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ABSTRAKT 

Adaptace na neustále se měnící prostředí je vlastností nutnou pro přežití všech volně žijících 

živočichů, ale i zásadním předpokladem pro každodenní interakce s okolním světem. Hlavní 

neurální substráty zajišťující kognitivní a behaviorální flexibilitu jsou již dobře známy a spočívají 

především na vzájemné komunikaci mezi prefrontální kůrou (PFC) a striatem. Některé části PFC jsou 

hojně inervovány ventrálním hipokampem (vHPC), což může výrazně ovlivňovat její funkce. 

Odchylky v hipokampo-prefrontálním spojení se navíc ukazují být významným faktorem narušujícím 

kognitivní funkce u některých neuropsychiatrických onemocnění. To je také důvodem, proč je 

přesná funkce tohoto spojení podstatnou složkou současného výzkumu. 

 

Cílem této práce bylo otestovat roli vHPC a mediální PFC (mPFC) v úloze aktivního vyhýbání se místu 

na rotující aréně 1) ve dvou variantách testujících flexibilní chování – reversalu a set-shiftingu – 

a 2) ve vybavení si naučené úlohy. Dané struktury jsme inaktivovali kombinací jednostranných, 

oboustranných nebo kombinovaných lokálních injekcí muscimolu (agonisty GABAA receptorů). 

V počátku reversalu se přizpůsobování novým podmínkám zhoršilo u zvířat s inaktivovaným vHPC, 

přičemž inaktivace mPFC neovlivnila žádnou z úloh. V úloze testující vybavení bylo pozorováno 

narušení u obou skupin jak oboustranně inaktivovaných, tak kombinovaně inaktivovaných zvířat, 

na rozdíl od jednostranných, kde se neprojevily žádné deficity. Výsledky potvrzují obecně přijímaný 

názor, že se vHPC podílí na behaviorální flexibilitě, a to především v úlohách, kde je k tomu potřebná 

navigace v prostoru. Překvapujícím bylo zjištění, že se mPFC v těchto situacích nejspíše neuplatňuje. 

 

Klíčová slova: behaviorální flexibilita, muscimol, inaktivace, hipokampo-prefrontální spojení, 

kolotočové bludiště, rotující aréna, psychiatrické onemocnění 

  



ABSTRACT 

Behavioral adaptation to a continuously changing environment is critical for the survival of the 

animals, but also day-to-day interactions in the human world. The main components maintaining 

flexibility in cognition and behavior are well-established and depend mostly on proper 

intercommunication within the prefrontal cortex (PFC) and striatum. Some parts of the PFC are 

densely innervated by the ventral hippocampus (vHPC), which has a great impact on its functioning. 

Also, hippocampal-prefrontal circuit dysfunction has been shown to disrupt the integrity of flexible 

cognition in some neuropsychiatric diseases. Therefore, the exact functional role of this pathway is 

an indispensable part of the research. 

 

The aim of this study was to test the role of the vHPC and the medial PFC (mPFC) in an active place 

avoidance task on a rotating arena in 1) two flexibility task variants – reversal learning and set-

shifting – and 2) the spatial memory retrieval. We inactivated these structures by muscimol (GABAA 

receptor agonist) in a variety of unilateral, bilateral, and combined local injections. Disrupted 

performance was apparent in reversal learning in vHPC-inactivated rats. No effect was seen in 

mPFC-inactivated rats. Impairments after the task acquisition were observed in bilateral vHPC and 

mPFC inactivations and both ipsilateral and contralateral mPFC-vHPC inactivations, but not in 

unilateral vHPC/mPFC inactivations. These results confirm the notion that the vHPC participates in 

some forms of behavioral flexibility, especially when spatial cues are needed. Regarding flexibility, 

it seems rather unexpectedly that the mPFC is not taxed in this task. 

 

Key words: behavioral flexibility, muscimol, inactivation, hippocampal-prefrontal pathway, 

Carousel, rotating arena, psychiatric illness 
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THEORETICAL PART 
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1 INTRODUCTION 

For most people, it is natural to selectively pay attention to different objects, abandon old rules, 

search for new strategies, and adapt to day-to-day changes in the environment. However, it is not 

that natural for people with some psychiatric disorders, including schizophrenia or major 

depression. Many schizophrenic patients struggle with cognitive deficits that so far cannot be 

treated by any medication. The inability to think coherently and impaired flexibility can 

undoubtedly complicate the quality of life of an individual. 

