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1. General introduction
The present thesis was aimed to contribute to our knowledge of neural substrates
and general principles of navigation in dynamically changing environments. We evaluated the
role of the hippocampus and posterior parietal cortex as well as the significance of inertial
(movement related, e.g. vestibular) stimuli in navigation in dynamic (multiple reference
frames) environments. In order to achieve this goal, it was necessary to develop several
novel behavioral assays.
The following section (1.1.) overviews basic strategies of animal navigation, principal
behavioral assays used in the research of spatial behavior in rats, and neural substrates of
spatial behavior. Section 1.2. presents the concept of multiple reference frames
environments. In section 1.3., I reviewed the methodological approaches used to induce
experimental lesions of brain areas.
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1.1. Spatial navigation in stable environments

The ability to localize spatially positions in the environment, such as localization of
resources or shelters is of an immense survival value. Certain degree of orientation aptitudes
may therefore be observed in virtually all freely moving organisms, ranging from chemotactic
movements of flagellate bacteria to a large-scale geographic navigation of migratory species.
Navigational capabilities of animals are being classified according to multiple variables, such
as distance of travel, available sensory inputs, behavioral strategies and resulting navigation
capabilities, or encoding complexity and underlying neural substrates. However, most studies
concerning animal navigation either took place in stable conditions or did not specifically
address dynamic changes in the environment. I feel that the possibility that spatial navigation
in a continually changing environment may pose specific requirements on neural substrates
and behavioral or encoding strategies had been largely disregarded. Within this section, I
review the traditional views on animal navigation including basic strategies and navigational
systems, tasks of spatial behavior commonly used in neuroethology and the main
neuroanatomical substrates of the spatial cognitive domain. The concept of dynamic or
multiple reference frames environments will be introduced in section 1.2.

1.1.1. Overview of spatial navigation strategies of animals

Directed spatial behavior can be classified as long-distance or short-distance
navigation. Long-distance or geographic navigation is the ability of some animal species to
move towards target locations across substantial distances typically spanning tens to
thousands of kilometres in vertebrates (Able, 1996, Limpus et al., 1992) and hundreds of
metres to kilometres in insects (Wehner and Srinivasan, 2003). It may be observed in a vast
variety of animal taxa, including sea turtles (Carr, 1975), migratory species of birds (e.g.
Kramer, 1949), large ungulates (Estes, 1992), myrmicine ants (Santschi, 1911), or monarch
butterflies (Urquhart, 1960). Long-distance navigation, similarly to short-distance navigation,
may be supported by several diverse mechanisms. In many species, multiple navigational
mechanisms occur simultaneously, thus enabling elimination of errors or eventual
recalibration. Honeybees (von Frisch, 1949, von Frisch, 1950), birds (Kramer, 1950) and
butterflies (Oliveira et al., 1998) use time-compensated sun compass. Furthermore, some
7

animals, including birds (Muheim et al., 2006), lizards (Freake, 1999), fish (Waterman and
Forward, 1970), ants (Duelli and Wehner, 1973) and bees (Helversen and Edrich, 1974) are
capable of detecting orientation of polarized sunlight (e-vector).
Another source of directional information for long-distance navigation may be
derived from mutual position of the stars and the moon (Sauer, 1957). Stellar compass is
time-independent and the directional information is derived from the position of the center
of rotation of the celestial scenery (Emlen, 1975). It has been shown, that stellar compass is
dependent on a previous experience, during which animals must be exposed to both rotation
of the stellar scenery and the Earth´s magnetic field (Weindler et al., 1996).
The ability to detect the Earth´s magnetic field can also be used as a powerful
compass mechanism in its own right. Birds, sea turtles, newts, or tenebrionid beetles are
capable of detecting vertical component (inclination) but not polarity of the Earth´s magnetic
field and thus possess an inclination compass, which is based on a cryptochrome-mediated
radical-pair physiological mechanism (Wiltschko and Wiltschko, 2006, Vácha et al., 2008,
Rodgers and Hore, 2009). Since inclination is highest at both poles and decreases towards
the equator, a major drawback of inclination compass is that it can only represent directions
from and towards the equator.
On the other hand, magnetic compass of bats (Wang et al., 2007), mole rats
(Marhold and Wiltschko, 1997) and most likely also that of a cattle (Burda et al., 2009) is
capable of detecting polarity and its perception is based on different physiological principles,
probably involving a magnetite (Thalau et al., 2006). Yet another source of directional
information for long-distance navigation is olfactory recognition of homestream water in
homing pacific salmons (Dittman and Quin, 1996).
Short-distance or topographic navigation is a set of abilities allowing for localizing
target places across shorter distances, often in a familiar spatial environment. In shortdistance navigation, both allothetic (i.e., related to external spatial cues) and idiothetic
(motion-related) sources of information may be effectively used. It may be further classified
according to navigational strategies, some of which rely solely on allothetic or idiothetic
sources, while other may combine both. Beaconing, taxon navigation, or cued navigation
(synonyms) is a simplest form of allothetic navigation, requiring the animals to approach a
particular cue (beacon) or follow a gradient associated with a goal position or a reward
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(O´Keefe and Nadel, 1978). Such form of navigation does not require any previous knowledge
of the environment and is thus independent of spatial learning.
Path integration or dead reckoning is the ability of animals to record track of their
elapsed distance and direction of locomotion in order to return directly (i.e., via a straight
path) to the point of departure. Existence of this form of navigation in animals has first been
proposed by Charles Darwin (1873). Since then, path integration was observed in many taxa,
including primates and humans (Gaffan, 1998), rats (Tolman, 1948), birds (Mittelstaedt and
Mittelstaedt, 1982), spiders (Mittelstaedt, 1985), ants (Jander, 1963) and others. Although
path integration may be considered an idiothetic navigation, it is often complemented with
allothesis. Without regular update by allothetic cues, the accuracy of path integration rapidly
deteriorates due to the accumulation of error in distance and direction estimation (Stuchlík
et al., 2001).
Alternatively, a sequence of both allothetic and idiothetic cues along the track may be
learned in order to use the very same route repeatedly. Such strategy of route following
allows for repeated traveling between two familiar places via a familiar route and requires
sequential stimulus-response learning (Tolman et al., 1946, Tolman et al., 1947, O´Keefe and
Nadel, 1978). Route following is relatively undemanding in terms of encoding complexity and
information capacity, but is also behaviorally inflexible (it does not allow for taking detours,
nor it allows for finding a way between two arbitrarily chosen familiar places in the
environment) and its efficiency may radically decrease with minor information loss or
unexpected changes in the environment. Conversely, place navigation, map navigation, or
locale navigation (synonyms) is a very robust and flexible encoding strategy, which allows for
finding path between arbitrarily chosen places in the (familiar) environment. It allows for
taking detours and shortcuts, and is not vulnerable by minor information loss or changes in
the environment (O´Keefe and Nadel, 1978). Importantly, it also enables animals to find an
unmarked place in an environment on the basis of its relationship with distal landmarks,
which distinguish allothetic place navigation from any other navigation strategy (O´Keefe and
Nadel, 1978, Morris et al., 1982). A crucial concept behind map navigation is the notion of
cognitive map, initially introduced by Tolman (1948). Tolman noticed, that rats are capable of
latent learning, i.e. they learn in an absence of a reinforcement and without the learned
behavior being necessarily expressed at the time of learning. Furthermore, he observed that
rats trained to navigate through a sequence of left and right turns to a reward site are able to
9

immediately head for the correct direction to the goal, once the original roundabout alley is
replaced with a series of direct radial alleys. He concluded that rats (as well as men) have an
internal neural representation of ambient space, which allows for continual acquisition,
storage and recall of information about locations in an environment and which can be
flexibly used for navigational behavior. He coined the term cognitive map for this type of
internal representation. Strong support for the theory came from electrophysiological
examinations of hippocampal pyramidal cells in freely moving animals (see chapter 1.1.3.),
which led to the discovery of place cells (O´Keefe and Dostrovsky, 1971) and from lesion
studies, showing that hippocampal lesions result in a severe deficit in the ability to locate
spatial positions with respect to distal landmarks, but not when the positions are directly
visible (Morris et al., 1982). Such findings led to the formulation of Cognitive map theory of
hippocampal function (O´Keefe and Nadel, 1978), which asserts that the hippocampus is the
key neural substrate of cognitive map.
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1.1.2. Overview of laboratory tests of animal spatial behavior

Animal spatial behavior is a complex phenomenon, which is profoundly affected by
many cognitive, affective, environmental and physiological variables. In contemporary
neuroscience and neuroethology, animal spatial behavior is considered a potent model and
an efficient tool to quantitatively evaluate learning and memory, motor ability, motor
coordination, sensory processing, nociception, social behavior, and emotional states such as
anxiety or depression. With the aim to maintain comparability and general validity of data,
we typically limit ourselves to a scant number of well-established model species. Moreover,
given the specificity of questions we may ask, it is instrumental to complement observation
of animal behavior with a standardized, reproducible and, as much as possible, observerindependent evaluation method. Thereby many highly standardized tests of animal behavior
(or behavioral assays) have been developed. Such tests are usually designed to evaluate
number of discrete as well as continuous variables. Examples of discrete variables are
occurrences of well-discernible and often stereotyped patterns of behavior such as head
dipping, freezing, or entrances to maze arms. Continuous variables may include elapsed
path, level of thigmotaxis (the tendency to keep close to the borders) or time spent in a
particular area or performing a particular behavioral pattern.
The open field test (OFT; Hall, 1934) is the oldest and arguably the simplest standard
behavioral assay. It is however still one of the most widespread paradigms to evaluate animal
spatial fear and anxiety (Belzung 1999, Prut and Belzung, 2003). The animal is placed on an
unknown, well-lit open platform or chamber, which is a strongly anxious situation. Therefore,
a conflict between two motivations is present: rats have a natural tendency to explore a
novel place – but also a no less innate propensity to inhibit locomotion in a hostile,
potentially dangerous environment. Decreased level of exploratory behavior may thus be
interpreted twofold:

1) as a natural extinction of the exploratory drive (curiosity), e.g. due to habituation
and increased familiarity with the environment
2) as an inhibition of behavioral response to novelty, which may be interpreted as
behavioral expression of fear or anxiety.
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Therefore, behavioral performance in the open field test may not be expressed as a
single one-dimensional measure, such as elapsed path. Optimally, multiple traits of perceived
anxiety, such as thigmotaxis (see figure 1.1), freezing or crouched body posture, should be
weighed against correlates of exploratory behavior including elapsed path, rearing, and head
dips.

Figure 1.1 Thigmotactic behavior as a measure of anxiety.
Locomotor exploration patterns can reveal differences in anxiety. (A) Locomotor pattern of wellacclimated control animal. (B) In a neuropharmacological model of anxiety, a typical subject rodent is
thigmotactic, i.e. it will stay near the perimeter of the arena. (From Carter and Shieh, 2010)

A more advanced evolution of the OFT is the elevated plus maze, now the most
widely used assay for evaluation of fear and anxiety in rodents (Handley and Mithani, 1984).
It consists of two perpendicular arms organized according to the shape of the “plus” symbol.
Two opposite arms are surrounded by a high wall, whereas the other two arms are open. The
main evaluated parameter is the time spent on the open arms of the plus maze as opposed
to the time spent on the enlosed arms. An animal which restricts itself to the closed arms is
considered more anxious than a more active open-arm regular.
The pattern of behavioral changes following administration of drugs with anxiolytic
effects confirms this finding (Handley and Mithani, 1984, Pellow et al.,1985).
12

Another common memory test is the Pavlovian fear-conditioning test (Pavlov, 1927).
Although this test is not primarily 'spatial', it is often being used to associate an unavoidable
aversive stimulus (such as an electric shock) with a spatial context. Repeated administration
of foot-shocks in a particular environment results in conditioned fear, which may be
expressed by freezing occurring whenever the animal is exposed to that environment.
A slight but highly inventive modification to the original Pavlovian design was recently
introduced by Iordanova and colleagues (2009, see figure 1.2.). Their design allows for
learning the association between conditioned and unconditioned stimuli in specific spatial
and temporal (daytime) contexts. Since episodic-like memory (a homologue to the episodic
memory in humans) contains information about an event (what) as well as its spatial (where)
and temporal (when) context (Clayton and Dickinson, 1998, Morris, 2001), this novel test
may represent the long sought-for behavioral paradigm for evaluating of episodic-like
memory in laboratory rodents.
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Figure 1.2. Behavioral paradigm designed for the assessment of presence of ‘what’, ‘where’ and
‘when’ components in conditioned fear memory.
On days 1–4, in the morning a tone was presented in the spotted context and a series of clicks in the
checked context whereas in the afternoon the clicks were presented in the spotted context and the
tone in the checked context. To assess whether rats had formed configural memories of where and
when the tone had been presented, fear was first established to the tone (but not the clicker) by
pairing it with shock (in another context at midday on days 5 and 6). Rats then received test
configurations on days 7 and 8 that should either result in the retrieval of the feared tone (i.e. morning
with spotted context, and afternoon with checked context) or should not (i.e. the remaining
combinations). From Iordanova and colleagues (2009).
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It is important to remind, that apart from behavioral manifestations, the humoral and
the vegetative nervous system also respond to distressing stimuli. Moreover, physiological
and behavioral responses to distressing stimuli may be expressed independently (Resstel et
al., 2008). Therefore, recording immediate cardiovascular responses to fear and anxiety
(Resstel et al., 2008) or collecting fecal samples for later analysis of glucocorticoid
metabolites (Nováková et al., 2008, Frynta et al., 2009) may significantly expand the scope of
application of the model.
Pellet chasing task (Muller and Kubie, 1987), a simplified variant of the OFT, is most
often used in connection with single-unit electrophysiological recordings from behaving
animal. Its purpose is to motivate the animal to cover the whole available area. The
moderately food-deprived animal is foraging for small pasta or grain pellets randomly
dispersed from an overhead feeder. The increased locomotion of the animal makes it
possible to find correlations between spatial position of the animal or its head direction, and
neuronal activity. Different, much less prevalent is the possibility to motivate the animals to
walk by administration of rewarding Intracranial self-stimulation (ICSS; Fukuda et al., 1992).
Another very simple modification to the OFT is the spontaneous object exploration
test (Ennaceur and Delacour, 1988), which has been applied in working memory
experiments. In this task the animal is placed in an experimental arena with two identical
objects, is allowed explore them and is removed to its home cage only after a specified
exposure period. After a given delay period, during which one of the original objects was
replaced with a different one, the animal is returned to the experimental area, where are
now two different objects. The subject is expected to spend more time exploring the new
object on the assumption that it remembers the exposure to the original object. According to
Dix and Aggleton (1999), the phase of increased interest in the novel object lasts about two
minutes.
Various tests of working memory for rats take advantage of spontaneous alternation
behavior (SAB; Tolman, 1925). SAB is an innate propensity to regularly change direction on
consecutive left-right turns. A very simple task involving SAB is the delayed alternation task
performed on a Y or a T-maze, introduced by Tolman (1925). The experimental trial begins by
placing the animal onto the start position (the beginning of the longest arm). The animals are
then allowed to run up the trunk of the maze and then chose either the left or the right arm.
During the delay period (animal is withdrawn to its homecage), it has to remember its last
15

turn and go contrariwise on the following trial. The arms may be baited but, interestingly,
rats perform the task readily even without any reinforcement. Despite the enduring efforts
(e.g. Hull, 1943, Montgomery, 1952, Whishaw and Pasztor, 2000, Dudchenko, 2001), the SAB
phenomenon is not yet fully understood and its evolutionary significance remains
speculative. It is however prevalent throughout the animal kingdom and can as well be
observed when unicellular Paramecium and human sperm cells swim through a micromaze
(Brugger et al., 2002, Harvey and Bovell, 2006). The author of this thesis dares to speculate,
that SAB could have been – possibly among other functions - an efficient anti-predator
strategy, making fleeing responses less predictable.
The radial maze task (Olton and Samuelson, 1976) is a classic among working
memory tests for rats. It consists of an array of 8 (or more) arms and a centrally placed
starting platform (see Fig 1.3). Arms are baited and the animals are therefore motivated to
visit each arm once. A repeated visit to the depleted arm before visiting all the available
baited arms, is considered an error.

