Hipokampus je povazovan za anatomickou strukturu kombinujici
informace “co” a “kde” u konkrétniho zazitku/epizody. Pfedpoklada se,
Ze informace “co” (objekty apod.) a “kde” (prostorové informace) se do
hipokampu dostavaji primarné prostfednictvim lateralni entorinalni kdry
(LEC), resp. medialni entorinalni kary (MEC) (Hargreaves et al., 2005).
Je také znamo, Ze distalni &ast hipokampalni oblasti CA1 primarné
pfijima pfimé vstupy z LEC, a proximalni oblast pfijima vstupy z MEC
(Witter et al., 2000).

Pfevladajicim korelatem aktivity hipokampalnich neuront je pozice
zvifete v prostfedi. Rada studii vSak ukéazala, ze pole mista (place
fields) jsou modulovana pfitomnosti objektd (Burke et al., 2011;
Cressant et al., 1997; Deshmukh & Knierim, 2012; Gothard et al., 1996;
Manns & Eichenbaum, 2009; Rivard et al., 2004).
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Hipokampalni aktivita v pfitomnosti iného pohybujiciho se objektu

Neuralni reprezentace stacionarnich objektd byla systematicky
studovana v hipokampu (Gothard et al., 1996; Rivard et al., 2004) i
dalSich oblastech mozku. Neuronalnim substratem reprezentace
studie uvadéji, ze hipokampalni neurony reaguji na polohu
pohybujicich se objektd v alocentrickém prostoru, ale jen zfidka se
zabyvaly reakcemi na polohu potkana vzhledem k pohybujicim se
objektim (vyjimky viz Ho et al., 2008). V téchto studiich pozice
pohybujicich se objektl (nezivych nebo Zzivych) v prostoru neméla
zasadni vliv na hipokampalni mistni bunky (Gianelli et al., 2018;
Zynyuk et al., 2012), mirné& modulovala jejich aktivitu (Ho et al., 2008),
nebo dokonce byla reprezentovana aktivitou hipokampalnich bunék
(Danjo et al., 2018; Omer et al., 2018). Pravdépodobnost vlivu
pohybujicich se objektd na aktivitu neuronl se zvySila, kdyz byla
poloha objektu pro potkana v konkrétnim experimentu vice relevantni
(Ahuja et al., 2020).

2. Cile prace

NasSim hlavnim cilem je porozumét tomu, jak neurony v oblasti CA1
kéduji informace o pohybujicim se objektu. Za timto ucelem jsme
vyvinuli Ulohu, pfi které potkan musel pfizpusobovat své chovani
vzhledem ke své poloze (nejen vzdalenosti) k pohybujicimu se
robotovi. Dale bylo nasim cilem zjistit, zda hipokampalni aktivita odrazi
polohu potkana vzhledem k pohybujicimu se robotovi.

3. Material a metody

Byli pouziti potkanni samci kmene Long-Evans ve véku tfi mésicd (N =
15) z chovné kolonie Fyziologického ustavu Akademie véd v Praze.
Podavani krmiva bylo omezeno, aby se hmotnost potkan( udrzovala
na> 80% jejich hmotnosti pfi neomezeném pfistupu k potravé. VSechny
experimentalni postupy byly schvaleny etickou komisi Fyziologického
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ustavu Akademie v&d CR a oborovou komisi Akademie véd CR
(Projekt pokusu €. 136/2013) a byly v souladu se zakonem na ochranu
zvitat Ceské republiky a smérnici Evropské unie 2010/63/EU.

Zvifata (elektrofyziologické experimenty)

Pro ucely elektrofyziologickych experimentl byli potkani trénovani, aby
se vyhybali pouze jedné ze stran Cernobilého robota (podrobnosti viz
nize). Tento postup byl zvolen, protoze vyhybani se boénim stranam
nam umozfiuje porovnat dvé zény, které jsou si vice podobné. Po
dokoné&eni behavioralniho tréninku byly potkanim implantovany 32-
kanalové versadrivy (Neuralynx, Bozeman, MT). Data pro
elektrofyziologickou analyzu pochazela od tfi netrénovanych a jednoho
trénovaného potkana.