Over several decades of research, a huge step forward has been made in understanding the 

neural correlates of flexible cognition, interaction in subserving neural systems and physiological 

background, however, a lot yet remains to be elucidated. The main brain structures behind flexible 

thinking are the prefrontal cortex with striatum and specific thalamic nuclei. The dysfunction of 

these structures is apparent in psychiatric patients on physiological, anatomical, and functional 

levels. Moreover, aberrations in the ventral hippocampus, a subsection that is essential for the 

communication between the whole hippocampus and the prefrontal cortex, have also been 

abundantly described in these patients. Increasing evidence of impairments in communication 

between the ventral hippocampus and the prefrontal cortex indicates its inevitable role in cognitive 

flexibility. 

2 BEHAVIORAL FLEXIBILITY 

Cognitive flexibility is an important component of executive functioning. The term encompasses 

the ability to shift attention between different features of a stimulus, task sets, strategies, or be-

havioral responses. Flexible cognition allows for shaping our behavior or intentions in dynamically 

changing circumstances. Since most of the research has been conducted on animals, it is compli-

cated to study cognitive processes, which are covert for the experimenter. The inner change in 

animals’ cognition is, however, reflected in the modulation of their behavior, that is, on the other 

hand, well observable. Therefore, it is preferable to use the term behavioral flexibility, as for the 

ability to stop ongoing behavior and modify it or adopt a new one, depending on the specific con-

ditions. 

2.1 Forms of behavioral flexibility 

Changes in cognitive and behavioral processes can be divided into several types, depending on the 

character of the task in which they are experimentally tested. The most assessed forms of flexibility 

are reversal learning and attentional or strategy set-shifting. Reversal learning involves a shift of 

relevance in one defined set of cues. The cue that was initially reinforced in simple discrimination 
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now becomes irrelevant, and vice versa, previously non-reinforced cue is newly of high value. The 

behavioral response usually remains the same – for example, an animal receiving a reward after 

selecting vanilla odor must now select mint odor, which was being ignored before. This type of 

flexibility requires an extinction of previously learned stimulus-response association and 

reinforcement of a new one. Sometimes, the term “reversal learning” is also used in tasks requiring 

a change of behavior. If an animal initially needs to go right to obtain a reward, in the new set, it 

must start going left. In both examples, the task rule or the cue type remains in the same dimension, 

and it is not required to switch attention between more dimensions. Therefore, it is a relatively 

simple form of flexibility (Brown & Tait, 2016). 

 In contrast, set-shifting is cognitively more difficult to perform, as it requires a combination 

of sensory perception, working memory and sustained attention. A change can be performed within 

a whole cue set (one dimension) or between different cue features, tasks, or mental sets (more 

different dimensions), in which the subject must redirect its attention. Based on this information, 

we define two subcategories of set-shifting. Firstly, an intradimensional set-shift (IDS) involves 

replacing a whole set of relevant and irrelevant cues for new ones within one dimension (e.g., if 

one dimension is odor, the change is made by substituting lavender and mint scent for jasmine and 

rosemary), while an extradimensional set-shift (EDS) refers to an alternation between different 

cues, rules or strategies, depending on currently relevant contingencies (e.g., switch of relevance 

from substrate texture to odor). The different features of presented cues can be olfactory, visual, 

tactile or spatial and can be variously combined, especially in challenging spatial tasks, which is one 

of the main reasons why set-shifting is a powerful tool in animal research – such experimental setup 

reliably mimics complex situations emerging in everyday human life (Popik & Nikiforuk, 2015). 

 Another usually assessed forms of flexible behavior are through extinction. This 

phenomenon is happening unconsciously if a conditioned behavior is no longer reinforced with a 

reward or punishment. A common use of testing this ability is in fear conditioning, when an aversive 

stimulus, e.g., mild electric shock, is paired with a neutral context, e.g., wall color in the room, or 

some stimulus, e.g., tone (Milad & Quirk, 2002). If the aversive stimulus is not present anymore, 

the fear response slowly fades until it disappears entirely. Extinction-like processes are a 

component of complex behaviors observed in reversals and set-shifting tasks. 