Figure 1.3. Radial arm maze.
(A) Schematic of the eight-arm radial maze. (B) Performance decrease associated with the introduction
of different delays between the fourth arm choice, and the remaining arm choices. From Dudchenko
(2004; data based on Bolhuis et al., 1986).
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The most widespread behavioral test used to evaluate learning and memory in
laboratory rodents is undisputedly the Morris water maze task (MWM; Morris, 1981). In this
task the rat is placed in a circular water tank usually filled with an opaque liquid. The rat is
trained to localize an escape platform, which is submerged about 1 cm below the water level.
Usually, starting positions are arranged in a pseudorandom sequential scheme, to exclude
the possibility that the rat may conceive an egocentric navigational strategy.
The rat is typically given no more than 6 training sessions (days) by 4 trials (swims),
but the number of trials can differ according to the design of the particular experiment and
may trange from 1-12 (Vorhees and Williams, 2006). Number of training days may also differ
between experiments and is dependent on the steepness of the learning curve. The original
design of the experiment underwent many modifications, including the working memory
version. In the working memory version, the rats are typically given two trials a day, with the
position of the platform stable between trials in a session, but different between sessions.
Since no stable intramaze cues are present, the rat may orient according to a
coordinated neural representation of multiple reference cues, i.e. according to a 'cognitive
map'. The existence of a cognitive map has been previously hypothesized (Tolman, 1948,
O'Keefe and Nadel 1978) and it was predicted to reside in the hippocampus (O'Keefe and
Dostrovsky, 1971, O'Keefe and Nadel, 1978; see section 1.1.1.). Indeed, bilateral hippocampal
lesions proved to be deleterious for the performance in the task, providing major evidence
for the cognitive map theory (see fig 1.4. Morris et al., 1982).
Rossier and colleagues (2000) introduced a dry maze place preference task, which
was more suitable for electrophysiological measurements. The animal moves freely on an
experimental arena. Whenever the animal visits an unlabeled target place, a food pellet is
released from an automated overhead feeder.
Main advantages of this design for the use in electrophysiology are three: first, it
eliminates the necessity to use water-proof headstage, which is complicated, even though
not impossible (Hollup et al., 2001). Second, it is possible to obtain longer behavioral records.
Third, the well-learned animal may completely cover the experimental arena by its
locomotion, which is essential for obtaining a representative set of data for the evaluation of
position specific neuronal firing.
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Figure 1.4. Representative trajectories of control, hippocampal-lesioned and cortical-lesioned rats in
the Morris water maze.
Performance of subjects with hippocampal lesion, with control cortical lesion and a surgery free
control in the Morris water maze task. According to Morris (1982).

A large group of spatial memory tests consists of various place avoidance paradigms.
In a place avoidance paradigm, presence at or entrance to a particular location is punished
by an aversive stimulus, usually an electric foot-shock. In passive avoidance tests, such as
step-down test, step-through test and two-compartment test the animal is trained to inhibit
its innate or otherwise natural behavioral response (Bureš et al., 1983). Usually, behavior of
the naïve animal is compared to the performance of the learned animal in a corresponding
retention test. Thanks to the aversive nature of the reinforcement stimulus and its clear
association with the behavioral response, the acquisition of these tasks is usually extremely
rapid, often in a single trial. This makes it possible to establish the precise time of acquisition
and therefore to test retention in exact interval from acquisition. However, the navigational
component in these tasks is limited, compared to other tests of described in greater detail
here.
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1.1.3. Neural substrates of spatial navigation in the rat
This section reviews the main neural structures relevant for spatial navigation. The
two structures studied within the experimental part of this thesis, i.e. the hippocampus
(within the framework hippocampal formation) and the posterior parietal cortex, are
reviewed in separate chapters. Other relevant structures are briefly mentioned.

1.1.3.1. The hippocampal formation
Among the brain structures responsible for spatial orienting behavior in rodents, the
hippocampal formation has received the most attention from the neuroscience community.
The hippocampal formation sensu lato comprises the archicortical hippocampus proper
(consisting of the dentate gyrus and CA3 to CA1 subfields, see figure 1.5), the subiculum, and
the entorhinal, perirhinal and postrhinal cortices (O’Keefe & Nadel, 1978; Eichenbaum and
Cohen, 2001). As mentioned in section 1.1.2., hippocampal lesions have a detrimental effect
on allothetic navigation strategies, such as the ability to locate a submerged platform in the
Morris water maze (Morris et al., 1982).
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(C)

Figure 1.5. Overview of hippocampal anatomy and connectivity.
Hippocampal formation of the rat within the whole brain (A) and in a section (B). Table (C) shows
intrinsic connections within the hippocampal formation (SUB=subiculum, DG=dentate gyrus). Adapted
from O´Mara (2005).
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Pyramidal neurons in the hippocampal fields CA1 and CA3 and some granular cells of
the dentate gyrus are known to act as place cells, i.e. they respond with an increased firing
rate whenever the animal finds itself located in a cell-specific place of an environment, which
is therefore referred to as the place field (O´Keefe and Dostrovsky, 1971). A subpopulation of
place cells active in a given environment covers all accessible space with place fields. Such an
array of neurons is thus hypothesized to constitute a map-like representation (O’Keefe and
Nadel, 1978, Muller and Stead, 1996). In addition to place cells, other spatially responsive
types of neurons were identified in the hippocampal formation, namely the head direction
cells (Taube, 1990) and grid cells (Hafting, 2005).

Figure 1.6. Assumed anatomical connectivity between grid cells in the medial EC (MEC) and place
cells in the hippocampus.
Grid cells (blue) are illustrated with small grid spacings in the dorsal pole of MEC and with larger grid
spacings at more ventral levels. All place cells with a place field receive input from grid cells of similar
spatial phase (a common central peak) but a diversity of spacings and orientations. Hippocampal place
cells with a small firing field (green) are innervated by grid cells from more dorsal parts of the EC than
place cells with a larger field (yellow). Connection weights are indicated by the thickness of the arrows.
Interneurons (red) provide nonspecific inhibition to keep overall firing rates at physiological levels. The
color code for the rate maps ranges from blue (0 Hz) to red (peak rate). From Solstad et al. (2006).
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Head direction cells respond when the subject’s head is turned in a particular cellspecific direction. They have been described from the postsubiculum, but later have been
found in numerous other structures, including the anterior thalamic nuclei, mamillary
bodies, retrosplenial cortex and striatum. Grid cells, found in the medial entorhinal cortex,
act similarly to place cells, except that they have multiple firing locations, which if drawn in a
map, create a perodic rectangular grid covering the entire available surface (Hafting et al.,
2005). Computational models have shown that convergent inervation from grid cells could be
sufficient to explain place cell firing (see Fig 1.6.; Solstad et al., 2006).
The hippocampal formation has been originally described to function within a Papezcircuit, a system controlling for emotional states (Papez, 1937). Later, its function has been
reconsidered and extensive efforts have been pursued to describe the functioning of the
hippocampus a spatial navigation module (O’Keefe and Dostrovsky, 1971, O’Keefe and
Nadel, 1978, Morris, 1982), being important for computations necessary to perform complex
spatial behavior (Muller and Stead, 1996). This led to the formulation of Cognitive map
theory of hippocampal functioning. In addition to electro-physiological evidence, number of
lesion (e.g. Morris et al., 1982), pharmacological (Cimadevilla et al., 2009), and neurodevelopmental studies (Mateffyova et al., 2006, Rosene and van Hoesen, 1977, Lipska and
Weinberger, 2002) have provided further evidence for the view that the hippocampal
formation is a key component in the neural circuitry underlying representation of positional
information as well as computations involved in spatial cognition. Rats with bilateral lesions
of the dorsal hippocampus are impaired in locating the remembered position ofnavigation to
a hidden platform in the standard Morris water maze task (Morris et al., 1982), but perform
equal to controls when directional cues are at their disposal (Pearce et al., 1998), or when
navigationg to a visible platform (Sutherland et al., 1989). These data suggest, that
hippocampus is important for allothetic place navigation, but not for route following and
cued navigation. This was clearly demonstrated by Packard and McGaugh (1996), who
demonstrated that control rats solve a t-maze task using an allothetic place navigation
strategy, whereas rats with hippocampal inactiavation use egocentric response strategy.
In humans, the hippocampal formation is considered crucial for declarative memory,
particularly for its episodic component. Main body of evidence for the Declarative theory of
hippocampal function comes from human patient studies (Scoville and Milner, 1957) and
primate models of amnesia (Gaffan, 1974, Mishkin, 1978).
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One of the enduring issues in hippocampal research is that both most influential
theories of hippocampal function, the Declarative memory theory and Cognitive map theory,
are to a certain extent contradictory to one another. One of the main assumptions of the
declarative memory theory is that memory engrams (records) are initially stored in the
hippocampus but later “migrate” to the neocortex via a process of systems memory
consolidation (Squire and Cohen, 1984, Squire, 1986, Squire and Alvarez, 1995). This is
inconsistent with the finding, that both remote and recent place memories in rats are equally
impaired by hippocamal lesions (Clark et al., 2005, Broadbent et al., 2006). On the other
hand, Cognitive map theory does not explain involvement of the hippocampus in episodic
memory in primates, nor it sheds light on the crucial role of the rat hippocampus in nonspatial memory tasks, such as odor-odor association (Alvarez et al., 2002). It has also been
shown that pyramidal cells in CA1 may respond to match and non-match situations in an
odor-based non-match to sample task (Otto and Eichenbaum, 1992).
Minor views on hippocampal function claim that the hippocampus is critically
important for rapid encoding, long-term storage, and recollection of episodic memories with
rich contextual information (Winocur et al., 2007) or automatic recording of attended
experience (Morris and Frey, 1997). These views are based on the fact that the hippocampus
is critical for rapid encoding of unique, one-trial memories (Kim and Fanselow, 1992) and that
it allows “latent” learning of background (contextual) information in the absence of explicit
learning requirement (Matus-Amat et al., 2004).
However, the hippocampus is not a homogenous structure with unitary funtion. Since
the influential paper by Moser and Moser (1998), many authors propelled the idea that
ventral (temporal) and dorsal (septal) regions of the rat hippocampus perform differential
roles. Whereas the dorsal hippocampus serves as a spatial module and its lesions or
inactivations are deleterious for place memory (e.g. Morris, 1982), the ventral part of the
hippocampus is involved in both conditioned and unconditioned behavioral response to feareliciting stimuli (Bast et al., 2001, Kjelstrup et al., 2002, Maren and Holt, 2004, Hobin et al.,
2006, Pentkowski et al., 2006).
This observation is further supported by the differential connectivity patterns of the
dorsal and ventral hippocampal segments (Naber and Witter, 1998, Fanselow and Dong,
2010) and their differential electrophysiological properties (Maggio and Segal, 2009). The upto-date gene expression and neuroanatomical data identify a distinct intermediate region
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within the septotemporal axis (Fanselow and Dong, 2010), which also seems to have a
specific function: in ‘translating the learned information into useful behavior’ (Bast et al,
2009). Recently, Segal and colleagues (2010) have theoretized that stress may lead to a
modulation of functional connectivity between the hippocampus and the rest of the brain.
Under normal conditions, the dorsal efferents to the hippocampus (leading to neocortical
and paleocortical areas) predominate. Stressful events lead to changes in synaptic
metaplasticity in both ventral and dorsal hippocampi, so that now the dorsal route is less
excitable and ventral route (connecting the hippocampus with the amygdala and
hypothalamus) prevails. This up-to-date theory represents a major revision of the hitherto
accepted understanding of stress-mediated control of hippocampal function (Joels and
Baram, 2009).
The role of the subiculum is still a matter of intense discussion. The pattern of
subicular connectivity suggests that the subiculum is an important interface structure
between the hippocampus and associative neocortical areas (Fig. 1.5C). Subicular lesions
however do not cause deficits typical for animals with hippocampal lesions; in the Morris
water maze, rats with subicular lesions are impaired mainly in precision of navigation
towards the platform and have deficits in heading to the target position (Morris et al., 1990).
Also, the electrophysiological properties of subicular pyramidal cells are different from those
in the hippocampus and show strong modulation not only by location but also by speed and
theta rhythm. It has also been proposed that the subiculum consist of two functionally
dissociated areas; the dorsal subiculum, functionally related to spatial navigation and
memory and ventral subiculum, which was proposed to have important function in the
neurobiology of stress response, exerting an inhibitory influence on the HPA axis (O´Mara,
2005).

1.1.3.2. Posterior parietal cortex
Posterior parietal cortex is an associative area of rat cortex found between
somatosensory cortex and occipital cortices (Kolb and Walkey, 1987). Therefore, based on
the anatomical connectivity, this structure seems to be a homologue to primate PPC. The
role of rodent PPC is still not fully understood. Electrophysiological recordings suggest an
associative nature of PPC and its involvement in spatial processes. Parietal neurons utilize
various sources of spatial information, such as head direction (Chen et al., 1994) or body
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position during route progression (Nitz, 2006). This implies that PPC plays an important role
in processing egocentric (i.e. body-related) information.
Bilateral ablation of PPC does not disrupt orienting responses, while it has a
debilitating effect on various spatial abilities – rats can hardly find the most effective way to
the submerged platform (Kolb and Walkey, 1987) in water maze (but always find a visible
platform) or display more errors in radial mazes (DiMattia and Kesner, 1988). One of the
widely recognized theories about PPC function, as supported by recent electrophysiological
findings (Nitz, 2006), suggest that PPC serves as an interface translating egocentric (i.e. body
related) coordinate information into allocentric (i.e. body independent) coordinate system,
and vice versa (Save et al., 1998, Save and Poucet, 2000a). This is a crucial process when it
comes to executing a planned motor program (egocentric coding) while reaching a specific
target which position is allocentrically encoded. Moreover, it was shown that impact of the
PPC impairment considerably deepens with growing demands on the 'interface' capacity. PPC
ablated rats searching for submerged platform in water maze are disrupted more when
platform location is learned with respect to an array of proximal (intramaze) landmarks as
opposed to distal (extramaze) landmarks (Save and Poucet, 2000b). Intuitively, objects placed
into water maze, being close to submerged platform seem to support navigation to target
better than object placed far away, however, intramaze landmarks allow to observe them in a
greater variety of angles and configurations. Thus, although intramaze landmarks allow for
better distance estimation from target than extramaze landmarks, they require more
intensive proccessing of rat-landmarks information. This may also lead to an idea that PPC is
involved in navigation to a visible but continuously moving goal, since it requires sustained
spatial attention oriented towards the goal (which is also suggested amongst functions of the
PPC, Corwin and Reep, 1998) and, again, intensive computations of rat-goal spatial
relationships, leading not to simple pointing to the goal but to prediction of the goal
trajectory and choosing the most effective spatial motor response.
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Figure 1.7. Posterior parietal cortex in the rat.
Main connections of the posterior parietal cortex in the rat (from Save and Poucet, 2009).
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1.1.3.3. Other associative areas of neocortex
The rat prefrontal cortex (PFC) and orbitofrontal cortex (OFC) are believed to be
central to cognitive proccessing including spatial cognition (Seamans and Yang, 2004). This
neocortical region was demonstrated to participate in spatial working memory (Goldman
Rakic 1987, 1996; Fuster, 1989; Kolb et al., 1994), executive functions and planning, behavior
flexibility (Ragozzino, 2007), decision making, strategy choice (Lee et. al, 2007) and inhibition
of inappropriate behavior. Analogous to extensive findings in monkeys and humans, the rat
PFC and OFC have been found to be inhomogenous both in anatomy and function. Three
funcional complexes have been identified: ventromedial, dorsolateral prefrontal cortex, and
orbitofrontal cortex (Preuss, 1995; Kolb, 1974; Eichenbaum et al., 1983). Medial part of the
PFC (mPFC) seems to be preferetially involved in processing of spatial information
(Eichenbaum et al., 1983); lesions of mPFC also cause poor performance in tasks which
require memory for temporal order of spatial locations (i.e. Sakurai and Sugimoto, 1985;
Kesner and Holdbrook, 1987; Olton et. al., 1988, van Haaren et al., 1988; Chiba et al., 1994;
Kolb et al., 1994). On the other hand, OFC is believed to be involved in information
processing and goal directed decision making.
Retrosplenial cortex is densely interconnected with the hippocampus and anterior
thalamic nuclei, which suggests possible contribution of this structure to spatial memory (see
1.1.3.1. and 1.1.3.4.). It can be further subdivided in granular and dysgranular subregions,
which substantially differ in cytoarchitecture (van Groen and Wyss, 1990, 1992, 2003).
Temporal inactivations of the retrosplenial cortex were shown to affect navigation specifically
in darkness (Cooper and Mizumori, 1999, Cooper et al., 2001), which suggests role of the
retrosplenial cortex in idiothetic strategies, such as path integration. Retrosplenial lesions
also resulted in corresponding ´errors´ in place cell firing (Cooper and Mizumori, 2001).
Conversely, hippocampal lesions cause major decrease of activity of retrosplenial neurons
(Albasser et al., 2007). However, other study using selective lesion to dysgranular
retrosplenial cortex found deficit in allothetic navigation using distal visual cues (Vann and
Aggleton, 2005). Furthermore, later studies found that both granular and complete lesions to
retrosplenial cortex have impairments in spatial working memory in both light and dark
(Harker and Whishaw, 2004, Polthuizen, 2010) or specifically in segregation of relevant
(room) and irrelevant (arena) spatial frame on a rotating carousel arena (Wesierska et al.,
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2009, also see sections 1.2. and 3.1.1.). Spatial deficit of retrosplenial-lesioned rats in the
Morris water maze may be partially compensated for by non-spatial pre-training in the task
(Lukoyanov et al., 2005). Despite the current views on retrosplenial function are still rather
contradictory and puzzling, it is generally agreed that retrosplenial cortex significantly
contributes to spatial learning and memory.