Postup behavioralniho tréninku a testovaci protokol

V Experimentu 1 byla jedna skupina potkant (N = 5) trénovana, aby se
vyhybali trestané zéné lokalizované pfed robotem, kde jim byl udélen
slaby elektricky impuls. V Experimentu 2 byla trénovana dalSi skupina
potkand (N = 10), aby se vyhybali levé nebo pravé strané robota
(obrazek 2.1; Ahuja et al., 2020). Poloha trestané zény (vpfedu, vlevo
nebo vpravo) byla pro kazdého potkana pro vSechny experimenty
neménna. Potkani v obou experimentech byli podrobeni stejnému
Ctyffazovému tréninkovému protokolu, ktery se liSil pouze v umisténi
trestané zony. Ctyfi faze byly: 1) potkani byli postupné trénovani, aby
se pohybovali po aréné a pfijimali potravu; 2) vyhybani se
stacionarnimu robotovi; 3) vyhybani se robotovi s pomalym pohybem
(2 cm/s) a 4) robotovi s rychlym pohybem (4 cm/s; Ahuja et al., 2020).
V kazdé fazi potkani podstoupili kazdy den 3 tréninkova sezeni po 10
minutach. Kritéria pro postup do dalsi faze byla < 8 vstupu do trestané
zény za jedno sezeni po dobu tfi po sobé nasledujicich dnu. Poté, co
se potkani tuto ulohu naucili, byli testovani v testovacich sezenich s
pomalu a rychle se pohybujicim robotem, ktera byla provadéna stejnym
zpusobem, avSak nebyl aplikovan elektricky impuls.

Poté, co byla charakterizovana schopnost vyhybani se objektu u
natrénovanych potkanl s pouzitim ¢ernobilého robota, pouzili jsme
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bilého robota za ufelem posouzeni, zda vyhybani zaviselo na
rozpoznani vyraznych vizualnich znagek namalovanych na robotovi
(obrazek 3.1). Tréninkovy protokol byl podobny jako u &ernobilého
robota.
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Obrazek 3.1. Schéma behavioralniho paradigmatu pro vyhybani se levé (jedné ze
stran) z6né kolem robota. Protokol z experimentu 2, kdy se potkan vyhybal
Sokové zoné na jedné strané robota. Levy obrazek ukazuje schéma arény,
potkana a cernobilého robota se Sokovou zénou na levé strané. Na vedlejSim
obrazku je fotografie €ernobilého robota; obrazek vpravo ukazuje schéma arény,
potkana a bilého robota se Sokovou zénou na levé strané a fotografii bilého

robota. Spodni ¢ast zobrazuje ¢asovou osu experimentu (Ahuja et al., 2020).
Protokol elektrofyziologického testovani

Béhem tohoto obdobi po kazdém dnu, kdy probihalo nahravani
elektrofyziologickych dat, nasledoval tréninkovy den, ve kterém byla
provedena tfi sezeni s robotem. Jednalo se o tato tfi sezeni: jedno
stacionarni a dvé sezeni s rychle se pohybujicim robotem, v tomto
pofadi. Dva dulezité rozdily mezi témito dny spocCivaly v tom, ze v
kazdy nahravaci den byl Sok vypnut a misto tfi byla provedena Ctyfi
sezeni. Tato Ctyfi sezeni byla: bez robota (pouze potkan krmeny na
aréné), stacionarni robot, rychle se pohybujici robot (potkan s
pohybujicim se robotem) a sezeni bez robota. Analyza v ramci sezeni
s rychle se pohybujim robotem (3. sezeni) byla provedena v rliznych
referenCnich ramcich, jak je zndzornéno nize (obrazek 3.2).
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Obrazek 3.2. Schéma riznych referenénich ramcu pouzitych pfi analyze: potkan
vuéi mistnosti. (A) V tomto ramci byla pozice potkana v aréné superponovana na
aktivitu bunky béhem sezeni; potkan vucéi robotovi. (B) V tomto ramci byl
pohybujici se robot znazornén do stredu arény (post hoc) a poloha potkana
vzhledem k robotovi byla superponovana na aktivitu burnky; robot vii¢i potkanovi
(C) V tomto ramci byl pohybujici se potkan znazornén do stfredu arény (post hoc)
a poloha robota vzhledem k potkanovi byla superponovana na aktivitu buriky.
Nize je zobrazena aktivita mistnich bunék v raznych referenénich ramcich.
Frekvence aktivity (Hz) je kddovana na barevné stupnici od zluté (neaktivni) po
purpurovou (maximalni frekvence).

4. Vysledky a diskuse
Potkani se mohou orientovat vzhledem k pohybujicimu se robotovi

Vykon vSech trénovanych potkant byl kvantifikovan pomoci dvou
parametr(l: pomér vstupl do bezpecnych zén vs. do Sokové zény, a
pomér Casu straveného v Sokové zoné vs. v bezpeCné zéné v
testovacich sezenich. U potkanl vyhybajicich se zéné pred robotem
byl porovnan vykon mezi pfedni zénou a primérem ze tfi dalSich
bepecnych zén kolem robota. V pfipadé vyhybani se se stranam robota

21



byl porovnavan vykon mezi trestanou stranou a opacnou stranou,
protoZe obé strany jsou vzdjemné zrcadlovymi obrazy.