 There is a considerable body of literature proving all the above-mentioned examples to be 

anatomically distinguishable. Reversal learning relies on reciprocal communication between the 

orbitofrontal cortex and striatum, whereas set-shifting is mediated predominantly by medial parts 

of the prefrontal cortex in rodents (or its dorsolateral homolog in humans) (for a comprehensive 

review, see Floresco et al., 2009). Parts of the medial prefrontal cortex and the orbitofrontal cortex 
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(ventral frontal regions in humans) are also the neural correlates of inhibitory control  in rodents 

(Chudasama et al., 2003; Swick et al., 2008; Szatkowska et al., 2007), together with the subthalamic 

nucleus (Aron & Poldrack, 2006; Phillips & Brown, 2000). Extinction is a complex process dependent 

upon transfer of information between the prefrontal cortex and the limbic system (Quirk & Mueller, 

2008). Despite the named brain structures preferentially driving some subsets of cognitive flexibility, 

it cannot be concluded that they depend solely on them – to some extent, all components related 

to flexible cognition overlap and interfere with each other. 

2.2 Testing flexible behavior 

2.2.1 Digging tasks 

Digging tasks allow researchers to assess two forms of flexibility – reversal learning and attentional 

set-shifting. The original Attentional Set-Shifting Task (ASST) was designed by J. M. Birrell and V. J. 

Brown (Birrell & Brown, 2000). In this paradigm, rats must rely on tactile and olfactory senses, which 

are generally well developed in rodents. A rat must dig in two bowls, different in texture, odor, and 

digging medium, and learn to associate a certain rule with a hidden reward. The baited bowl is 

initially discriminated by a specific odor (e.g., vanilla and cinnamon, with cinnamon being rewarded) 

and later filled with different mediums (e.g., stone chips vs. wood beads), irrelevant in the 

meantime. The first reversal learning is presented, with vanilla being now rewarded instead of 

cinnamon. When the rat successfully learns this change in contingency, an intradimensional shift is 

made, in which the odors change completely (e.g., from vanilla and cinnamon to mint and thyme, 

mint being rewarded). Next, the second reversal follows, thyme being rewarded now. Finally, an 

extradimensional shift is done, where the odor dimension is newly irrelevant, and the rat must 

suddenly switch attention to the medium, one of them being rewarded (e.g., stone chips). This, 

again, is followed by the last, third reversal, where the rewarded medium changes. Every part of 

the task is repeated before getting to the next phase until rats reach six correct consecutive choices, 

and the number of errors and trials to reach the criterion are analyzed.  

The ASST is considered to be the rat version of human Wisconsin Card Sorting Test (WCST) 

or Intra-Extra Dimensional Set Shift (ID/ED) Task, that are used to evaluate possible damage of the 

prefrontal cortex (Drewe, 1974), or eventual dysfunction, commonly observed in autism spectrum 

disorders (Prior & Hoffmann, 1990), dementias (Paolo et al., 1996) and schizophrenia (Abbruzzese 

et al., 1995). In the WCST, a person is asked to sort cards based on a previously non-defined rule 

and must learn to sort them either by number, color, or shape of objects presented on the cards. 

Several reversals or set-shifts can be performed. The sorting dimension is unpredictably changed, 

and the person needs to adjust grouping to variable contingencies. The ID/ED task is a digitalized 
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form of testing used to evaluate cognitive flexibility. The resemblance of the set-shifting paradigm 

for rodents with human task variants, especially the ID/ED task, posits the ASST to be a suitable way 

for assessing flexibility in rodents, and therefore, getting more detailed knowledge about the neural 

basis and the exact role of different components of flexibility (Tait et al., 2018).  

2.2.2 Maze-based tasks 

Stimuli presented in maze-based experiments are constant during the initial learning and the set-

shift. Therefore, animals only need to switch in the discrimination within one set, or shift attention 

between different perceptual sets, without learning of new stimuli. The operant chamber is used 

to test cognitive abilities regardless of spatial navigation (Floresco et al., 2008). Rats learn to press 

a lever associated with a visual cue (always press light-signaled), or a specific response (always press 

left). Set-shifting is conducted simply by changing between visual-cue and response-based 

strategies.   

In order to be successful in completing spatial maze tasks, the animal must integrate spatial 

navigation and distinct executive functions, along with a continual visual perception of the 

surrounding environment. Presumably, the most abundant spatial maze variant is the cross maze, 

alternatively its modified T- and Y-maze versions. In the simple discrimination task, an animal learns 

to go to a specific maze arm, based on visual cues (a star and a moon on the end walls of the to-go 

arms, the star being relevant), or an egocentric response (always going left). A series of alternations 

can be made to assess spatial behavioral flexibility. Reversals can be made after initial acquisition 

by a change in the correct response (always going right), or modification of cue value (a moon, 

previously ignored, now indicating the right direction). An alternation between strategies is also 

possible, which enables for testing set-shifting (Torres-Berrío et al., 2019).  