1.1.3.4. Non-cortical areas
Cerebellar damage may induce deficit in processing of spatial information and it has
been proposed, that the cerebellum might be involved in both procedural and cognitive
aspects of navigation (Rondi-Reig and Burguière, 2005). Also lesions of subcortical areas,
such as basal ganglia and thalamus, were shown to significantly contribute to navigation.
Striatum have been documented to represent egocentric movement (Mizumori et al., 2009)
and to be responsible for stimulus-response learning (Brasted et al., 1997). Combined lesions
of the anterior thalamic nuclei have also been shown to affect allothetic navigation
(Aggleton et al., 1996, van Groen et al., 2002).
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1.2. Navigation in multiple reference frames environments
Most behavioral tasks for studying rodent navigational capabilities, such as a water
maze or a radial maze, take place in stationary environments. Behavioral experiments may
include manipulations with cues or with whole arrays of cues, or unexpected shifts of
starting position in a maze, often to explore electrophysiological properties of spatially tuned
neurons (e.g. Muller and Kubie, 1987, Kubie and Muller, 1991, Rotenberg and Muller, 1997)
or psychological mechanisms of spatial learning and memory (e.g. Mittelstaedt and
Mittelstaedt, 1982, Packard and McGaugh, 1996). However, spatial navigation with respect to
a continuously changing environment has only scarcely been investigated. A promising novel
approach is to study animal behavior in multiple-reference frames environments. The
following sections explain the concept of multiple-reference frames environments and
review evidence for the existence of multiple-reference frames representations.

1.2.1. What are multiple reference frame environments?
Animals usually use for navigation fixed, salient cues and abandon the non-stable
ones (Biegler and Morris, 1993). However, when movement is introduced amid significant
portions of the environment, both stable and unstable cues may convey contradictory, yet
highly relevant information. Such situation may occur for instance when we are driving a car
– at that moment we have to keep two parallel representations of the world – one anchored
to the car’s interior and the other to the landscape we are driving in.
In order to study the principles and mechanisms of navigation in multiple-reference
frames environment, it is necessary to develop suitable behavioral tasks for animals. One
way to bring about dissociation of reference frames in an experiment is to use the carousel
arena maze (e.g. Cimadevilla et al., 2001, Wesierska et al., 2005, Kubík et al., 2006). Carousel
arena is a circular open-field platform which can be slowly rotated (at 1 rpm) around its axis
(see fig. 3.2.). The rotation produces a dissociation of the spatial environment into two
reference frames; the room frame, represented by visual and possibly auditory cues situated
in the extra-arena space, and the arena frame, in which visual, olfactory, tactile and selfmotion cues are available. Different cue modalities may prevail in the respective frames; e.g.
on the carousel arena, olfactory cues prevail in the arena reference frame, whereas visual (or
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occasionally acoustic) cues provide main sensory input from the room frame. Multiplereference frames environments may thus put increased demands on multimodal integration
of spatial information cues.
In certain types of tasks, it may be highly beneficial to represent spatial positions in an
object-centered reference frame. Example of such tasks may include avoidance of or
approach to a moving object, or complex manipulations with objects, which require precise
positioning towards it (e.g., lighting a cigarette, playing the piano, shifting gears in an
automobile). Therefore, aside from rotation or displacement of a larger part of an
environment, dissociation of spatial representations into two reference frames could possibly
be achieved by introducing a single relevant moving cue into an environment. The ability to
localize oneself within a stable reference frame and simultaneously organize behavior with
respect to a moving cue is of marked adaptive value to animals such as rats and these
situations are quite common in their natural environments. Examples may include fleeing
from a predator, hunting prey or socializing with conspecifics. The following section
overviews existing evidence for representation of multiple reference frames in the brain.

1.2.2. Overview of evidence for neural representations of multiple reference frames

Place memory can be simultaneously learned in two reference frames
Bureš and colleagues (1997) trained rats to avoid an unmarked region on a stable
arena in light. The rats received a mild footshock whenever they entered or stayed for
prolonged periods in the prohibited area. On a stable arena, distal extra-maze cues, intramaze cues and idiothetic cues convey consentient spatial information. Following the training
period, extinction sessions (i.e., with the footshock switched off) were conducted on the
rotating arena, first in darkness (only local and idiothetic cues were available) and then in
light conditions (both sets of cues were available, but mutually discordant). After the
memory for prohibited area extinguished in the dark conditions, it reappeared on a rotating
arena in light. The results suggest that place memory can be simultaneously acquired and
independently extinct in two reference frames. Furthermore, Fenton and colleagues (1998)
showed that rats trained in a similar task on a stable arena in light can express place memory
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for both frames simultaneously by avoiding both room-defined and arena-defined sector at
the same time.

Hemispatial neglect may be expressed in different reference frames
Hemispatial neglect is a severe disorder of visuospatial processing, defined as a loss
of awareness to one side of space. The disorder typically originates from unilateral lesion to
the posterior parietal cortex, typically right with deficit on the left side. However, the
neglected hemispace may be defined in multiple reference frames. Some neglect patients
have a viewer-centered (egocentric) deficit, other have scene-centered (allocentric) or
object-centered neglects (Farah et al., 1990, Olson, 2003, Medina et al., 2009).
Spatial behavior may be organized with respect to moving stimuli
Prey animals collect food, while being attentive to a possible approaching predator,
assessing the distance from it and eventually computing the safest way of escape. Many
predators, on the other hand, track a prey animal, whilst choosing the most appropriate way
of approach (e.g., Ghose et al., 2006). Behavior can also be organized with respect to a mate
or an intruder into a territory. Prey animals evaluate the distance from a predator (or
threatening stimulus) in terms of a risk assessment process (Stankowich and Blumstein,
2005; Kavaliers and Choleris, 2001). When the distance from the predator is considered too
short to attempt an escape, possible reactions of the animal may include flight, freezing, and
fight (Eilam, 2005; Blanchard et al., 1998). The type of response and the critical distance at
which it is elicited has been reported to vary significantly with the type of threatening
stimulus as well as with its spatial characteristics (velocity, path linearity) and environmental
features (e.g., distance to a refuge) (reviewed in Eilam, 2005). These data therefore support
the idea that prey animals retain spatial information about the surrounding environment and
complement it with information derived from a mobile, threatening object to initiate and
execute the most appropriate escape reaction.

Evidence from electrophysiology
A number of experiments have explored electro-physiological properties of
hippocampal principal ('place') cells in cue-manipulated environments. These experiments
have shown various amounts of modulatory effects of translation, rotation or gradual
transformation of cue arrays on spatially specific firing properties of hippocampal place cells,
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including place-field shifts, remapping or incremental transitions between pre-established
representations (Muller and Kubie, 1987, Rottenberg and Muller, 1997, Knierim and Rao,
2003, Leutgeb et al., 2005). Removing cues related to goal position across recording sessions
may result in some place cells being anchored to the stable frame of the room, while others
having firing field constant in relation to these cues (Gothard, 1996). Moreover, hippocampal
place cells recorded in a rat freely moving on the carousel arena were demonstrated to
represent rat’s position in both reference frames within a single recording session (Bureš et
al., 1997, Fenton et al., 1998, Zinyuk et al., 2000). The proportion of cells signaling in the
respective frames depend on task requirements (Zinyuk, 2000)
Neurophysiological correlates of object-centered spatial representations were
described in primate supplementary eye field of the frontal lobe (Olson, 2003) and in the
primate posterior parietal cortex (Olson, 2003, Kerkhoff, 2001, Chafee et al., 2007). The latter
structure is also responsible for transformation of multiple spatial representations into a
common reference frame for planning hand movements (Cohen and Andersen, 2002).
However, correlates of object-centered spatial representations were not detected in the rat
brain. Hippocampal place cells activity was not found to be correlated with position of a taskrelevant moving object associated with rewards (Trullier et al., 1999, Ho et al., 2008).
However, it has been shown, that hippocampal place cell activity may critically depend on
task requirements (Zinyuk et al., 2000) and since place preference associated with a visible
cue is a hippocampus-independent task (O’Keefe and Nadel, 1978), the question whether
the rat hippocampus may represent spatial locations relative to moving object remains open.

Unilateral hippocampal inactivation causes disorganization of reference frames on
both electrophysiological and behavioral level
The ability to navigate in multiple-reference-frames environments is also more
sensitive to lesions compared to navigation in stable environments. Unlike the Morris water
maze, active place avoidance on rotating arena is sensitive to unilateral lesion during training
(Cimadevilla et al., 2001). On an electrophysiological level, unilateral inactivation of causes
dis-organisation of firing of pyramidal cells (Olypher et al., 2006).
Olypher and colleagues (2006) observed increased co-activation in hippocampal
pyramidal cells following inactivation of the contralateral hippocampus. According to
network models, the higher degree of co-activation may result in 'cognitive disorganisation',
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which is hypothesized to represent the main cognitive deficit associated with psychosis
(Olypher et al, 2006, Phillips and Silverstein, 2003). However, various studies with unilateral
hippocampal inactivations produce various effects (e.g. Fenton and Bures, 1993, Cimadevilla
et al., 2008) and it is also not clear whether the observed effect on the contralateral
hippocampus was due to the inactivation of the structure itself or due to specific
physiological consequences of TTX-induced inactivation.
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1.3. Lesion and inactivation techniques in the study of brain and behavior
In the study of neural substrate of a particular behavior or cognitive capability, lesion
and inactivation techniques are an irreplaceable research practice. The ablations may be
induced by a great variety of techniques and may either be permanent (lesions) or
temporary (inactivations).
A typical lesion experiment compares behavioral performance of two groups of
animals. An “experimental” group is (normally several weeks prior to the start of the
experiment) subjected to a stereotactic brain surgery, during which the intended brain area
or a neural pathway is operatively destroyed. Control group of animals may either be
unoperated or may undergo a matching sham surgery. The use of sham-operated control
animals is appropriate in all lesion experiments, because experimental surgery is a complex
intervention and its non-specific effects on behavior may be difficult to predict. Furthermore,
some types of ablation procedures may also to some extent cause damage to the tissue
adjacent to the target structure. This concern is especially relevant when lesioning
subcortical brain sites, because access to deeper structures inevitably requires that surgical
instruments such as canulae or needles penetrate through the overlapping tissue. This may
cause a diminutive, but potentially harmful damage, and therefore it is necessary to mimic
these unwanted microlesions in the control group by means of sham-surgery.
A sham-surgery follows majority of the consecutive steps of the experimental
operation protocol. It usually includes application of anesthesia, shaving and cleaning the
animal’s head, placing and positioning the animal in a stereotactic frame, execution of the
craniotomy at specific coordinates relative to the appropriate reference point (usually
bregma), and postoperative care (see Huston, 1983). However, the decisive step which
induces damage of the target structure is either completely omitted (e.g., in transection or
aspiration lesions) or replaced with an analogous but innoxious procedure (such as infusion
of saline or diluent instead of the toxin solution). Lesion study must always be accompanied
with histological analysis of the damage to ensure that the lesion was complete and well
localised (Bureš et al., 1983).
An overview of frequently used ablation techniques and corresponding
representative examples is given in table 1.1. Methods used to lesion the target structures
include thermocoagulation, application of freezing probes on the skull, aspiration,
transection, application of electric current or injection of neurotoxic and excitotoxic drugs.
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Excitotoxins are substances which cause overactivity of glutamate receptors, leading to a
number of irreversible patophysiological processes. These processes are mostly calciumdependent and include over-phosphorylation of proteins, activation of enzymes which lead
to DNA fragmentation, disorganization of chromatin by nucleases, cytoskeleton degradation
by proteases, membrane and organelle disruption by phospholipase A2 and exocytosis
(Olney, 1978, Orrenius et al., 1989, Favaron et al., 1990, Mills and Kater, 1990, Doble, 1999).
When choosing a lesion-technique for an experiment, it is necessary to consider their
specific properties. For instance, some lesion techniques destroy both cell bodies and axons,
whereas others spare the passing fibers. This is significant, because with cell-specific lesions
we can assert that the neurons in the affected area are functionally significant for the task
(Morris, 2007). Some older lesion techniques such as aspiration method used at the dorsal
hippocampus, cause profound vascular injury to the brain and relatively large damage to the
overlapping cortex, which required comparison of experimental group with two control
groups, containing sham-operated and intact animals (e.g. Morris et al., 1982, Fig. 1.4).
Presently, such practice is considered unnecessary in excitotoxic lesions, which are
well localized compared to other ablation techniques (Morris, 2007). However, some
excitotoxic drugs, such as quisqualate or kainic acid may induce extensive seizure activity,
which may lead to profound damage in efferent structures (Ben-Ari et al., 1980, Jarrard,
2002). Moreover, excitotoxic damage may be linked to other neurodegerative mechanisms
including oxidative stress (Bondy and LeBel, 1993) and neuroinflammation (Morimoto et al.,
2002, Chang et al., 2008).
For many experimental questions, the use of a permanent lesion protocol is not
appropriate. For instance, with the use of permanent lesion it is difficult, if not impossible, to
distinguish between its effect on learning and on performance. Moreover, learning and
memory processes can be further subdivided in multiple phases including acquisition,
consolidation, maintenance, retrieval, reconsolidation or extinction (McGaugh, 1966,
Przybyslawski and Sara 1997, Nader 2003). These phases cannot be addressed independently
using a classical lesion technique. In contrast to lesions, inactivation techniques limit the
functional ablation to a particular timespan. Application of inactivation techniques also make
it possible to use within-subject controls, which means that both the “experimental” and
control sessions are performed within a single group of animals. It may also reduce the
required number of animals by more than half, because not only it is not necessary to have a
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separate control group of animals, but also the individual differences between animals,
which may account for a substantial part of the observed variance in the evaluated criteria,
are filtered out. Apart from its economical significance, reduction of the number of
experiment animals to acceptable minimum is considered an essential ethical standard
(Russell and Burch, 1959).
Standard methods of temporal inactivation of neural tissue include the application of
Leão's spreading depression (Bureš e al., 1974), intracerebral infusion of anesthetics (e.g.,
lidocaine: Flicker and Geyer, 1975, bupivacaine: Alam and Mallick, 1990) or other receptormodulating neuroactive drugs (e.g., TTX: Zhuravin and Bureš, 1991, muscimol: Hackman et
al., 1982; see table 1.1.) as well as application non-specific blockers of synaptic activity
(Resstel et al., 2008). Drugs are usually applied via cranial openings or through implanted
canulae. However, with inactivation it is only possible to precisely locate the position of the
tips of the infusion canulae, but not the exact extension of the inactivated area. This may be
only estimated by injecting the same volume of a pigment to an anesthetized animal before
sacrificing and perfusion.
When considering an inactivation method, variables such as specificity and duration
of the inactivation should be taken in consideration. Some inactivation technique, notably
those based on increase in GABA receptor-mediated inhibition, are fibre sparing. On the
other hand, substances, which block voltage-gated natrium channels, disable propagation of
action potentials. Durability of the effect may differ from substance to substance. For the use
in combination with behavioral paradigms, especially with lenghtier trials spanning more
than several minutes, local TTX infusion may represent a very suitable method. Its
responsiveness is very fast and the effect last several hours and may slowly decay for almost
24 hours (Harlan et al., 1983, Rothfeld et al., 1986, Zhuravin and Bureš, 1991, Klement et al.,
2005). For an overview of the methods, their specificity and applications see table 1.1. One
of the major limitations for the use of reversible inactivation techniques is the possibility that
the learned memory trace may be under an influence of a contextual variable. In other
words, the learning is state-dependent and its retrieval without presence of that contextual
variable may be limited. Various pharmaceuticals have been demonstrated to induce statedependent learning (Overton, 1991).
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Intracerebral QA infusion