Experiment 1

V pfipadé vyhybani se zoné pfed Cernobilym robotem jsme prokazali
signifikantni rozdil v poméru vstupl i ¢asu straveného v Sokové zoné
oproti bezpe&né z6né, a to u pomalu i rychle se pohybujiciho robota.
Hodnoty pro Sokovou zénu byly niZSi. Podobné v pfipadé zcela bilého
robota pfi vyhybani se jeho pfedni strang, potkani vstupovali méné do
Sokové zony oproti bezpeCnym zonam a také stravili méné Casu v
Sokové zéné oproti bezpe€né zéné jak v sezenich s pomalym, tak s
rychlym robotem. Mezi obéma zénami byl vyznamny rozdil (p <0,05).

Experiment 2

V paradigmatu boc¢niho vyhybani s ¢ernobilym robotem byl signifikantni
rozdil v poméru vstuplu i Casu straveného v Sokové zéné oproti
bezpeCné z6né béhem sezeni s pomalym robotem. B&hem sezeni s
rychlym robotem vS$ak nebyl v obou hodnocenych parametrech
vyznamny rozdil mezi Sokovou a bezpecnou zonou. V pripadé zcela
bilého robota vstupovali potkani méné do Sokové zoény oproti
bezpeCnym zoénam a také stravili méné Casu v Sokové zoné oproti
bezpeéné zoné v sezenich s rychlym i pomalym robotem (obrazek 4.1).
Hodnoty pro Sokové zony byly signifikantné nizsi.
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Obrazek 4.1. Vstupy a ¢as straveny v Sokové vs. v opacné zéné. Experiment 2 —
Vyhybani Sokové zé6né na boku robota. Jsou zobrazena data ze sezeni s rychle
se pohybujicim celobilym robotem. Obrazek vievo ukazuje podil vstupd do
Sokové zény a bezpecné zdény v testovacich sezenich bez Soku. Pravy obrazek
ukazuje podil ¢asu straveného v Sokové zéné a bezpecné zéné v testovacich
sezenich bez Soku. Grafy ukazuji pramér * SEM. * p <0,05 a ** p <0,01, (Ahuja et
al., 2020).

V Experimentu 1 jsme prokazali, Ze potkani jsou schopni se naucit
vyhybat se kruhové Sokové zéné pred pohybujicim se robotem. V
Experimentu 2 jsme prokazali schopnost potkanu vyhnout se Sokové
zéné po jedné ze stran (vlevo nebo vpravo) pohybujiciho se robota.
Pomoci zcela bilého robota jsme ukazali, Ze potkani byli schopni
provadét stejné ukoly i za podminek, kdy se nemohli pfi vyhybani Fidit
vyraznymi vizualnimi znackami na robotovi. Tato sada experimentd
ukazala, ze schopnost vyhybani se neni zaloZzena pouze na vhimani
vyraznych jednoduchych podnétl jako jsou zvySena hladina hluku,
velikost obrazu objektu na sitnici nebo konkrétni vizualni vzorce
charakterizujici objekt, ale je zaloZena na rozpoznavani prostorovych
vztah( v pohyblivém referenénim ramci objektu.

V Experimentu 2, kdy se potkani museli vyhybat Sokové zoné na strané
rychle se pohybujiciho ¢ernobilého robota, nebyla tendence vyhybani
se statisticky vyznamna pfi a = 0,05 a byla slabSi nez v Experimentu 1
s Sokovou zo6nou prfed robotem (Ahuja et al., 2020). Muzeme
spekulovat, Zze tento rozdil Ize pfipsat skuteCnosti, Ze vyhybani se
predni Casti nebezpecného pfedmétu (zvife nebo nezivy predmét) je
etologicky CastéjSi situace nez vyhybani se jeho strané. Je také moznée,
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Ze je snaz8i rozeznat predni ¢ast robota od ostatnich relativné odlisné
vypadajicich stran, nez rozeznat levou stranu od pravé, které si jsou
podobné. Po dalSim tréninku se vSak potkani dokazali vyhybat bo¢ni
strané robota stejné presné jako pFedni strané, jak se projevilo v
nasledném chovani u zcela bilého robota (obrazek 4.1).