The Morris water maze (MWM) is another widely used navigation task in rodents, 

especially when researching learning and memory. A rat is placed in a water-filled pool, where it 

must locate an invisible platform by using various cues. Several types of learning can be assessed 

based on the form of protocol, including discrimination learning, spatial, cued, and latent learning 

(Vorhees & Williams, 2006). Spatial working memory can be tested by two or more consecutive 

trials in one day separated by a 15-second pause, with a new starting position of the platform every 

day. Reversal learning in this paradigm is represented by relocating the platform to the opposite 

sector after a few days of learning one stable position of this platform, shifts can be made when 

the position is changed to a different than the opposite sector. 

2.2.2.1 Evaluating flexible behavior 

Despite each task having its own methods of evaluating, the main analyzed parameters are shared, 
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for instance, the number of trials to learn a new strategy (Birrell & Brown, 2000), or time to reach 

a particular criterion (Trivedi & Coover, 2004). Several types of errors can be observed in cognitively 

demanding tasks (Floresco et al., 2009). After the initial acquisition of the task, the conditions 

change, and an animal must rapidly adapt to a different situation. To do this mental/behavioral 

switch, the animal first abandon the currently used tactics. The animal initially continues using 

previously established, but now incorrect strategy. Afterward, it starts to modulate its ongoing 

behavior or starts to look for a completely new strategy to get a reward or avoid punishment again. 

If the animal keeps using an old strategy, then the behavior is scored as a perseverative error. This 

type of error shows us how able the animal is to inhibit the old behavior, and how willing it is to 

look for a new one. After finding a new strategy, a strengthening of the new behavior starts. If the 

animal uses a new strategy in 25–75% of trials, the errors are not scored as perseverative anymore, 

because the animal exerts the new response in more than one-fourth of trials. Instead, they are 

scored as regressive, because the animal is unable to maintain the newly-reinforced strategy, and 

it keeps returning to the previously-reinforced one. The last type of error occurs when the rat 

performs a behavior that was never reinforced; in other words, it is incorrect in both initial and 

consecutive training. These never-reinforced errors show us the ability of the animal to cast off 

ineffective strategies. Doing the mentioned types of errors points to dysfunction in different 

components of learning. 

2.2.3 The Carousel maze 

The Carousel is a place avoidance paradigm invented at the end of the 20th century in order to study 

the activity of hippocampal place cells in rats (Bures et al., 1997), but it can be used for mice as well 

(Cimadevilla et al., 2001). It consists of a circular arena platform bounded by a plexiglass wall, 

situated in a room with distal visual landmarks. Other cues can be placed on the wall, together 

indicating a position of an invisible and forbidden sector. A rat learns to move freely on the arena, 

except the forbidden sector, stepping into which is punished by a mild shock, delivered to the rat. 

The sector is usually at a 60° angle with its vertex in the center of the arena. Food pellets can be 

given through an automated feeder above the arena for increased motivation to move around on 

the platform. The arena is set to rotate slowly (1 rpm), which allows dissociation of two frames 

– the arena frame and the room frame. The invisible sector can be situated in one of these frames, 

which results in different strategy demands. For these purposes, signs “+” and “-“ can be used to 

define the importance of reference frames in different tasks (Wesierska et al., 2005).  

The most common task to test the cognitive abilities is the active allothetic place avoidance 

(AAPA) task. The arena rotates, but the to-be-avoided sector remains stationary, i.e. the room is 

the relevant frame, whereas the cues on the arena are irrelevant. The naming for this configuration 
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setup with respect to the frame relevance is the Arena- Room+ task. To avoid the sector 

successfully, the rat must enhance its locomotor activity and adjust its actions to stay in the “safe 

zone” on the arena. Under these conditions, only allothetic navigation (by distant landmarks) is 

being used by the rat. The animal is continuously monitoring its position by a relative distance to 

the room-frame cues and its position on the arena, while ignoring self-generated cues like 

excrements or scents (Bahník & Stuchlík, 2015). Developing passive strategies such as freezing or 

continual small movements after receiving the shock is incorrect, because rats keep getting shocks 

as the rotation of the arena moves the rat into the forbidden sector (Cimadevilla et al., 2000). With 

appropriate pretraining, rats are even able to avoid in complete darkness, depending solely on 

idiothetic orientation, which, as noted above, plays a negligible role in light. However, animals 

commit relatively high number of errors (Bahník & Stuchlík, 2015). 