Intracerebral IBO infusion

Intracerebral NMDA infusion

Intracerebral muscimol infusion

Intracerebral baclofen infusion

Increase in GABA(B) inhibition
(functioning of pasing fibers spared)

Intracerebral TTX infusion

Intracerebral Lidocaine infusion

Increase in GABA(A) receptormediated inhibition
(functioning of passing fibers spared)

Blockade of voltage-gated natrium
channels

Intracerebral bupivacaine infusion

(K+, KCl)

Selective neurotoxicity
Intracerebral 6-OHDA infusion
(degeneration of DA and NE neurons)
Application of depolarizing ion solutions
Leão's spreading depression

Excitotoxicity

Intracerebral IBO infusion

Intracerebral KA infusion

Morris et al., 1982
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Maren and Holt, 2004
Rudy and Matus-Amat, 2005
Hobin et al., 2006

Bast et al., 2001

Olypher et al., 2006

Ventral tegmental area (VTA) Numan et al., 2009

Ventral hippocampus

Dorsal hippocampus

Cimadevilla et al., 2001

Flicker and Geyer, 1975

Alam and Mallick, 1990

Hypothalamus
(mPOA and lPOA)
Dentate gyrus (DG)

Lauritzen et al., 1982

Cerebral cortex

Social behavior

Fear conditioning

Hippocampal electrophysiology

Spatial learning and memory

Physiology of sleep

Animal models of human disease
(migraine)

Animal models of human disease
(MSA-SND)

Fear conditioning
Unconditioned fear response

Kjelstrup et al., 2002
Pentkowski et al., 2006
Wenning et al., 1999

Physiology of reinforcement

Spatial learning and memory

Animal models of human disease
(developmental disability)
Conditioned learning

Motivated behavior

Experimental epileptology

Field/Area of research

Pickens et al., 2003

Salazar et al., 2004

Morris et al., 1990

Jarrard, 1983

Medial forebrain bundle
(MFB)

Striatum

Ventral hippocampus

Orbitofrontal cortex
Basolateral amygdala (BLA)

Medial prefrontal cortex

Subiculum

Dorsal hippocampus

Aspiration surgery

Tissue removal

Baunez et al., 1998

Humphreys et al., 1991

Teitelbaum and Epstein, 1962

Save and Poucet, 2000

Lateral hypothalamus (LHA)

Direct current application

McIntyre, 1975
Ellison et al., 1970

Reference(s)

Application of freezing probe on newborn
Cerebral cortex
skull
Frontoparietal cortex
Radiofrequency current application (RFTC)
Posterior parietal cortex

Corpus callosum
Hypothalamus

Target structure

Transection (knife-cut) surgery

Method

Representative examples of application

Mechanical disconnection
(afferent and efferent fibres cut)
Electrolysis
(cell necrosis, fibers partly spared)
Developmental malformation
(microgyria in the adult brain)
Thermocoagulation
(tissue necrosis)

Mechanism (pathophysiology)

Ablation/Inhibition technique

Table 1.1. Overview of the principal functional ablation techniques.

2. Aims of the thesis
Main motivation of the present thesis was to broaden our understanding of animal
navigation in multiple reference frame environments. The present thesis consists of six
experiments. Experiments I to III were devoted to navigation related to a moving object. For
freely living animals, the ability to coordinate information about their own spatial position
with information about position of other moving objects in the environment, such as
predators or conspecifics, is crucial for survival. However, the study of neural mechanisms
underlying navigation related to moving objects has received very little attention. Within this
thesis, we developed a behavioral assay to address this cognitive domain and tested the role
of its potential neural substrates, hippocampus and posterior parietal cortex. Another aspect
of navigation in multiple reference frames environments is the ability to segregate and
effectively use spatial cues in an environment containing two mutually moving subsets. This
capability was given more consideration due to general acceptance and the increasing
application of the AAPA task. Several aspects of navigation in spatially dissociated
environments have however been neglected in the past research. First, in the AAPA task,
visual cues are considered crucial for successful performance. We hypothesized that inertial
stimuli (i.e. vestibular, proprioceptive and tactile stimuli related to arena rotation) may also
be important for acquisition and performance in the task. We tested this hypothesis in
experiment IV. Second, despite the vast evidence that the posterior parietal cortex is
involved in various forms of spatial navigation the role of this structure in the AAPA task was
not previously studied. We addressed the role of posterior parietal cortex in navigation in
spatially dissociated environments in experiments V and VI. The aims of the individual
experiments are described in more detail below:

Experiment I: The Enemy avoidance task (results published in Telenský et. al., 2009).
The aim was to develop a behavioral test suitable to assess the ability of rats to navigate in
relation to a moving object.

Experiment II. The effect of hippocampal inactivation on performance in the Enemy
avoidance task (results published in Telenský et al., 2011). The main aim was to assess the
role of the hippocampus in the ability of rats to navigate in relation to a moving object.
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Further aim was to modify the methodical approach used in the Enemy avoidance task in
order to diminish inter-individual variability and facilitate acquisition of the task.

Experiment III. The effect of posterior parietal lesion on performance in the Enemy
avoidance task (unpublished results). The aim was to assess the role of the posterior parietal
cortex in the ability of rats to navigate in relation to a moving object.

Experiment IV. The role of inertial stimuli in the acquisition of the AAPA task (results
published in Blahna et al., 2011). The motivation was to assess the significance of inertial
stimuli in navigation in environments dissociated into two mutually moving spatial frames.

Experiment V. The effect of posterior parietal lesion on navigation in spatially
dissociated environments (results published in Svoboda et al., 2008). The aim was to assess
the role of the Posterior Parietal Cortex in navigation in Room frame (AAPA) and Arena frame
avoidance tasks.

Experiment VI. The effect of posterior parietal lesion on preference for spatial
frame (unpublished results). The results of experiment IV suggested that majority of healthy
(intact) rats were unable to learn spatial locations relative to landmarks which are unstable
relative to inertial stimulation. The aim of this experiment was to assess whether the
preference for stable reference frame depends on the posterior parietal cortex.
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3. Material and methods
3.1. Apparatuses

3.1.1. Apparatus for the Enemy avoidance task (Experiments I to III)

Arena
A simplified scheme of the experimental arena is depicted in figure 3.1. Experiments
took place on a circular featureless arena (diameter 85 cm) elevated 1m above the floor. The
arena was enclosed by a 50-cm-high dark black paper cylinder to eliminate any disturbing
effects of the extramaze environment. An electrically grounded floor was made from fine
wire mesh. In experiment I, both animals were released into the arena simultaneously, but to
opposite positions. An overhead infrared camera mounted on the ceiling monitored two
light-emitting diodes (LEDs): a larger one, attached by a plastic strap to the back of the to-beavoided rat or robot, and a smaller LED, attached to the subject rat. Coordinates of both LEDs
were sampled at 50 Hz, collected by custom-made computer-based software and stored in
the computer for off-line analysis. In order to motivate the rats to explore the whole
environment, small pasta pellets (with average weight of 15 mg) were scattered from an
overhead automated feeder over the arena every 10 s. The subject rat received a computercontrolled shock (alternating current; 50 Hz; 500 ms) through a needle connected to a shockdelivering cable whenever the distance between the two rats dropped below 25 cm for at
least 100 ms. If the distance had not increased within 500 ms following the foot-shock,
additional foot-shocks were delivered every 500 ms, until the subject rats “escaped” from
the enemy. Since the rats displayed considerable variability in the sensitivity threshold to
electric foot-shock, its intensity was set individually for each rat as the lowest value to elicit
negative reinforcement, but to prevent freezing. The current value used for foot-shocks
ranged from 0.2 mA to 1.2 mA. Shocks were delivered through the implanted low-impedance
needle and grounded arena floor; the highest voltage drop was between rats’ paws and the
floor; therefore the animals most likely perceived the shock in their limbs.
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Figure 3.1. The Enemy avoidance task apparatus as used in Experiment I.
(A) The experimental arena with an electrically grounded floor made of fine wire mesh. Both rats are
equipped with infrared LEDs of different sizes and the subject rat (left) is connected to a computerized
tracking system (E), which makes it possible to deliver mild electric foot-shocks exclusively to the
subject animal. The Enemy rat (right) is depicted with a surrounding annulus representing the
punished distance of 25 cm. (B) Infrared sensitive camera. (C) Automated feeder delivering small pasta
pellets. (D) Pellet dispenser—a plastic cap with several holes ensures random dispersal of food pellets
delivered by the feeder (C).
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Robot
The robot used in experiments II and III was a custom-made electronic device
controlled by a programmable integrated circuit. It was designed to replace the „enemy rat“
in the Enemy avoidance task in order to eliminate individual variability among „enemy rats“
and social affinity between the animals and to facilitate acquisition of the task. The robot
was assembled by Pavel Jiroutek, our technical collaborator and a student of cybernetics.
Basic construction consists of aluminum chassis with two traction wheels on the sides of the
robot, each driven by an independent electric actuator. The construction was weightbalanced and equipped with a small unpowered front wheel to ensure stability. Both traction
wheels ran at equal speeds, only during turns their directions were opposite. The robot was
equipped with three sensors. Two opto-isolators were attached to the wheels controlling
speed and distance and a microswitch was added to a retractive front bumper. Once the
bumper hit the wall of the arena, the switch was activated. Such a hit could be followed by a
user-defined period of inactivity (we used 15 s to ease the task moderately). The robot then
moved 10 cm backwards, turned random angle and ran forward until hitting the wall again.
The range of chosen angles could be limited by operating personnel (we used angles
between 90 and 270°). The controls consisted of speed selectors between seven speed levels
4-28 cm / s, program switches and a remote-controlled/self-directing mode switch. Inner
parts and controls were protected by removable fitting cover made of aluminum plate. A
large diode was placed on the top of the robot for tracking purposes. Power was provided by
five rechargeable AA type batteries. The robot was 17cm long, 16cm wide and 12cm high.

3.1.2. Apparatus for place avoidance
Place avoidance experiments took place either on the standard carousel arena
(Experiments V and VI) or on the modified carousel arena (Experiment IV). The modified
arena allowed for independent rotation of arena surroundings, which was used to eliminate
inertial stimuli in the modified AAPA task.
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Standard carousel arena (Experiments V and VI)
The standard carousel arena (see figure 3.2) was used in the experiments V and VI.
This experimental apparatus was designed and manufactured in the Laboratory of
Neurophysiology of Memory. It can be used in many experimental designs, but generally it is
used to run aversively-motivated place avoidance tasks. The aversive stimulus is a mild
electric foot-shock (technical description later in this section). The carousel arena consists of
a smooth metallic circular arena (d=80 cm) elevated 1 m above the floor and enclosed with a
30 cm high transparent Plexiglas wall. The metallic platform is endowed with an electric
motor which enables rotation of the arena. The arena generally rotates at approximately 1
rpm, but the speed can be adjusted if desired. On the arena is a directly imperceptible shock
sector (by default 60°wide). Whenever a rat entered the shock sector for more than 0.5 s,
mild electric foot-shocks (50 Hz, 0.5 s) were administered. The shock was repeated in
intervals of 1.5 s until the rat left the shock sector for at least 0.5 s. Foot-shocks are delivered
through a thin subcutaneous low-impedance wire implant on the back of the rat standing on
the grounded floor. The appropriate shock current (ranging between 0.2 and 0.7 mA) must
be set individually for each rat to elicit a rapid escape reaction but to prevent freezing. The
arena is controlled by the computer-based tracking system (iTrack, Biosignal Group, USA),
located in an adjacent room. The rat wore an infrared light-emitting diode (LED) fixed
between its shoulders with a light harness, and its position was tracked every 40 ms and
recorded onto a computer track file, allowing subsequent reconstruction of the track with an
off-line analysis program (TrackAnalysis, Biosignal Group, USA).
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Figure 3.2. Schematic layout of the carousel arena.
The rat was walking on the elevated rotating arena and tracked by an overhead TV camera connected
to a computer-based tracking system (Stuchlík and Valeš, 2005).
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Modified carousel arena (Experiment IV)
Modified carousel arena (fig 3.3) was used in the experiments described in
Experiment IV. The apparatus consisted of a circular arena (diameter = 79 cm) surrounded by
an annular belt (inner diameter = 80 cm, outer diameter = 130 cm). The arena and the belt
could be rotated independently of each other by two electromotors located below the arena
and the belt. The arena wall (height = 40 cm) was transparent. The belt wall (height = 100
cm) was a black curtain with a black annular board at the top (inner diameter = 65 cm, outer
diameter 130 cm) (figure 3.3A). The belt, the black curtain and the black annular board
formed an enclosed space around the arena. A subject on the arena could see only a part of
the ceiling of the experimental room directly above the arena through the opening in the
annular board. Three salient cues were attached to the black curtain. A white card (width =
42 cm, height = 55 cm) was on the west side, 34 cm above the arena. Another white card of
the same size was on the northeast side, 38 cm above the arena. A lamp was located on the
east side, 80 cm above the arena. The lamp was the only source of light in the experimental
room. It illuminated the enclosed space around the arena.
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Figure 3.3. Schematic layout of the modified carousel apparatus.
(A) Modified carousel arena as used in Experiment IV. (B) Schematic illustration of the standard active
place avoidance task. A rat on the rotating arena should avoid a 60° to-be-avoided sector defined with
respect to the stable belt. (C) Schematic illustration of the modified active place avoidance task. A rat
on the stable arena should avoid a 60° to-be-avoided sector defined with respect to the rotating belt.
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3.2. Surgery and histology

3.2.1. Temporal inactivation of the dorsal hippocampus
Temporal inactivation of dorsal hippocampus was performed within Experiment II.
Rats were anesthetized with xylazine (40 mg/kg, i.p.) and ketamine (50 mg/kg, i.p.) and
placed in a Kopf stereotaxic frame. Their heads were shaved at the intended incision sites.
Two one-millimeter wide holes were drilled at following coordinates relative to the bregma:
AP -4.5, ML ± 3.0 (according to Paxinos and Watson, 2005). Two cannulae with skew cut tips
were gently lowered 2.5 mm below the skull surface level. All cannulae were endowed with a
stopper, which prevented them from slipping deeper and they were fixed by dentacrylate
immediately after implantation. Cannulae were manufactured by the experimenters. The
cannulae can be made by soldering metal tubes cut from hypodermic needles at a precise
length. The wound was sutured and lidocaine was applied locally to prevent pain and with an
antiseptic to prevent infection. Thirty minutes before the inactivation session, one micro-liter
of tetrodotoxin (TTX) solution (5µg/µl) was slowly pumped through a needle attached to
Hamilton syringe with polyethylene tubing. The tip of the needle exceeded the internal apex
of the cannula by 1mm, so that total distance of the injection site from skull surface was
3.5mm. The same procedure was used a day prior to the first training session for the sake of
habituation. Thirty minutes before the control (8th) trial, a similar procedure was used
except that the same amount of saline was injected into the hippocampi instead of the TTX
solution. After finishing behavioral trainings, animals were sacrificed through an overdose of
ketamine. The location of the tips of the cannulae was verified by a post mortem ink
injection in the same volume as TTX. The animals were transcardially perfused with saline
and subsequently with 4%-formaldehyde solution. Brains were then removed, frozen and
coronally cut into 50-micrometer sections, stained with cresylviolet and the location of
cannulae tips and ink blots were verified.