Dale jsme zkoumali chovani potkant, kdyZz se nachazely do
vzdalenosti 20 cm od Sokovée a bezpelné zony. Ve testovacich
sezenich, kde chovani potkand nebylo pfimo ovlivnéno elektrickym
stimulem, jsme identifikovali kazdy vstup do Sokové a bezpecné zény a
charakterizovali pomoci nasledujicich parametr(i: €as straveny v
konkrétni zoné, priimérna a minimalni vzdalenost mezi potkanem a
robotem, rychlost potkana, délka trajektorie uvnitf zony a doba jejiho
trvani. V zadném z téchto parametrd jsme nenasli systematicky rozdil
mezi vstupy do Sokové zény a bezpeéné zdény. Nepfitomnost
systematického vzorce chovani naznacCuje, Ze i pfes vyrazné nizSi
pocet vstupll do Sokové zony, se chovani zvifete v Sokové zoné nelisilo
od chovani v bezpecné zoné, jakmile zvife vstoupilo do Sokové zény.

Nase souCasna prace rozsifuje predchozi zjisténi z nasi laboratofe
(Pastalkova et al., 2003; Svoboda et al., 2017; Telensky et al., 2009,
2011) zjisténim, Ze potkan dokaze posoudit nejen vzdalenost od
pohybujiciho se vyznamného objektu, ale také svoji relativni polohu k
tomuto objektu. Zatimco navigace ve vztahu k pohybujicimu se objektu
je variantou navigace trasou (taxon navigation), nase uloha pfedstavuje
prostorovou strategii: navigaci pomoci mapy (locale navigation)
(Gothard et al., 1996).

Aktivita hipokampalnich bunék béhem ulohy

Abychom porozuméli neuronalnim podkladim navigace vzhledem k
pohybujicimu se robotovi a pfislusSnym reprezentacim, nahravali jsme
elektrofyziologickd data z trénovanych a netrénovanych zvifat. Nase
data pochazeji ze tfi netrénovanych potkanu, kterym nebyly nikdy
aplikovany elektrické stimuly, a jednoho trénovaného potkana.
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Sledovali jsme odpovédi bunék napfi¢ sezenimi a reprezentaci v
sezeni s pohybujicim se robotem.

Nahrali jsme 42 hipokampalnich “complex spike” bunék v oblasti CA1
(CSC, predpokladané pyramidové neurony) a Ctyfi bunky theta od tFi
potkani v podminkach bez Soku a 46 CSC a osm bunék theta od
jednoho potkana trénovaného v uloze vyhybani se robotovi. Pozorovali
jsme ruzné reprezentace napfi¢ sezenimi i reprezentace v riznych
referenCnich ramcich béhem sezeni s rychle se pohybujicim robotem,
které by mohly potkanovi umozfiovat navigaci kolem pohybujiciho se
objektu.

Vliv robota na typ aktivity bunék

Pozorovali jsme, Zze nékteré nahravané bunky zmeénily svij vzorec
aktivity po dosazeni robota do arény, zatimco jiné zGstaly nezménény.
Nize je uveden pfiklad bunfky se zménénou aktivitou.

sezeni 1 sezeni 2 sezeni 3 sezeni 4

=
X

aktivity

O [N O

bunka 1

frekvence

f
T
tHEHH
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Obrazek 4.2. Priklad bunky, jejiz vzorec aktivity se dramaticky zménil béhem cétyr
sezeni. Pro kazdou bunku jsou zobrazeny akéni potencialy a frekvenéni mapy
aktivity. Horni graf ukazuje trajektorii potkana modre a kazdy akéni potencial
jako €éervenou tecku. Burika 1 je od netrénovaného potkana. C14_1 = 0,1751 jsou
korelaéni hodnoty (pro vyhlazenou mapu) mezi prvnim a ¢étvrtym sezenim.
Frekvence aktivity (Hz) je kddovana na barevné stupnici od zluté (neaktivni) po
purpurovou (maximalni frekvence).

Reprezentace potkana a robota v rdznych ramcich

Abychom prozkoumali, zda jsou informace o pohybujicim se robotovi
zakodovany aktivitou hipokampalnich bunék, wvytvofili jsme mapy
frekvence aktivity v referenénich ramcich robota vuci potkanovi a
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potkana vU¢i robotovi ze sezeni s pohybujicim se robotem, jak je
popsano v ¢asti Metody. V zaznamenaném vzorku bunék jsme kromé
mistnich bunék a bunék theta pozorovali také bunky, které
reprezentovaly polohu potkana v mistnosti a také jeho polohu
vzhledem k robotovi nebo polohu robota vzhledem k potkanovi.