 Alternatively, the configuration can be set to the Arena+ Room- task (or passive allothetic 

place avoidance task). In this task, the sector rotates with the arena. The cues placed on the 

plexiglass wall now become the relevant frame, while the distal room cues become irrelevant. The 

rat therefore learns to pay attention solely to the arena cues, one of which indicates the position 

of the to-be-avoided sector. Besides, the rat can also use self-generated scents to avoid the sector. 

In this task, the rat is not required to move to avoid the sector; the rat can stay in one place, away 

from the sector, to avoid getting shocks. Therefore, the rats are usually food-deprived, meaning 

appetitively motivated to enhance their locomotor activity and collect food pellets that are being 

dispersed on the arena (Cimadevilla et al., 2000). The active and passive place avoidance tasks can 

be used simultaneously, as well. At that moment, the rats must pay attention to both reference 

frames at once (Kelemen & Fenton, 2010). 

The rotating arena tasks generate considerable cognitive load in rodents, however, they 

are very fast in learning the position of the sector; they can acquire the task in a single session and 

continue to avoid the area even when there is no shock delivered anymore (Bures et al., 1997; 

Cimadevilla et al., 2000). The next advantage of this task is that both relevant and irrelevant frames 

are presented from the beginning throughout the whole experiment, so the animal naturally learns 

to perceive only the currently relevant dimension. Two forms of flexibility can be tested after 

acquiring the rules of the task. The first is reversal learning, in which the position of the sector is 

changed to the opposite location, but the task demands remain the same (usually in the Arena- 

Room+ task). Cardinal directions are used to simplify navigation in the room, thus, if the sector is 

initially positioned to “north” and is stable relative to the room, in the next phase, it is moved to 

“south”. Set-shifting is the second eventual form of testing behavioral flexibility, in which the frame 

relevance changes; the animal must switch between navigation objects from the room cues to the 
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arena cues (or vice versa). The possibility to test this flexibility makes the rotating arena a great tool 

for researching deficits in cognitive coordination, for example after administration of 

pharmacological drugs or when modelling neuropsychiatric diseases (Bubenikova-Valesova et al., 

2008; Svoboda et al., 2015).  

2.3 Neural substrates 

Successful adaptation to changing contingencies depends on overlapping circuitries connecting the 

prefrontal cortex (PFC) with other subcortical structures. Many cognitive functions are dissociated 

in different regions of the PFC, which together select relevant stimuli, integrate them with 

experience and emotions, and modify resultant behavior. In humans, the dorsolateral PFC (dlPFC) 

relates to executive functions, like attention, planning, working memory, or problem-solving, 

whereas ventral parts of the PFC allow for motor inhibition and verbal communication (Szczepanski 

& Knight, 2014). The anterior cingulate cortex (ACC) modulates emotional regulation and monitors 

error and conflict responses, while the orbitofrontal cortex (OFC) mostly mediates motivational 

processes, and both contribute to decision-making (Carter et al., 1998; Khani, 2014; Szczepanski & 

Knight, 2014). The PFC as a whole is the key structure involved in cognitive control, that is, the 

ability to actively use relevant information and guide behavior while ignoring irrelevant stimuli in 

the presented task, because it functions as the main information processing center, receiving inputs 

from many subcortical and sensory systems and transferring processed information to other, 

especially motor behavior driving structures. The most important role in this process has 

the well-established thalamofrontostriatal loop, forming an interconnected network subserving 

the cognitive flexibility (Cummings, 1995; Tekin & Cummings, 2002). This loop consists of: 

1. The frontal lobe and its projections to the striatum – distinct parts of the PFC, including OFC and 

medial PFC (mPFC), project to the caudate nucleus, putamen and nucleus accumbens, which is 

followed by projections to globus pallidus or substantia nigra. 

2. The basal ganglia and its projections to the thalamus – globus pallidus and substantia nigra target 

the mediodorsal and ventral anterior thalamus. 

3. The thalamus and its projections to the frontal lobe – thalamus sends projections back to the PFC, 

providing feedback and closing this functional loop. 