3.2.2. Lesion of the posterior parietal cortex
Posterior parietal cortex lesion was performed in experiments III, V and VI. Rats were
anesthetized with a combination of xylazine (40 mg/kg, i.p.) and ketamine (50 mg/kg, i.p.)
and placed in a Kopf stereotaxic frame. Their heads were shaved at the intended incision
sites. The skull was exposed and two openings were drilled into the skull to expose the brain
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at the following coordinates relative to the bregma: AP -2 to -6, ML −1.5 to −5.5 and ML +1.5
to + 5.5 (according to Paxinos and Watson 2005). In the experimental group (real lesion),
bilateral thermocoagulation lesions of PPC were made by applying the tip (diameter =
0.5mm) of a calibrated soldering iron (temperature 180° C) directly to the dura mater for 0.5s
at various points within exposed area until the entire surface was touched. Sterile gelfoam
was then placed in the openings and the wound was sutured, applying locally lidocaine to
prevent pain and an antiseptic to prevent infection. Sham-operated controls underwent the
same procedure except for applying the soldering tip to the dura. Before starting the
behavioral training, rats were given at least 14 days for recovery from the surgery. After
finishing behavioral testing, lesioned animals were overdosed with ketamine and then
transcardially perfused by saline and subsequently with 4%-formaldehyde solution. The
brains were frozen and coronally sectioned into 50-micrometer sections, stained with
cresylviolet and the extents of PPC lesions were verified.

3.3. Animals and behavioral training

3.3.1. Experiment I
In this experiment, we established the methodology of the Enemy avoidance task.
Results have been published in Telenský et. al. (2009).

Animals
Ten adult male rats of the Long–Evans strain (from the accredited Institute's breeding
colony, weighing 300–350 g and aged 4 months) were initially housed in pairs at a constant
temperature (21 °C) in transparent Plexiglas cages (42 cm × 25 cm × 22 cm) and maintained
under 12 h/12 h light/dark cycle with lights on at 7:00. Once subject-enemy pairs were
established (see below), the subject rats were housed individually, without access to other
cages. Water and food was available ad libitum, except for 3 days prior to and during testing,
when food access was restricted to maintain weight of animals at 85% (subjects) or 90%
(enemies) of the free-feeding values. Water was freely available throughout the study.
Conscious rats were gently, subcutaneously implanted with a hypodermic needle, piercing
the rat's skin between its shoulders, and creating a small loop on the needle with tweezers.
The loop prevented the needle from slipping out and provided purchase for an alligator clip,
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which was connected a shock-delivering cable. After finishing the experiments the animals
were sacrificed by overdosing with Nembutal and disposed in a cadaver box.

Behavioral training
Animals were handled for 5 min daily and habituated to the arena for 5 days prior to
their random assignment to subject-enemy pairs. Then, a pretraining phase of 14 days
started, during which the pairs were trained to search for pasta pellets randomly scattered
over the arena surface. No shocks were delivered during this phase. Each daily session lasted
20 min and was carried out between 13:00 and 19:00. Upon finishing this 14-day period,
both subject and enemy groups of animals were fully habituated to the arena, i.e. they did
not display any apparent behavioral marks of anxiety typical of open field spaces (such as
increased level of thigmotaxis, reduced locomotion, freezing, etc.) and they learned to collect
the food pellets efficiently.
In the following acquisition phase (16 days) the subjects were trained to avoid the
approach of the enemy rat, which was reinforced by mild electric foot-shocks, delivered
whenever the subject rat came or stayed closer than 25 cm. Since there was little
improvement in performance within the first four sessions (regular sessions 1–4), we trained
the animals the following 4 days (auxiliary sessions 1–4) with the enemy restrained to a wire
mesh box, thus minimizing the possibility that the enemy actively approaches the subject.
After finishing these four auxiliary sessions, we continued with the training sessions (regular
sessions 5–16) under standard conditions (with enemy rat moving freely again).

Data analysis and statistics
Tracks of the enemy and subject animals were analyzed offline using original software
programmed in QuickBasic 7 (Microsoft, CR) by Petr Telenský and Jan Svoboda. The following
parameters were extracted from the tracks and analyzed quantitatively for subject rats:
Number of errors – number of entrances into the punishable region (i.e., 25 cm or less from
the enemy rat); Total distance – total path length (in meters) walked by a subject rat in every
20-min session; Periphery dwelling – Percentage of total time spent in the peripheral part of
the arena. The periphery was defined as the outer annulus covering half of the arena surface
(width of the annulus being approximately 30 cm). For analysis, animals were divided into
Subject and Enemy groups on the basis of whether they received shocks or not. The number
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of errors per 1 m of distance and a fraction of distance traveled by subject and enemy rats in
3-s interval preceding an error was also analyzed.
For statistical analysis, a one-way ANOVA was used with repeated measures on daily
sessions. ANOVA was followed by a Newman–Keuls post hoc test (Statistica, StatSoft, CR)
when appropriate. For comparison of Enemy and Subject groups within a session, or for
comparison of either group in two successive sessions, a t-test or paired t-test was used,
respectively. The significance was accepted at a probability level of 5%.

3.3.2. Experiments II and III
In these experiments, we made a crucial modification to the Enemy avoidance task:
we replaced the enemy rat with a neutral and more predictable object, which resulted in
better overall performance of the animals. We have also examined the role of the
hippocampus and posterior parietal cortex. The data from experiment II were published in
Telenský et al. (2011).

Animals
All animals were adult male Long-Evans rats (from the Institute of Physiology's
breeding colony) weighing 300-400g and aged 3 months when entering this study. They were
housed in pairs in transparent Plexiglas cages and maintained in 12h/12h light/dark cycle
with lights on at 7:00. Water and food was available ad libitum until three days prior to and
during the testing when food was restricted to maintain 85-90% of normal body weight
keeping their motivation for foraging. All behavioral testing was conducted between 12:0018:00. Rats were randomly assigned to either of three groups: hippocampal inactivation
group (M, n=8), posterior parietal lesion group (PL, n=8) and corresponding sham operated
control group (PS, n=8). The respective surgeries are described in section 3.2. Later, another
hippocampal inactivation group of rats (S, n=9) was added to perform the stable-robot
variant of the enemy avoidance task. Conscious rats were gently, subcutaneously implanted
with a hypodermic needle, piercing the rat’s skin between its shoulders, and creating a small
loop on the needle with tweezers. The loop prevented the needle from slipping out and
provided purchase for an alligator clip, to which was connected a shock-delivering cable.
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Behavioral training
Two 20-minute daily sessions of habituation on the arena allowed rats to learn to
forage for barley pellets dispersed on the arena in 10 second intervals. Following this the
animals were trained in the Enemy avoidance task. In this task, the subject is trained to
forage while avoiding a moving object (in this case a mobile robot) at a distance of at least
25cm from its centre. A mild electric foot-shock was used as negative reinforcement. The
robot was programmed to move straight forward at a speed of 10m/s until it hit the wall.
Then it waited for 15 seconds, turned within a random angle between 90 and 270° and ran
again. In one group of hippocam group, the robot was switched off and placed at the border
of the arena, with its front part facing the wall. After the first 10 minutes, the robot was
transferred by the experimenter to the opposite sector of the arena.

Data analysis and statistics
The performance of the subjects was evaluated as total session number of shocks
given after entrances into the punishment circular area. Since the presence of anxious stimuli
may interfere with overall degree of locomotion and spatial distribution (animals in presence
of potentially stressful stimuli tend to keep to the walls of the arena, i.e. they are
thigmotactic) we measured also the total path and the level of thigmotaxis. For the latter
parameter analysis, the arena was divided into an inner circle and outer annulus, having
equal surface. A sampled spot was considered as thigmotactic if it was found to occur on the
outer annulus. In the M and S groups, proper training took a total of 8 daily sessions. The TTX
was applied bilaterally to the hippocampi on the seventh session, while saline was
administered on the eighth. For statistical evaluation, a one-way ANOVA with SESSIONS as
repeated measures (within subject factor) was used, followed by a Newman-Keuls post-hoc
test to detect differences between particular sessions. In the PL and PS groups, proper
training lasted 7 daily sessions. A two-way ANOVA with SESSION as within subject factor and
GROUP as between subjects factor was used in this case, followed by a Newman-Keuls posthoc test. All p’s were accepted at level p<0.05.
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3.3.3. Experiment IV
These experiments were designed to elucidate the importance of inertial stimuli in
the acquisition of the RF avoidance task. The data were published in Blahna et al. (2011).

Animals
The subjects (n = 14) were male adult Long-Evans rats obtained from the breeding
colony of the Institute of Physiology, Czech Academy of Sciences. They were three months
old at the beginning of the experiment and weighed between 250 g and 300 g. They were
housed in groups of two to three per cage in a temperature-controlled animal room (21 °C)
with a 12/12 h light/dark cycle. Food and water were freely available. The rats were housed
in the animal room for 10 days before the experiment started. The experimental procedures
were carried out during the light period of the cycle. Each animal was handled by the
experimenter for 2- to 3-min over three consecutive days prior to experiment onset. After
the last handling day, in order to connect the rats with the device for delivering electric
current, a hypodermic needle was used to pierce the rats’ skin on the neck. The sharp end of
the needle was bent into a closed loop in order to prevent the needle from slipping out of
the skin. The procedure was carried out in awake rats as they tolerated this procedure well.

Behavioral training
The rats were habituated to the arena in 5- to 8-min sessions carried out over two
consecutive days. The arena and the belt were stable during the habituation sessions. The
animals could freely explore the arena as no aversive stimuli were presented. After the
habituation sessions the rats were randomly divided into two groups of equal size (Groups A
and B). The groups were trained either in the standard active place avoidance task or in a
modified active place avoidance task. Group A was first trained in the standard task for six
days (Phase 1) and then in the modified task for four days (Phase 2). The training in the
modified task lasted for only four days because the rats mastered it already within two days.
One rat from Group A (rat #12) learned slower, and was therefore trained in both tasks for six
days. Group B was first trained in the modified task for six days (Phase 1) and then in the
standard task for another six days (Phase 2). One rat from Group B (rat #8) was trained in the
standard task for only four days. This rat solved the modified task as well as the standard task
already within the first session of Phase 2. Therefore, we shortened the training. The to-be52

avoided sector was located on the South side of the belt (azimuth 180°) during Phase 1 and
on the North-Northeast (azimuth 22.5°) side during Phase 2. The rats were trained during a
one 20-min session each day.
In the room frame (RF) task the rats were trained on the rotating arena to avoid a 60°
wide unmarked sector defined according to the reference frame of the belt (figure 3.3B). The
belt was stable. The arena rotated clockwise at one revolution per minute. The rats could
move freely over the arena, however, they received an aversive stimulus (electrical shock)
after entering into the to-be-avoided sector. The entrance into the to-be-avoided sector was
counted if a rat stayed there for at least 0.5 s. The electrical shock had an intensity of 0.4 mA
and lasted 0.5 s. If the rat did not leave the sector then the aversive stimulus was repeated
every 1.5 s. A new entrance into the to-be-avoided sector was recorded after the subject has
been outside of the sector for at least 1.5 s.
The modified and standard RF task were identical except that the arena was stable
and the belt rotated around it (Fig. 3.3C). The belt rotated counter-clockwise with a speed of
one revolution per minute. The to-be-avoided sector was defined according to the reference
frame of the belt.

Data analysis and statistics
The rats’ trajectories according to the arena and the belt frame, as well as the times
of delivery of aversive stimuli were analyzed using MatLab functions written by Dr. Karel
Blahna and Dr. Daniel Klement. We evaluated four commonly measured variables which have
been previously shown to characterize behavior in the active place avoidance task well. They
were “number of entrances into the to-be-avoided sector”, “maximum times spent outside
the to-be-avoided sector”, “time to the first entrance into the to-be-avoided sector” and
“path length”.
We used a t-test, a one-way ANOVA with repeated measures and a two-way ANOVA
with repeated and non-repeated measures for statistical analyzes. If needed, a Tukey's post
hoc test was used for multiple comparisons. The level of significance was set to 0.05. To
make the distribution of the variables more similar to a normal distribution and of similar
variances, the variables were transformed before statistical testing. The “Number of
entrances” (N) was transformed to log(N + 1), the “maximum time of avoidance” (Tmax) was
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transformed to log (Tmax) and ‘the ‘time to the first entrance” (T1) was transformed to
log(T1 + 1). No transformation was used for path length (L).

3.3.4. Experiment V
In Experiment V, we examined the role of the posterior parietal cortex in navigation in
the AF and RF avoidance tasks. The data were published in Svoboda et al. (2008).

Animals
Total of twenty adult males of Long-Evans rats (from the Institute of Physiology's
breeding colony; weighing 350–450 g and aged 4 months) were housed in pairs
in Plexiglas cages and maintained in a 12 h/12 h light/dark cycle with lights on at 7:00 h.
Water and food was available ad libitum, except for 3 days prior to and during the arena
frame testing (see below) when food was restricted to maintain 85–90% of the normal body
weight. All behavioral testing was conducted between 12:00 and 18:00 h. Prior to the
experimental testing, conscious animals were implanted with a subcutaneous needle, which
pierced the skin between their shoulders. The sharp end of the needle was cut off and a
small loop was created on it. The loop prevented the needle from slipping out and provided
an anchor for a small clip, which connected the needle to a shock-delivering wire. Rats were
randomly assigned to sham-operated (controls, n = 10) or posterior parietal cortex lesion
(parietal, n = 10) groups. Following the surgery the rats were given 14 days to recover (the
surgical procedures are described in detail in section 3.2.2.). One lesioned animal died during
recovery.

Behavioral training
Two variants of the behavioral testing procedure were used. Both tasks took place in
almost identical apparatuses located in two different rooms. In both variants, the rat was
required to avoid a punishment sector on a circular dry arena. An unmarked to-be-avoided
region was defined either within the reference frame of the arena (arena frame—AF task) or
in the room frame (room frame—RF task). Thus, under AF condition, when the arena rotated,
the sector rotated accordingly. Under RF condition, the sector remained stationary with
respect to room landmarks. After each session, the arena was cleaned with ethyl alcohol,
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ensuring that rats could not use inter-trial scent cues. The rats wore a light latex harness with
LED diode attached between the shoulders.
In the AF task, rats were trained in darkness to avoid a sector defined in arena frame
coordinates. The arena continuously rotated (1 rpm clockwise) which made the extra-maze
cues irrelevant. Since the task does not by nature require locomotor activity, reinforcement
was necessary to enhance motivation of animals to explore the arena in a continuous
manner. To achieve this every 10 s barley grains were randomly scattered over the arena
from an overhead feeder. The animals were trained to search for pellets for 5 days prior to
behavioral training. Five experimental sessions were conducted daily, each lasting 20 min.
Two days after finishing the AF sessions, the same rats were trained in the RF task in
lighted conditions in another room (5 m × 4 m) with an abundance of extra-maze landmarks.
The arena slowly rotated again (1 rpm, clockwise), however, the punished region remained
fixed in the room so that a passive rat would be transported to the shock region by mere
rotation of the arena. Thus, no food motivation was required to elicit locomotion in this task.
Under these conditions, intra-maze cues were irrelevant for solving the task. Five daily
sessions were completed, each lasting 20 min.

Data analysis and statistics
The rats’ position was tracked every 40 ms by camera and recorded onto a computer
file, allowing for reconstruction of the track with an off-line analysis program (TrackAnalysis,
Biosignal Group, USA). A second LED was attached to the outer part of the arena, which
served as a reference point for monitoring the position of the animal within the rotating
arena frame. Thus, the system analyzed and stored tracks in both arena- and room-based
coordinates. We evaluated the following behavioral measurements: number of entrances
into shock region, total distance traveled per session and latency to the first entrance into
shock sector within a session. All variables were analyzed using a two-way ANOVA (LESION ×
SESSIONS) with repeated measures on SESSIONS. The Newman–Keuls post hoc test was used
where appropriate. The data from the AF and RF tasks were analyzed separately. The
significance level was accepted at P = 0.05. Data are presented as means ± standard error of
mean (S.E.M.).
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3.3.5. Experiment VI
Experiment IV suggested, that animals preferentially associate spatial information
with stable reference frame. In Experiment VI we tested whether lesion of the posterior
parietal cortex will affect selection for a stable reference frame during unexpected
dissociation of reference frames in the environment.