Pozorovali jsme nasledujici typy bunék: 1) bunky, které reprezentovaly
pouze polohu potkana v mistnosti; 2) burky, které reprezentovaly
polohu potkana vzhledem k robotovi a robota vzhledem k potkanovi
(buhka 1, obrazek 4.3); 3) bunky, které reprezentovaly polohu potkana
v mistnosti i potkana vzhledem k robotovi a robota vzhledem k
potkanovi (bufika 2, obrazek 4.3); 4) bunky, které konjunktivné
reprezentovaly polohu potkana v mistnosti, potkana vzhledem k
robotovi a robota vzhledem k potkanovi (bufika 2, obrazek 4.3); 5)
bunky, které nebyly uspofadany v zadném z referenénich ramcd.

Pfitomnost téchto typl jednotek v hipokampu je v souladu s rostoucim
mnozstvim vysledk(l ukazujicich, ze hipokampus se podili také na
zpracovani socialnich informaci (Omer et al., 2018; Danjo et al., 2018;
von Heimendahl et al., 2012; Sutherland & Bilkey, 2020; Mou & Ji,
2016; Leroy et al., 2018; Meira et al., 2018; Hitti & Siegelbaum, 2014).
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Obrazek 4.3. Dvé ukazky bunék vykazujicich reprezentaci v riznych referenénich
ramcich. Pro kazdou bunku jsou zobrazeny akéni potencialy a frekvenéni mapy
aktivity. Graf s akénimi potencialy ukazuje trajektorii potkana modre a kazdy
akéni potencial jako ¢ervenou tecku. Zobrazeny jsou pouze hodnoty ze sezeni
bez robota (sezeni 1) a sezeni s pohybujicim se robotem (sezeni 3). Pro
pohybujiciho se robota byla vytvorena reprezentace pro tii referen¢ni ramce:
potkan v mistnosti, potkan vzhledem k robotovi a robot vzhledem k potkanovi
(viz obrazek 3.2). Pro sezeni bez robota je relevantni pouze reprezentace potkana
vUcéi mistnosti, ktera je zobrazena vlevo. Frekvence aktivity (Hz) je kddovana na
barevné stupnici od zluté (neaktivni) po purpurovou (maximalni frekvence).

Absence odlisnych typt bunék pfi feSeni ulohy

Analyzovali jsme distribuci nahravanych bunék na zakladé jejich
koherence a prostorové informace od trénovanych i netrénovanych
potkanu. Distribuce byla kontinualni jak pro theta, tak pro “complex
spike” buriky, coz naznacuje nepfitomnost odliSnych typa bunék v
ziskaném vzorku.

Déle jsme sledovali jak se koherence, prostorova informace a
informace na akéni potencial ménily napfi¢ referenénimi ramci u
trénovanych a netrénovanych skupin potkanu.
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Zjistili jsme vyznamny rozdil v prostorové informaci (bity/s; oznacuje
rychlost, pfi které sled ak&nich potencialll prenasi informace) a
informaci na ak&ni potencial (bity/akéni potencial; oznacuje specificitu
aktivity neuron() napfi¢ referenénimi ramci u “complex spike” bunék u
trénovanych a netrénovanych potkanu. “Complex spike” buriky u
trénovaného potkana tedy mély odliSnou prostorovou specificitu a
rychlost pfenosu informaci napfi¢ referenénimi ramci.

5. Zavéry

Provedli jsme behavioralni charakterizaci a analyzu schopnosti potkanu
navigovat se vzhledem Kk pohybujicimu se objektu. V naSich
experimentech se potkani vyhybali konkrétnim oblastem definovanym
vUci pohybujicimu se robotovi, bud pfed robotem nebo po jedné strané
robota. Schopnost vyhybani nezavisela na vyraznych vizualnich
znackach umisténych na robotovi, jelikoz schopnost vyhybani nebyla
narusena ani pfi pouziti zcela bilého robota bez znacek. Pohyb robota
nebyl nutny, protoZe schopnost vyhybani se byla zachovana i za
pritomnosti stacionarniho robota. Tento dullezity a kognitivné narocny
aspekt navigace si zaslouzi dalSi studium na behavioralni urovni i na
arovni neuronalnich mechanismu potfebnych pro koordinaci vlastni
polohy a polohy objektu. Nahravani neuralnich dat u trénovanych a
netrénovanych potkanl naznadilo, Ze zvife si utvofilo reprezentaci jak
své vlastni polohy v mistnosti, tak prostorového vztahu mezi sebou a
robotem. Pozorovali jsme odliSné odpovédi mezi nahravanymi
burikami. Tyto buriky se vSak neshlukovaly do odli§nych klastra.
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