 

The thalamofrontostriatal loop has some other open loops that integrate information from 

distinct brain structures, including the parietal cortex, tegmentum, and limbic system, and that can 

modulate performance in various circumstances. Frontal and thalamocortical projections are all 

excitatory glutamatergic, while striatal projections are mostly inhibitory, mediated by 

γ-aminobutyric acid (GABA) (Tekin & Cummings, 2002). Additionally, the interaction of the 
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thalamofrontostriatal loop structures is modulated by other neurotransmitters, most notably 

dopamine, serotonin, and acetylcholine (Cummings, 1995). 

Most of the knowledge regarding behavioral flexibility comes from studies on rats and mice. 

In a general view, when the currently used strategy becomes inappropriate, the PFC, predominantly 

orbitofrontal and dorsolateral subdivisions, allows for abandoning of the irrelevant strategy and 

searching for a new one. The dorsomedial striatum discriminates stimuli based on the motivational 

outcome, and regarding the information provided from the PFC, modulates behavior while the PFC 

is still searching for new strategies. When a new strategy is found, the striatum facilitates its 

maintaining (Ragozzino, 2007). Furthermore, the mediodorsal thalamus and the ventral striatum 

eliminate inappropriate strategies, and, with the help of the dopaminergic system, guide the PFC 

to hold on a new, correct strategy (see Fig. 1) (Floresco et al., 2009). 

 

Fig. 1: Schematic of the thalamofrontostriatal 

loop and its complementary role in 

behavioral flexibility. Different components 

are mediated by different neural structures: 

The PFC is important for abandoning old 

strategies and searching for a new one, while 

the NAc and the MD eliminate irrelevant 

strategies and stimuli, with dopamine 

modulating this circuitry. PFC, prefrontal 

cortex; MD, mediodorsal; NAc, nucleus 

accumbens; DA, dopamine; D1/2, dopamine 

receptors 1 or 2. From Floresco et al. (2009). 

2.3.1 Prefrontal cortex 

The PFC is naming for the anterior part of frontal lobes in mammals, critically involved in emotional 

processing, control of behavior, and mainly in most cognitive functions, including working memory, 

selective attention, or abstract thinking. The complex of these and other functions, in the end, has 

a significant impact on our thoughts, modulates our decisions, character, and enables cognitive 

control. Therefore, even slight structural and physiological changes in the PFC can have serious 

consequences on its whole functioning. 

The PFC is further divided into functionally distinct segments that mediate different forms 

of flexible behavior. In rats, possibly the most important region is the medial prefrontal cortex 

(mPFC), which is further divided into three subdivisions, from the ventral to the dorsal direction: 

the infralimbic cortex (IL), the prelimbic cortex (PL), and the anterior cingulate (ACC) (Hamilton & 

Brigman, 2015). A notable amount of studies showed that lesioning or inactivating the mPFC 
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pharmacologically in rats impairs performance in experiments, where an attentional set-shift be-

tween strategies, sets, or rules is needed, without impairing reversal learning (for example 

Boulougouris et al.; Floresco et al., 2008;  Birrell & Brown, 2000; de Bruin et al., 1994; Malá et al., 

2015; Ragozzino et al., 1999). On the other hand, some results regarding the participation of the 

mPFC in reversal learning differ from others. Several studies have pointed out that performance in 

mPFC-lesioned rats is affected in reversal learning by increasing the number of errors before achiev-

ing success in the task (Bussey et al., 1997a; Li & Shao, 1998). The authors explain this observation 

by potential attentional problems of the animals because this cognitive function is crucial for the 

tasks. Next, lesions of the mPFC can also enhance perseverative errors in reversal learning, proving 

its importance in inhibiting previously reinforced responses (Kosaki & Watanabe, 2012). Such per-

severative errors were also observed in set-shifting tasks (Floresco et al., 2008; Ragozzino et al., 

1999). Impairments in reversal learning were also observed in mPFC-lesioned rats in situations 

when the presented stimuli were hard to discriminate due to their similar appearance, or in later 

stages of reversal learning, indicating problems with maintaining attention (Bussey et al., 1997a).  