Animals
Total of 16 adult males of Long-Evans rats (from the Institute of Physiology's breeding
colony; weighing 300–400 g and aged three months) were housed in pairs in Plexiglas cages
and maintained in a 12 h/12 h light/dark cycle with lights on at 7:00 h. Water and food was
available ad libitum, except for 3 days prior to and during the training, when food was
restricted to maintain 85–90% of the normal body weight. All behavioral testing was
conducted between 12:00 and 18:00 h. Prior to the experimental testing, conscious animals
were

implanted

with

a

subcutaneous

needle,

which

pierced

the skin between

their shoulders. The sharp end of the needle was cut off and a small loop was created on it.
The loop prevented the needle from slipping out and provided an anchor for a small clip,
which connected the needle to a shock-delivering wire. Rats were randomly assigned to
sham-operated (controls, n = 8) or posterior parietal cortex lesion (parietal, n = 8) groups.
Following the surgery the rats were given 14 days to recover (the surgical procedures are
described in detail in section 3.2.2.). One lesioned animal died during recovery.

Behavioral training
Both groups of rats were trained for 15 days in a passive place avoidance task. The
rats were naïve on a carousel arena. To motivate the animals to move on the arena, the
animals were slightly food deprived and searched for barley pellets which were randomly
dispersed from an overhead feeder in regular 10s intervals. Sessions were given daily and
each lasted 20 min. On the probe sessions, which were the sessions 8 and 15, the conditons
remained the same for the first half (first ten minutes) of the probe session. However, during
the next 10 minutes, the arena started to rotate and the shock was switched off. The
movement of the animals during the second 10 minutes was recorded and off-line analyzed
to examine which of the two available reference frames was “preffered”, i.e. in which of the
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reference frames the avoidance behavior can be observed. Illustrated design scheme of the
experiment is given in figure 3.4.

Figure 3.4. The scheme of the frame selection test.
Seven days of training took place on a stable arena and were followed by a probe trial, during which
the arena was initially stable, but later started to rotate with the shock off. The procedure was
repeated twice.

Data analysis and statistics
The rats’ position was tracked every 40 ms by camera and recorded onto a computer
file, allowing for reconstruction of the track with an off-line analysis program (TrackAnalysis,
Biosignal Group, USA). A second LED was attached to the outer part of the arena, which
served as a reference point for monitoring the position of the animal within the rotating
arena frame. Thus, where appropriate, the system was able to analyze and store tracks in
both arena- and room-based coordinates. We evaluated time spent by the animal in areas
corresponding to the foot-shock sector in arena and room frames. All variables were
analyzed using a two-way ANOVA (GROUP × FRAME). The Newman–Keuls post hoc test was
used where appropriate. The significance level was accepted at P = 0.05. Data are presented
as means ± standard error of mean (S.E.M.).
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4. Results
4.1. Experiment I
In this experiment we introduce the Enemy avoidance task, in which rats are trained
to avoid a moving object (in this experiment is the moving object represented by another
rat). Behavioral training was divided into two phases, the pretraining and training phase.
Within the 14-day initial pretraining phase, the animals rapidly learned to collect the food
pellets dropped on an arena floor from an overhead feeder. Once this phase had been
completed, rats from both groups displayed intensive foraging behavior. On the final day of
this pretraining, rats from the Subject group traveled a mean distance of 82.1 ± 9.8 m (mean
± S.E.M.). Animals from the Enemy group walked 95.2 ± 3.4 m. As expected, there were no
between-group differences in the pretraining phase as revealed by a two sample t-test (t(8) =
1.86; P > 0.05).
During the pretraining phase, animals from both groups displayed a slight preference
for the central part of the arena compared to the periphery. The periphery dwelling on the
last day of pretraining was 27.9 ± 1.8% in the rats from the Subject group, and 23.7 ± 1.5% in
the animals from the Enemy group. A two-sample t-test revealed no differences between
groups (t(8) = 1.86; P > 0.05).
Upon introducing negative reinforcement to subject rats in the first session of the
training phase, the animals in the Subject group showed a clear tendency for thigmotaxis and
decreased locomotion. Periphery dwelling of the Subject group rapidly increased to 64.2 ±
2.8% (paired t(4) = 2.78; P < 0.001 – between last day of pretraining and initial day of
training), accompanied by significant decline of total distance to 37.1 ± 7.5 m (paired t(4) =
3.97; P < 0.02). This contributed to the decrease in the number of entrances into the 25 cm
distance from the Enemy animal, which had dropped from 136.6 ± 0.6 on the last day of
pretraining to 64.4 ± 1.3 on the first day of training (paired t(4) = 2.78; P < 0.001). During the
consequent training period, the number of entrances into the punishment area further
decreased (ANOVA, F(15,60) = 20.58; P < 0.001), reaching the asymptote of approximately 15
entrances on the 9th training session (measured by an absence of between-session
improvement; Newman–Keuls post hoc test; P > 0.05). The training-induced decrease of
number of errors is shown in figure 4.1.
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Figure 4.1. Number of entrances into the 25 cm zone of the enemy rat, during last pre-training session
and 16 training sessions (mean ± S.E.M.). Entrances into this zone were punished by mild foot-shocks
during the acquisition sessions (1–16). The arrow denotes when four auxiliary sessions (performance
not shown) were added to facilitate the acquisition process. Upon finishing auxiliary sessions the
number of entrances rapidly decayed until session 9 when it approximately reached the asymptotic
value. Two asterisks denote significant decrease in the number of entrances compared to the initial day
of training (P < 0.01).

Whereas periphery dwelling in subjects rats remained unchanged during the training
period (ANOVA, F(15,30) = 1.58; P = 0.11), the elapsed distance in the Subject group dropped
(ANOVA, F(15, 60) = 24.44; P < 0.0001). We have also evaluated the contribution of either rat
in the pair to approaching each other by calculating the fraction of path elapsed during 3s
intervals immediately preceding the first foot-shock resulting from the given error. The
duration of the interval was chosen empirically with the intention to cover the last maneuver
of any of the two rats. The rat with a longer trajectory was considered more active in
behavior which led to the fulfillment of the foot-shock criterion.
In all enemy-subject pairs, the enemy rats walked significantly longer distances during
those intervals (see Fig. 4.2 for details), which shows that these errors may have been caused
by natural agonistic activity of enemy rats rather than by active approach by the subject rats.
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Figure 4.2. Distance (mean ± S.E.M.) walked during 3 s time intervals immediately preceding punished
entrances into the prohibited area during a session (average for all training sessions). In all pairs,
enemy rats walked significantly more during these intervals (stars denote probability levels obtained by
Newman–Keuls post hoc test: ***P < 0.0005; **P < 0.005; *P < 0.05). Most entrances of the subject rat
into the punishment area thus resulted not from avoiding the enemy rat but rather approaching it.

To demonstrate whether the decrease in the number of entrances is fully attributable
to the decreasing locomotor activity, or whether the animals succeeded in improving their
behavioral strategy in order to avoid the enemy more efficiently, we measured the path
elapsed between two entrances into the shock zone. Figure 4.3 shows the natural logarithm
of the average path walked between two consequent entrances for all training sessions. This
value significantly increased during training (ANOVA, F(15,60) = 5.021; P < 0.0001) which
suggests that other changes took place in behavior of the subject rats other than lowered
locomotion and increased thigmotaxis.
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Figure 4.3. Natural logarithm (ln) of average path (mean ± S.E.M.) walked by the subject rats between
two consequent entrances into the punishment 25 cm zone of the “enemy” rat. Increase in this
measurement during the course of learning suggests that the subject rats improved their avoidance
behavior over time.
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4.2. Experiment II
In this experiment, we used a modified Enemy avoidance task, in which a robot
replaced the „enemy rat“. Furthermore, we tested the role of the dorsal hippocampus by
inactivation induced by a bilateral application of tetrodotoxin via intrahippocampal cannulae.
Within the training in the modified Enemy avoidance task, all rats gradually adopted a
successful strategy to avoid robot vicinity. The one-way ANOVA found significant effect of
sessions on the number of foot-shocks received when avoiding the moving robot (M group)
[F(7, 49)= 7.74, p<0.00001] (fig. 4.4A). The post-hoc tests revealed that rats reduced their
number of shocks over days, reaching an asymptotic level after two sessions (session1 >
session3-6 & saline session). Blocking hippocampal function by the bilateral injection of TTX
on session 7 profoundly deteriorated performance (fig. 4.4B), which dropped to a value
similar to session1 (being significantly worse than all other sessions). In contrast, the
injection of saline in the subsequent session produced no significant effect on the task
performance. The one-way ANOVA on the number of foot-shocks received while avoiding the
stable robot (S group) also found an effect of sessions [F(7,56)=2.30, p<0.05]. Similarly to M
group, the rats also reduced the number of foot-shocks over days (session 1 > session 2, 5 &
6) and the saline infusion on day 8 had no effect on performance. The low absolute value of
shocks in session 1 suggests that the avoiding the moving robot presented the rats with more
difficulty than avoiding a stable robot. In contrast to the M group, the temporal hippocampal
blockade by TTX, had no effect on the number of foot-shocks in S group (figure. 4.4B). In
regards to the total path travelled during a session, a one-way ANOVA found an effect of
SESSION in M group [F(7, 49) = 2.29, p<0.05] (Fig. 2A). The Newman-Keuls post-hoc test
revealed that rats walked less in session 5 and the TTX session compared to session 1 (both
p’s<0.05). A one-way ANOVA examining locomotion in S group failed to confirm an effect of
SESSION [F(7,56)=1.81, p<0.10]. Thigmotaxis varied among days in both groups. A one-way
ANOVA assessing this parameter in M group animals confirmed SESSION effect [F(7, 49) =
2.28, p<0.05], however a subsequent Newman-Keuls post-hoc test did not find a difference
between any particular sessions. A one-way ANOVA conducted on S group data revealed
significant SESSION effect [F(7,56)=2.99, p<0.01]. A Newman-Keuls post-hoc test found that
this was due to reduced thigmotaxis in the TTX session, being significant relevant to all other
sessions, including the saline session (p<0.05). This suggests that hippocampal inactivation
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may partially alleviate the border-escaping response to a stressful stimulus. However, this
applies only to the condition of a non-moving robot (S), because decreased thigmotaxis after
TTX injection in the moving robot experiment (M) was minuscule and insignificant.
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Number of foot-shocks
Number of foot-shocks
Figure 4.4 The effect of hippocampal inactivation on behavioral performance (shown as average
number of shocks ± S.E.M.).(A) The M group performed the enemy avoidance task with a mobile robot.
In the hippocampus-inactivation session (TTX), the number of shocks significantly increased compared
to the following day, when only saline was administered (***, p<0.00001). (B) The S group performed
the still variant of the enemy avoidance task with the robot switched off. The robot was however
placed in two different positions within each training session. In this case, hippocampal inactivation
had no effect on performance.
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Total path (m)
Thigmotaxis (%)
Figure 4.5. The effect of hippocampal inactivation on additional behavioral parameters, shown as the
average total path length *m ± S.E.M.+ and average level of thigmotaxis *% ± S.E.M.+. (A) Hippocampal
inactivation on the 'TTX' session did not yield any significant effect on behavior in the M group. (B). In
the S group, hippocampal inactivation did not influence the overall level of locomotor activity, but
resulted in a slightly altered pattern of arena coverage. The level of thigmotaxis moderately but
significantly decreased, i.e. the animals tended to spend more time in the central part of the arena (*,
p<0.05).
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Figure 4.6 Evaluation of inactivation sites in the hippocampus. Left: location of the tips of the canulae
(M group - black circles, S group - grey circles) was verified post mortem. Locations are shown on the
coronal section of brain adopted from Paxinos and Watson (2005). Number indicates anterior-posterior
distance from bregma.Right: a representative brain slice. Extent of the tissue affected by TTX
inactivation was verified by ink injection in the same volume as the original TTX injection. The ink blots
represent the probable extent of tissue affected by the TTX injection.
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4.3. Experiment III
In this experiment, we examined the role of the posterior parietal cortex (PPC) in
navigation related to a moving object. As a behavioral paradigm, we have used the above
introduced modified version of Enemy avoidance task with robot as a to-be-avoided object.
Both parietal-lesioned (PL) and parietal sham-operated (PS) groups displayed good
performance concerning number of foot-shocks caused by entering into the circular, robotcentered punishment region. A two-way ANOVA with GROUP as between-subject factor and
SESSION as within subject factor revealed an insignificant effect of GROUP [F(1,14)=0.41,
p>0.05], but confirmed a significant SESSION effect [F(6,84)=6.41, p<0.0001] (Fig. 4.7A) and
interactions [F(6,84)=2.23, p<0.05]. A Newman-Keuls post-hoc test, however, did not find a
difference between the two groups in any particular session. During training, locomotion
slowly declined in both groups (Fig. 4.7B). A two-way ANOVA confirmed significant effect of
SESSION [F(6,84)=5.59, p<0.0001] but not GROUP [F(1,14)=2.39, p=0.14] or interaction
[F(6,84)=1.73, p=0.12]. Decreased locomotion was not accompanied by the altered pattern
of thigmotactic behavior (see Methods for thigmotaxis evaluation method; Fig. 4.7C) in
either group, since there was no significant effect of SESSION [F(6,84)=2.19, p>0.05], GROUP
[F(1,14)=0.52, p>0.52], or interaction [F(6,84)=1.53, p=0.18] when analyzing thigmotaxis.
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Number of foot-shocks
Total path (m)
Thigmotaxis (%)
Figure 4.7. The effect of permanent PPC lesion on behavior. A two-way ANOVA did not show any
significant difference between lesioned (PL, in grey) and sham-operated groups (PS, in white) of rats in
any of the three criteria shown. (A). Performance expressed as average number of foot shocks
administered to animals (± S.E.M.). (B). Total path length (m ± S.E.M.). (C). Level of thigmotaxis (see
section 3.3.2. for detailed information on the evaluation of thigmotaxis level; % ± S.E.M.).
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Figure 4.8 Reconstruction of the extent of minimal (black) and maximal (grey) lesions of the PPC on the
coronal sections of the brain adopted from Paxinos and Watson (2005). Numbers indicate anteriorposterior distance from bregma.
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4.4. Experiment IV
This experiment was designed to elucidate the role of inertial stimuli (i.e. vestibular,
proprioceptive and tactile stimuli generated by arena rotation) on acquisition and
performance of the AAPA task. We used the modified place avoidance arena (described in
section 3.1.2) to dissociate inertial stimulation from rotation of extra-arena visual stimuli.
Rats were trained in both standard (i.e. the arena rotates and external cues are stable) and
modified (external cues rotate, arena is stable) variants of the AAPA task.
The experiment was divided into two phases. In Phase 1 the two groups of rats, A and
B, were trained in the standard and modified active avoidance task, respectively. In Phase 2
the two tasks were switched between the groups.

Phase 1
The to-be-avoided sector was on the South (180°) side during Phase 1. The six rats
trained in the standard active place avoidance task (Group A) learned the task within six
sessions (figure 4.9, Sessions 1–6). Only one rat (rat #12) performed considerably worse than
the other rats (figure 4.9, Sessions 1–6). Its performance improved at a slower rate. On the
contrary, six out of the seven rats trained in the modified active place avoidance task (Group
B) did not improve during these six sessions (figure 2, Sessions 1–6). One rat from Group B
(rat #8) learned the task equally well as the rats from Group A (figure 4.9, Sessions 1–6).
We compared the performance of both groups at the beginning of the training
(Session 1) and after reaching a stable level of performance (Session 6) by using a two-way
ANOVA with “group” as the between subject factor and “session” as the within subject
factor. Since the performance in the active place avoidance task is commonly assessed by
four variables, we ran four separate statistical tests. Two variables, “number of entrances
into the to-be-avoided sector” and “maximum time spent outside the to-be-avoided sector”,
reflect the cognitive abilities of a subject. The third variable, “time to the first entrance into
the to-be-avoided sector”, also reflects the cognitive abilities of the subject plus its long-term
memory for the location of the to-be-avoided sector acquired during the previous sessions.
The fourth variable, “path length”, reflects the locomotor activity of the subject.
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Figure 4.9. Performance of the rats trained in the standard active place avoidance task (Group A:
Sessions 1–6; Group B: Sessions 7–12) and in the modified active place avoidance task (Group A:
Sessions 7–12; Group B: Sessions 1–6). The vertical lines indicate the time when the two tasks were
switched between the groups. (A) Average number of entrances into the to-be-avoided sector. (B)
Average maximum time spent outside the to-be-avoided sector. (C) Average time to the first entrance
into the to-be-avoided sector. (D) Average path length.
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The groups differed according to the number of entrances (F(1,12) = 13.01, p = 0.0036),
the maximum time of avoidance (F(1,12) = 15.32, p = 0.0021) and the time to the first
entrance (F(1,12) = 14.20, p = 0.0027) but not according to the path length (F(1,12) = 1.32, p
= 0.2727). Session 1 differed from Session 6 in the number of entrances (F(1,12) = 22.81, p =
0.0005), in the maximum time of avoidance (F(1,12) = 25.40, p = 0.0003) and in the time to
the first entrance (F(1,12) = 16.51, p = 0.0016) but not in the path length (F(1,12) = 0.03, p =
0.8623). Fig. 4.9 indicates that the differences between Session 1 and Session 6 are due to
the improvement of Group A while the performance of Group B did not change. This is also
reflected by the interaction of the factors “group” and “session”. The interaction was
significant for the number of entrances (F(1,12) = 12.40, p = 0.0042) and for the maximum
time of avoidance (F(1,12) = 7.96, p = 0.0154) but not for the time to the first entrance
(F(1,12) = 1.06, p = 0.3232) nor for the path length (F(1,12) = 0.44, p = 0.5180).
The subject's position on the arena can be expressed via a polar coordinate system
with the origin in the center of the arena and with the zero angle in the center of the to-beavoided sector. The angular component of this polar representation (see angle phi in Fig.
3.3B) expresses a subject's position with respect to the to-be-avoided sector. A plot of the
angle phi as a function of time provides a detailed view of a subject's behavior during a
session (figure 4.10 and 4.11) – aversive stimuli are denoted by black dots) (Fajnerova,
Kenney, Klement, unpublished data). When a rat is sitting, the angle phi is decreasing at a
constant rate (see the reference slope in (figure 4.10 and 4.11). If the rat is moving in the
direction of the arena rotation the angle phi is decreasing at a faster rate. If the rat is moving
against the arena rotation faster, at the same speed or slower than the arena rotates then
the angle phi is increasing, constant or decreasing at a slower rate than the reference slope.
The radial component of the polar coordinate system is less important for describing a
subject's behavior during the sessions. Most of the time the rats stay close to the arena wall.
For example, the rats in the present experiment spent 80% of time near the arena wall (up to
11.5 cm from the arena wall) and only 20% in the central part of the arena (up to 28 cm from
the center of the arena) which covered the same area as the 11.5 cm wide annulus along the
wall. In addition, moving towards or away from the center of the arena does not help the
subject to avoid the to-be-avoided sector.
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figure 4.10. Behavior of a typical rat at the beginning and end of the training in the standard active
place avoidance task (Sessions 1 and 6) and at the end of the training in the modified task (Session 10).
The graph shows the time course of angular distance between the rat and the center of the to-beavoided sector (see angle phi in Fig. 3.3B). Aversive stimuli are denoted by black dots. Reference slope

Φ (deg)

shows the time course of phi for a non-moving object passively transported by the arena.

Time (min)

figure 4.11 Behavior of a typical rat at the beginning and end of the training in the modified active
place avoidance task (Sessions 1 and 6) and at the end of the training in the standard task (Session
14). The graph shows the time course of angular distance between the rat and the center of the tobe-avoided sector (see angle phi in Fig. 3.3B). Aversive stimuli are denoted by black dots. Reference
slope shows the time course of phi for a non-moving object passively transported by the arena.
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Figure 4.10 shows the behavior of a typical rat (rat #1) in the standard active place
avoidance task at the beginning of the training (Session 1) and after reaching a stable level of
performance (Session 6). At the beginning of Session 1, the rat moved rather chaotically.
Later, it responded to the aversive stimulus by short runs either in the direction of or against
the direction of the arena rotation. Otherwise the rat was sitting. In Session 6, the rat
avoided the to-be-avoided sector well. It alternated sitting with short runs against the
direction of the arena rotation. The runs, or “avoidance reactions”, were initiated before the
rat received aversive stimuli. The runs were short enough such the rat did not enter into the
to-be-avoided sector from the other side. Rat #8 from Group B which learned the modified
active place avoidance task behaved similarly to this rat.
Figure 4.11 shows the behavior of a typical rat (rat #11) in the modified active place
avoidance task. The behavior is shown at the beginning (Session 1) and at the end of the
training (Session 6). The rat was sitting most of the time, especially at the end of Session 6. It
responded to the aversive stimuli via short runs in the direction of the arena rotation.

Phase 2
One rat from Group B (rat #8) learned the modified active place avoidance task. It
indicated that rats can solve this task even though only a small number of them are able to
find an effective strategy. We tested whether mastering the standard task can help to solve
the modified task. Therefore we switched the two tasks between the groups. In addition, we
changed the location of the to-be-avoided sector from South (180°) to North-Northeast
(22.5°).
The rats which mastered the standard active place avoidance task in Phase 1 (Group A
without rat #12) quickly learned the modified task (figure 4.9, Sessions 7–10). Their
performance decreased in the first session after the change (Session 7) but it returned to the
pre-change values in the next session (Session 8). Rat #12 improved its performance at the
end of the training (figure 4.9, Sessions 7–12).
We compared the performance of the rats from Group A across Sessions 6, 7 and 8 by
a one-way ANOVA with “session” as repeated measures. Tukey's post hoc test was used for
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multiple comparisons. The four evaluated variables were transformed as in Phase 1. The
number of entrances differed across the sessions (F(2,12) = 23.77, p = 0.0001, Session 7 >
Session 6 = Session 8), as well as the maximum time of avoidance (F(2,12) = 8.64, p = 0.0047,
Session 7 < Session 6 = Session 8) and the time to the first entrance (F(2,12) = 29.58, p <
0.0001, Session 7 < Session 8 < Session 6). The path length was not different across the
sessions (F(2,12) = 0.46, p = 0.6421).
Figure 4.10 shows the behavior of rat #1 at the end of training in the modified active
place avoidance task (Session 10). The rat used the same strategy as in the standard task
(Session 6).
We also tested whether the rats from Group B could learn the standard active place
avoidance task after they have been trained in the modified task. The rats which did not
learn the modified task in Phase 1 (Group B without rat #8) also performed badly in the
standard task (figue 4.9, Sessions 7–12). Rat #8 which learned the modified task in Phase 1
performed well also in the standard task (figure 4.9, Sessions 7–10).
In order to see a possible improvement of Group B in Phase 2, we excluded rat #8
from the statistical tests. This rat clearly mastered both tasks and it could not further
improve. Thus we compared the performance of the rats from Group B without rat #8 across
Sessions 6, 7 and 12 by using a one-way ANOVA with “session” as the repeated measures.
Tukey's post hoc test was used for multiple comparisons. The number of entrances did not
differ across the sessions (F(2,10) = 3.279, p = 0.0803), nor did the maximum time of
avoidance (F(2,10) = 3.8349 p = 0.0581). There were differences in the time to the first
entrance (F(2,10) = 17.90985, p = 0.001, Session 6 < Session 7 < Session 12). The path length
was not different across the sessions (F(2,12) = 2.165, p = 0.1654).
The rats from Group B did not improve, except that they increased the time to the
first entrance into the to-be-avoided sector. This increase, at least partially, reflects nonspecific changes in behavior due to the arena rotation because the time to the first entrance
increased between Sessions 6 and 7. The location of the to-be-avoided sector in Session 7
was different from the location of the to-be-avoided sector in Session 6, therefore, the rats
did not know the location until they entered into the sector. The time to the first entrance
was longest in the last session (Session 12), however, it was still shorter than the time to the
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first entrance in Group A in the same task after the same amount of training (Session 6) (ttest: t11 = 2.4567, p = 0.03187).
The statistical tests did not show a larger improvement. Despite of it, some rats
learned the location of the to-be-avoided sector, however, they did not know how to avoid it.
Rat #11 is an example. In figure 4.11 (Session 12) there are periods in which rat #11
alternated sitting with short runs against the arena rotation similarly to the efficient solvers
of the task. However, there are also periods in which the rat alternated sitting with short runs
in the direction of the arena rotation. Both types of runs were mostly initiated before the rat
was brought into the to-be-avoided sector. When running through the to-be-avoided sector,
the rat was not fast enough to pass through the sector in less than 0.5 s in order to avoid the
aversive stimulus. The initiation of avoidance reaction before the to-be-avoided sector
indicates that the rat knew the location of the to-be-avoided sector but was not able to avoid
the sector effectively. Some rats from Group B did not engage in searching for the effective
strategy during Phase 2. They were sitting on the arena during the whole session.
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4.5. Experiment V
In the Experiment V we examined the effect of posterior parietal lesion on
performance in the arena frame (AF) and room frame (RF or AAPA) place avoidance tasks on
the standard carousel arena (see section 3.1.1 for detailed description of the arena). In the
first phase, rats were trained for 5 days in the AF task. Afterwards, rats were given another 5
training sessions in the RF avoidance task.
Locomotor activity on AF task did differ across SESSIONS for control and lesioned
animals (F (4,68) = 2.80; P = 0.03) but there was no significant effect of LESION (F (1,17) =
0.0003; P = 0.99) nor LESION × SESSIONS interaction (F (4,68) = 1.56; P = 0.19). The change in
total distance walked reflected a fluctuation in this parameter rather than any systematic
tendency (figure 4.9D).
An analysis of the time to the first entrance showed a slight, but insignificant increase
during training. A two-way ANOVA (LESION × SESSIONS) failed to show a significant main
effect of SESSIONS (F (4,68) = 2.42; P = 0.056) or an effect of LESION (F (1,17) = 0.007; P =
0.93). No interaction between those two factors was found (F (4,68) = 0.88; P = 0.48; Fig.
4.12E).
These results demonstrate that in the AF avoidance, the PPC lesions had no
detectable effect on locomotor activity or spatial avoidance efficiency.
In the room frame avoidance task, both control and lesioned animals successfully
acquired the avoidance behavior, leading to a decrease in the number of entrances over
sessions. A two-way ANOVA (LESION × SESSIONS) on the number of entrances failed to reveal
a significant main effect of LESION (F (1,17) = 1.16; P = 0.3), but it showed a significant effect
of SESSIONS (F (4,68) = 12.15; P < 0.001). No interaction between those two factors was
found (F (4,68) = 0.46; P = 0.77). This finding suggests that both groups improved their spatial
behavior consistently with the training (figure 4.10C).
Locomotor activity did not change during the training in the two groups. A two-way
ANOVA failed to show a significant main effect of SESSIONS (F (4,68) = 0.7; P = 0.59). No
effect of LESION (F (1,17) = 4.13; P = 0.06) and no interaction between LESION and SESSIONS
(F (4,68) = 0.88; P = 0.48) were found. Although lesioned rats tended to walk shorter
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distances per session (figure 4.10D), this trend did not reach statistical significance as
revealed by a Newman–Keuls post hoc test (P > 0.05).
An analysis of the latency to the first entrance showed that both groups improved in
this parameter during training. A two-way ANOVA failed to reveal a significant main effect of
LESION (F(1,17) = 0.26; P = 0.61), but did show an effect of SESSIONS (F (4,68) = 10.42; P <
0.001). No interaction was found (F (4,68) = 0.33; P = 0.86; Fig. 4.13E). Representative
trajectories from the typical control and lesion animals in the RF task are shown in Fig. 4.10A
and 4.10B.
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Figure 4.12. The effect of PPC lesions on behavior in the AF avoidance task. Panels A and B: Typical
trajectories from the final day of control (A) and PPC lesioned (B) rats. Both animals efficiently avoided
the shock sector. The small circles denote shocks. Panel C: The lesioned rats exhibited a similar number
of entrances into shock sector as controls, with both groups improving with training. (D) The total
distance walked, reflecting locomotor activity, was similar in both groups. (E) The initial latency to
enter the shock zone was similar in both lesioned and sham-operated animals; both groups showed
slight but non-significant improvement.
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Figure 4.13. The effect of PPC lesions on behavior and locomotion in the RF task. Panels A and B:
Typical tracks from the last day of training for control (A) and PPC lesioned (B) animals. Both groups
efficiently avoided the sector. The small circles denote shocks. (C) The number of entrances did not
significantly differ between groups. (D) Locomotion was similar in both groups, though we observed a
non-significant tendency for decreased locomotion in lesioned animals. (E) The time to first entrance
was similar in both groups.
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4.6. Experiment VI
As suggested by the results of experiment IV, most animals are unable to associate
position of a to-be-avoided sector relative to unstable reference frame (with regards to
inertial stimulation). We hypothesized that posterior parietal cortex may be involved in
selection of appropriate reference frame. The experiment VI therefore examined the role of
the posterior parietal cortex in the preference for a stable reference frame in “frame
selection test”. The rats were given a total of 15 daily sessions of avoidance on a stable (not
rotating) arena, including two probe trials (see below). On the second half of the 8th (first
probe) session, the arena started to rotate and the foot-shock was switched off. The
procedure was repeated and another probe trial was performed on the 15th session. We
have evaluated the trajectories of rats in the second half of probe trials (during arena
rotation) offline to assess avoidance of rats in both arena and room reference frame. The
evaluated parameter (relative time spent in target sector, trT) was calculated for both
reference frames as follows:

trT =

tT
tT + tOPP + tCW + tCCW

,

where tT is time spent in target sector, tOPP is time spent in corresponding sector in opposite
quadrant, tCW is time spent in corresponding sector in the quadrant situated clockwise to the
target quadrant, tCCW is time spent in corresponding sector in the quadrant situated
counterclockwise to the target quadrant.

Probe trial 1 (Day 8)
Two-way ANOVA found no effect of FRAME F(1,28)=1.68, p>0.05; but revealed effect
of GROUP F(1,28)=6.90, p<0.05; and interaction F(1,28)=13,39, p<0.01. See the post-hoc test
results in figure 4.14.
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Probe trial 2 (Day 15)
Two-way ANOVA found no effect of GROUP F(1,28)=0.68, p>0.05; but revealed effect
of FRAME F(1,28)=6.82, p<0.05; and interaction F(1,28)=9,18, p<0.01. See the post-hoc test
results in figure 4.14.

Relative time trT

Relative time trT

The effect of lesion of the posterior parietal cortex
on performance in the frame selection test

Figure 4.14. Results of the frame selection test. Relative time spent in areas corresponding with
position of the to-be-avoided region, in respective reference frames. Presented data are from second
half of probe trial, when arena rotated and shock was switched off. Value 0.25 represents chance level.
Top: Day 8 probe trial. Bottom: Day 15 probe trial (*, p<0.05), (**, p<0.01)
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5. Discussion
5.1. Behavior of rats in the Enemy avoidance task
The Enemy avoidance task was aimed at assessing the ability of laboratory rats to
continuously avoid a moving subject represented by a conspecific. The results showed that
rats are able to learn to efficiently avoid approaching another rat while continuously foraging
on an experimental arena. Upon introducing negative reinforcement, the animals rapidly
altered their behavior by decreased locomotion and elevated thigmotaxis. Both the
thigmotaxis and decreased locomotor activity contributed to a reduction of the number of
entrances into the punishment region. Importantly, not only these, possibly innate,
mechanisms were active. Although the overall locomotor activity of the Subject group
significantly decreased during the course of the training, the subjects became more efficient
in avoiding the enemy rat. This was shown by the increase in the average distance walked by
the subject rats between two consequent entrances, which took place gradually during the
training phase as shown in Figure 4.3. Furthermore, when a third rat was added to an arena
as a confounding object, number of entrances into the punished zone had again increased
(data not shown). Major drawback of the Enemy avoidance task is the relatively long time
required for the training of the animals. While in the AAPA task the animals reach an
asymptotic level of performance usually after only four training sessions (Stuchlik et al.,
2004), in the present task this was not reached earlier than after nine training sessions plus
four auxiliary sessions (not included in the analysis) with enemy rats restrained to a small
cage, which were inserted between the fourth and fifth training sessions. Most likely, the
main factor influencing prolongation of the training period is the natural social attachment of
laboratory rats, which includes frequent close contact. Furthermore, even during the training
phase, the enemy rat has no motivation to keep apart from the subject and may even act to
compensate for the reduced social contact, thus making the task even more difficult. As can
be seen in Figure 4.2., most approach events leading to a footshock administration were
mainly results of enemy’s locomotor activity immediately preceding the event. Therefore,
moderate increase of the arena diameter may not have a significant effect on facilitation of
the task. We therefore decided to make the task easier (and most likely also faster to learn)
by replacing the enemy rat with a small moving robot, which has no or controllable
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propensity to “chase” the subject animal. We used the ‘robotized’ version of the task in
experiments II and III.