As mentioned before, the mPFC plays an indispensable role in switching attention between 

multiple sets. Evidence attributes attention-switching to the PL and IL cortices (Delatour & Gisquet-

Verrier, 2000; Rich & Shapiro, 2007, 2009). These findings are consistent with human studies. Func-

tional magnetic resonance imaging (fMRI) showed increased activation in the ventrolateral PFC 

(vlPFC) and dlPFC during extradimensional shifts (Rogers et al., 2000; Shafritz et al., 2005), which 

are considered to be homologous to the rat IL and PL, respectively (Granon, 2000; Seamans et al., 

2008). What stays in further research is the exact contribution of the PFC to cognitive control. A 

recent study by Park et al. (2019) has suggested that mPFC is not necessarily critical for cognitive 

control, despite the prevailing opinion that the mPFC significantly contributes to information pro-

cessing and related cognitive functions. They did not observe any impairment in either learning or 

memory in the AAPA task on the rotating arena. Thus, the spatial representation might be more 

dependent on other structures, possibly the hippocampus (Kelemen & Fenton, 2010; Lee et al., 

2012). 

The dorsal part of rodent mPFC, the anterior cingulate cortex (ACC), contributes to set-

shifting as well, but differently from the mPFC. Previous research showed that damage to this area 

leads to more consecutive errors after the task-switching (Rushworth et al., 2002), and general im-

pairments in discrimination, but without perseveration to the previously relevant stimuli (Kosaki & 

Watanabe, 2012), as seen after damage to the mPFC. Another study, conducted on ACC-lesioned 

rats, found deficits in the IDS task (Ng et al., 2007). Authors of this study propose that there are two 

types of attentional processing. First, the ACC is important in guiding attention toward closely 
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related stimuli within one dimension in combination with suppressing irrelevant information, 

whereas the mPFC guides attention when the perceptual sets are distinct. The ACC lesions can also 

disrupt appetitive Pavlovian conditioning — in studies comparing mPFC and ACC, it was observed 

that only the ACC lesions impaired stimulus-reward learning per se (Bussey et al., 1997a; Bussey et 

al., 1997b). Based on these studies, the ACC might play a more general role in modulating attention, 

in contrast with the mPFC, which is the main system for paying attention to the relevant set of 

stimuli. However, as the authors noted earlier, more work is necessary to determine the exact role 

of these structures in forming new associations, detecting correct choices, and attentional pro-

cessing.   

In contrast with the mPFC and its predominant role in mediating set-shifting, the 

orbitofrontal cortex (OFC) is the main brain region contributing to reversal learning, predominantly 

by inhibiting previously reinforced stimulus-response associations and allowing for strengthening 

new ones, which was broadly reported in literature in both rodents (Bissonette et al., 2008; 

Boulougouris et al., 2007; Ghods-Sharifi et al., 2008; McAlonan & Brown, 2003) and humans 

(Fellows & Farah, 2003; Ghahremani et al., 2010; O’Doherty et al., 2001). According to the fMRI 

studies conducted on human participants, the OFC guides behavior by evaluating the rewarding or 

punishing outcomes. Rats with impaired function of the OFC need a higher number of trials to reach 

the criterion of successful task completing, albeit they do not incline to perseverative errors, but 

rather regressive (Ghods-Sharifi et al., 2008; McAlonan & Brown, 2003). When reversing cue-

outcome associations in Pavlovian conditioning, the rats with inactivated OFC stopped responding 

to the previously rewarded cue, but did not start to favor the newly rewarded cue (Burke et al., 

2009). A more recent study used atypical reversal learning in an operant chamber; the choices were 

designed to get a reward with 80% probability if chosen lever A, and 20% probability if chosen lever 

B (Amodeo et al., 2017). The activity of the OFC neurons was measured during the task. Increased 

activity of the OFC correlated with selecting the high-probability choice. Thus, the OFC is likely 

important for using previous experience in subsequent behavior and increasing preference for high-

probability option, or growing desire to the newly rewarded cues. 

2.3.2 Striatum 

The striatum is a subcortical area belonging to basal ganglia, involved mostly in the initiation and 

planning of movements and behavior (Rolls, 1994), and cognitive flexibility (Floresco et al., 2006). 

Dorsal striatum (consisting of the caudate nucleus and putamen) contributes to flexibility by 

initiating the need for change and facilitating decision-making based on motivation (Balleine et al., 

2007), and maintaining a new strategy in set-shifting (Ragozzino et al., 2002). In a study comparing 

activation of different brain regions during the WCST, activity in dorsal striatum correlated with 
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exposure to negative feedback (Monchi et al., 2001). Rats with lesions of dorsomedial striatum 

were also impaired in reversal learning (Castañé et al., 2010), consistent with primates (Clarke et 

al., 2008), both showing higher perseveration to the previous task. Dorsal parts of striatum are also 

critical in extinction learning; extinction of conditioned response was much faster in rats with 

lesions of dorsal striatum than in controls (Castañé et al., 2010). 