5.2. Function of the hippocampus
Our data from the enemy avoidance task has led to two important outcomes:
First, our results indicate that hippocampus is necessary when avoiding a moving
target, but not a stable one. Second, we show that distance estimation is not dependent on
the hippocampus. Since the hippocampal role in distance estimation in rats has been
examined only in few studies using the go/no-go procedure (Long and Kesner, 1996, Trullier,
1999), our finding is not trivial.
Our finding that navigation related to moving goals but not navigation related to
stable goals is hippocampus-dependent, is at odds with both the Cognitive Map theory and
the Declarative Memory theory. It may however support the idea that the hippocampus
provides for rapid encoding and updating of memory of own experience (Morris and Frey,
1997).
One of the basic assumptions of the Cognitive map theory (O’Keefe and Nadel, 1978,
Morris et al., 1982) is that navigation to visible goals, in contrast to navigation to unmarked
places, does not depend on hippocampal function.
In order to rule out the possibility that the impairment was due to a deficit in distance
estimation, object-reinforcement association, or sensitivity to the foot shock, we performed
e stable robot. The eventuality that the animals which were trained in the stable-robot task
could associate the foot-shock area with some stable arena-bound cues was disabled by
removing the robot to another place on the arena in the middle of each session.
This view predicts that avoiding a visible goal will not be affected by hippocampal
dysfunction. Our finding that hippocampal inactivation produced no deficit in the enemy
avoidance task as long as the robot was stable is thus in agreement with this view. However,
the cognitive map theory did not specifically address navigation relative to moving objects.
The severe deficit of the avoidance of the moving robot induced by the inactivation suggests
that direct visibility of the goal is not the only decisive factor, which makes a spatial task
hippocampus dependent, and calls for a revision of the cognitive map theory.
Hippocampal neurons recorded from freely moving rats respond to various
manipulations of spatial cues including rotation, translation, and gradual transformation of
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cue arrays in the environment (Muller and Kubie, 1987, Rottenberg and Muller, 1997,
Knierim and Rao, 2003, Trullier et al., 1999). Several studies recorded hippocampal single
unit activity from rats that pursued visible moving objects in the environment (Trullier et al.,
1999, Ho et al., 2008).
However, it has been shown, that informational content in place cell activity may
depend on task requirements (Zinyuk et al., 2000) and it is not clear, whether the
aforementioned tasks are hippocampus-dependent, which may supposedly be a critical
factor for canalizing the place cell activity into an object-relevant reference frame.
Second, our data don’t support the notion, that navigation to visible goals, in contrast
to navigation to unmarked places defined solely by their relationships to distant landmarks,
does not depend on hippocampal function. This is however one of the basic assumptions of
the Cognitive map theory (O’Keefe and Nadel, 1978).

5.3. Function of the posterior parietal cortex
Multiple reference frame tasks proved the ability to produce controversial results also
in our experiments with PPC lesion. Save and Poucet (2000b) consider that a crucial function
of the PPC is to provide neural substrate for the navigation strategies, rely on very near, or
intra-maze landmarks. Very much to the contrary, we have demonstrated in experiment V
that the posterior parietal lesions do not cause major disability in avoidance neither
according to distal, nor by proximal orienting cues. Furthermore, no significant deficit
following lesion of the PPC was observed in the Enemy avoidance task (Experiment III), a task
which is also dependent on navigation by proximal cues.
However, we have replicated the Save’s experiment (data not shown) and obtained
similar results in the water maze. The observation that local cue-based navigation is
disrupted by PPC lesion in certain behavioral paradigms but remains spared in others,
suggest that there is some task-dependent factor, which is responsible for the PPC-lesion
sensitivity of the task. Based on comparison between the paradigms, we may suggest the
following hypotheses to explain the observed discrepancy:
a) Encoding hypothesis
One possible explanation for the discrepancy may involve difference in encoding
strategies. In the Save and Poucet (2000b) study, the animals used proximal landmarks to
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form an allothetic representation. Although our AF task did not necessarily require either
method of organizing spatial information, we believe that our animals did not rely solely on
an egocentric representation of the arena. As shown by Stuchlík et al. (2001) a purely
egocentric encoding strategy involves error accumulation and ultimately leads to a loss of the
ability to avoid the punished sector of the arena after about 5 m of elapsed path.
b) Accuracy hypothesis
The demands for accuracy of navigation were less extensive in our setup, where the
avoidance-sector occupied approximately 17% of the arena surface, compared to the water
maze task in which the target occupies approximately 4% of the surface. PPC may enhance
the accuracy of local cue-based navigation to a level, which is not critical in our avoidance
task, but is required in Save's modified local-cue version of the watermaze task. The
“accuracy hypothesis” would be in accordance with previous data showing that PPC lesions
impair the ability to orient to a target while sparing place learning. Lesioned animals display
heading errors when initiating navigation to a goal (Kolb and Walkey, 1987, Save and
Moghadam, 1996, Parron at al., 2001) but are able to search for a goal in the correct place
once arriving in its proximity (Kolb and Walkey, 1987, Save and Poucet, 2000b).
c) Modality hypothesis
Modalities mediating spatial information about proximal space differ considerably in
the two cases. In the AF task, positional information is conveyed mainly through the olfactory
(droppings, scent marks, etc.) modality and is supported by self-motion cues, whereas the
proximal cue-variant of Save's version of the watermaze task relied almost exclusively on
vision.
The PPC's contribution to proximal-space navigation may rely substantially on visual
information, whereas local cue-based navigation based on olfactory and self-motion cues is
processed by circuits outside PPC. However, there is evidence that PPC is also involved in
processing information for non-visual, proximal orienting cues important for local navigation
(Save and Moghadam, 1996, Save et al., 2001, Parron and Save, 2004).
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d) Coordination hypothesis
In spatial navigation, determining orienting cues must be complemented with the
ability to eliminate irrelevant or even misleading sources of information. Such cognitive
coordination may be crucial in behavioral tasks where proximal and distal cues come into
conflict (Fenton et al., 1998, Wesierska et al., 2005). This ability is closely associated with the
hippocampus. Even unilateral hippocampal blockade causes cognitive disorganization which
is prohibitive in solving RF-type experiments (Cimadevilla et al., 2001). Although it is known
that PPC lesions affect the response of hippocampal place cells to cue manipulations (Save et
al., 2005) the nature of hippocampus–parietal relations remains puzzling. Thus, a third
possible source for the observed deficit in local cue-based navigation in certain behavioral
paradigms is a disruption in the ability to eliminate confusing stimuli due to impairment in
the hippocampus–parietal system. However, it remains unclear which parameters determine
the sensitivity of a behavioral paradigm to PPC lesions. Further exploration of the
contribution of PPC to navigation in cue-manipulated environments may enhance our
understanding of the functioning of the hippocampus–parietal circuit.
I personally consider this hypothesis the strongest, also because it is in accord with
the observation we made in PPC lesioned rats using our “frame selection test” (Experiment
VI). The fact that control rats clearly demonstrate preference for distant visual landmarks
whereas a PPC-lesioned animal do not, suggests that PPC-lesion affected mechanism by
which the animals choose or segregate between conflicting stimuli.
Our data therefore strongly suggest, that posterior parietal cortex is involved in
segregation of stimuli into spatial frames, or in choosing appropriate frame for a given task.
Posterior parietal cortex may therefore be considered an important structure for navigation
in multiple reference frames environments.

5.4. The role of inertial stimuli in room frame avoidance
The results we obtained in Experiment IV using the “modified active place avoidance“,
which enables to filter-out inertial inputs, showed that the inertial stimuli are crucially
important for learning the active place avoidance task, but once the task is mastered,
elimination of inertial stimuli is not deleterious for the performance in the task.
Furthermore, we have shown for the first time that rats are capable of learning navigational
task in which they orient relative to continuously moving distal cues. The rats trained on the
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rotating arena with the stable belt (the standard active place avoidance task – inertial stimuli
were present) learned the task within six sessions. On the contrary six out of seven rats
trained on the stable arena with the belt rotating around the arena (the modified active
place avoidance task – the inertial stimuli were absent) did not learn the task. It has been
shown that inertial stimuli are important for spatial orientation (Etienne, 1980, Potegal,
1985, Etienne et al., 1986, Matthews et al. 1989, Mittelstaedt et al., 1991, Wang and Simons
1999, Wallace et al 2002). If an arena is suddenly rotated together with an animal then the
animal compensates for the rotation and navigates with respect to the stable experimental
room instead of with respect to its new body orientation or to olfactory and tactile cues
located on the arena (Mittelstaedt, 1980, Etienne, 1986). The rats, which mastered the
standard task, reached the same level of performance in the modified task. The data suggest
that at the beginning of the training the rats needed to perceive the extra-arena cues, which
defined the location of the to-be-avoided sector, as stable. Once these cues became
anchored to a representation of the environment together with the location of the to-beavoided sector, the rats used these cues for navigation even when the cues were moving.
It is possible that rats can learn the modified active place avoidance task after they
have created a representation of the environment with extra-arena cues incorporated in it
but without the representation of the location of the to-be-avoided sector. We consider this
idea to be unlikely. All the rats used in this study were habituated to the arena in two 5- to 8min sessions. The arena as well as the surrounding environment was stable during these
habituation sessions. Thus the rats had time to create a representation of the environment
with the extra-arena cues anchored in it. Despite this, apart from one rat, they did not learn
the task. It is unknown why one rat learned the modified task without having had prior
training in the standard task. Possibly, it is a matter of likelihood whether a subject will
associate positions at which aversive stimuli were delivered with the moving extra-arena
cues. Selection of the appropriate subset of cues allows the subject to solve the task.
Although we cannot exclude significant role of proprioceptive and tactile inertial
stimuli, it is acceptable to suppose, that vestibular stimulation or lack of thereof is primarily
responsible for the observed effect. Vestibular stimuli drive directional firing of head
direction cells (Taube, 2007). The head direction cells have been found in many brain areas
including the hippocampal formation. The head direction cells and place cells are
functionally coupled together. (Knierim et al 1995). It has been well documented that the
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firing fields of place cells, as well as the preferred directional firing of head direction cells, are
controlled by visual landmarks after the landmarks had been anchored to the representation
of the environment (e.g.Muller and Kubie, 1987). The strength of cue control over place cells
and also head direction cells depends on the rat's learned perception of the stability of the
cues (Knierim et al., 1998)
Therefore it is likely that the head direction system and place cells play a significant
role in underlying the room frame avoidance task.
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6. Summary / Shrnutí
This work has been motivated by the desire to enhance our knowledge about specific
cognitive requirements of navigation in multiple reference frames environments and to
understand the roles of the hippocampus and posterior parietal cortex in this behavior. The
main conclusions of this thesis are:
(a) We have developed a novel behavioral test called the Enemy Avoidance Task. The
initial set of experiments has shown that laboratory rats are able to plan their movement
with respect to a to-be-avoided moving object. Behavioral performance in the task may be
quantitatively evaluated.
(b) The aforementioned ability is crucially dependent on the functional integrity of
the dorsal hippocampus. To the contrary, functional inactivation of the dorsal hippocampi by
local infusion of tetrodotoxin did not cause any impairment in the ability of the animal to
estimate its distance from a non-moving object. The finding suggests a specific role of the
hippocampus in dynamic cognitive processes required for flexible navigation strategies such
as continuous updating of information about the position of a moving stimulus. These results
are at odds with the two major theories of hippocampal function (Cognitive map theory and
Declarative memory theory) and therefore suggest that revision of the theories is necessary.
(c) Lesion to the posterior parietal cortex does not critically impair avoidance
behavior in the Enemy Avoidance Task.
(d) We have analyzed the importance of inertial stimuli generated by arena rotation
in the AAPA task (avoidance of a room-frame bound sector on a rotating arena). Inertial
stimuli are critically important in the acquisition phase of the task, but are not indispensable
once the task is already learnt. Following an initial training period, visual stimuli are sufficient
to solve the task.
(e) Lesion to the posterior parietal cortex does not cause major impairment in the
place avoidance task on rotating arena in neither of the reference frames. However, indirect
evidence from the “frame-preference test” shows that PPC lesion may produce changes in
cognitive coordination, i.e. the ability to separate the frames. However, further research is
needed to confirm the hypothesis.
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Tato práce byla motivována snahou lépe porozumět specifickým kognitivním nárokům
navigace v prostředích s vícečetnými referenčními rámci a zjistit, jakou úlohu v tomto chování
hrají hipokampus a posteriorní parietální kůra. Hlavní závěry této práce jsou:
(a) Vyvinuli jsme behaviorální test „vyhýbání se nepříteli“. Úvodní série pokusů
ukázala, že laboratorní potkani jsou schopni plánovat svůj pohyb v prostoru s ohledem na
výskyt pohybujících se objektů. Navrhli jsme vhodné parametry pro kvantitativní analýzu
chování v této úloze.
(b) Schopnost vyhýbat se pohybujícímu se objektu je závislá na správné funkci
dorzálního hipokampu. Naproti tomu v důsledku inaktivace hipokampu nevzniká žádný
deficit ve schopnosti odhadu vzdálenosti od nepohyblivého objektu. Tyto výsledky ukazují, že
hipokampus hraje specifickou úlohu v kognitivních procesech souvisejících s plánováním
pohybu v proměnlivých prostředích. Tento nález nebyl predikován žádnou z obou
nejvlivnějších teorií o funkci hipokampu (teorie hipokampové kognitivní mapy a teorie
deklarativní paměti) a představuje tak významný argument pro jejich revizi.
(c) Léze posteriorní parietální kůry nenarušuje významně chování v úloze vyhýbání se
nepříteli.
(d) Inerciální podněty vyvolané rotací experimentální arény v AAPA testu (úloha
aktivního vyhýbání se místu na rotující aréně, kdy trestaný sektor je definovaný ve vztažném
rámci místnosti) hrají klíčovou úlohu pro naučení úlohy. Jakmile je úloha naučena, přítomnost
těchto podnětů není nezbytná pro správné vykonání úlohy a pro její správné vykonání
dostačují vizuální orientační body.
(e) Léze posteriorní parietální kůry nezpůsobuje závažný deficit v úloze vyhýbání se
místu na rotující aréně (ať už je oblast vyhýbání definována ve vztažné soustavě arény nebo
místnosti). Test výběru referenčního rámce přesto ukázal, že poškození posteriorní parietální
kůry může ovlivnit schopnost koordinace dvou prostorových reprezentací. Pro potvrzení této
hypotézy však bude zapotřebí uskutečnit dodatečné experimenty.
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8. List of abbreviations
6-OHDA

6-Hydroxydopamine

AAPA

Active Allothetic Place Avoidance

AF

Arena Frame (reference frame stable with respect to arena cues)

CA

Cornu amonis (hippocampal subfields)

EAT

Enemy Avoidance Task

IBO

Ibotenic acid

ICSS

Intracranial Self-Stimulation

KA

Kainate

LHA

Lateral Hypothalamical Area

lPOA

Lateral Preoptic Area

LTD

Long Term Depression

LTP

Long Term Potentiation

M

Label of a group of animals in experiment

MFB

Medial Forebrain Bundle

mPOA

Medial Preoptic Area

MSA-SND

Multiple System Atrophy - Striatonigral Degeneration

MWM

Morris Water Maze

NE

Norepinephrine, or noradrenergic

NMDA

N-methyl-D-aspartic Acid

OFC

Orbitofrontal cortex

PL

Label of a group of animals in experiment
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PPC

Posterior Parietal Cortex

PS

Label of a group of animals in experiment

QA

Quinolinic Acid

RF

Room Frame (reference frame stable with respect to room cues)

RFTC

Radiofrequency Thermocoagulation

SAB

Spontaneous Alternation Behavior

TTX

Tetrodotoxin

VTA

Ventral Tegmental Area
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