 Nucleus accumbens (NAc), representing ventral striatum, helps in maintaining novel 

strategies and eliminating inappropriate ones, especially in set-shifting. This evidence was reported 

in an inactivation study that was examining the communication between the PFC, NAc and 

mediodorsal thalamus; inactivation of the NAc-thalamic pathway led to an increase in 

never-reinforced errors, while inactivation of the PFC-NAc pathway led to more perseverative 

errors (Block et al., 2007). The NAc can be further divided into core and shell, both having their 

unique roles in set-shifting. Inactivation of the NAc core resulted in disrupted set-shifting in the 

cross maze, while inactivation of the NAc shell did not show any impairment (Floresco et al., 2006). 

Furthermore, if the NAc shell was inactivated before the initial discrimination learning, the rats had 

better results in the subsequent set shift. Consistent with this study, the NAc core facilitates set-

shifting and maintaining of the new strategy, while the NAc shell generally mediates learning about 

stimuli relevance. Connections of distinct parts of the PFC with the ventral striatum and their 

implications on cognitive functions were confirmed in humans as well (Morris et al., 2016), and 

there is a common notion that dopamine release is crucial for balanced frontostriatal 

communication. Dopamine is being released from striatum when planning of set-shift (Monchi et 

al., 2006) and positively modulates set-shifting by enhancing frontostriatal communication 

(Nagano-Saito et al., 2008). Communication within the NAc neurons is also critically dependent on 

dopamine transmission and balanced functioning of dopamine receptors (Haluk & Floresco, 2009).  

2.3.3 Mediodorsal thalamus 

The mediodorsal thalamus (MD) has dense reciprocal connections with the PFC (Condé, 1995) and 

shares some projections with the striatum (Berendse & Groenewegen, 1990). The MD notably 

supports frontostriatal communication and affects performance in set-shifting tasks. Lesions 

resulted mostly in increasing perseverative tendencies (Hunt & Aggleton, 1998) and enhancing the 

number of never-reinforced errors (Block et al., 2007). Bilateral inactivations of the MD disrupted 

ED set-shifting comparably to combined contralateral inactivation of the MD/PFC or the MD/NAc 

(Block et al., 2007). Regarding this study, the MD facilitates the abandoning of a previously relevant 

strategy and helps with eliminating inappropriate strategies.  
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3 VENTRAL HIPPOCAMPUS 

3.1 Basic anatomy 

The hippocampus (HPC) is a bilateral brain structure situated in the temporal part of the 

mammalian brain (Insausti, 1993). It varies in size, but the functions remain relatively the same 

across species and include memory, learning, spatial navigation, and emotional regulation. Based 

on different hippocampal inputs and outputs and the size of pyramidal neurons, the hippocampus 

can be divided into four subfields, CA1–4 (CA is an abbreviation of cornu Ammonis, an earlier name 

of the hippocampus). The CA4 is often considered to be a part of the dentate gyrus (DG), which is 

closely attached to the hippocampus. The DG, together with the rest of CA subfields and other 

adjacent parts – the subiculum (SUB) and the entorhinal cortex (EC) – form a strongly 

interconnected unitary complex, called the hippocampal formation. The EC is the main relay 

transferring information from the association cortices to the hippocampus and the DG (Witter & 

Amaral, 1991). In contrast, the CA1 sends afferents via the SUB back to the EC, which sends 

processed information through fimbria/fornix to other brain structures (Naber et al., 2001). 

Hippocampal CA consists of pyramidal glutamatergic cells, clustering their bodies in one dense layer, 

and about 10% of all hippocampal cells are local GABAergic interneurons (Bezaire & Soltesz, 2013; 

Woodson et al., 1989). The coordinated oscillatory activity of hippocampal cells depends on well-

tuned interactions between these inhibitory interneurons and other excitatory cells (Csicsvari et al., 

1999; Klausberger et al., 2003). 

The hippocampus lies on a dorsal-ventral axis in rodents and other mammals, and 

posterior-anterior axis in primates. The rodent dorsal part corresponds to the primate posterior, 

whereas the ventral part to the primate anterior sections. Following these axes, the hippocampus 

can be anatomically and functionally divided into separate segments that have different gene 

expression, connectivity with other brain structures, and behavioral functions (see Fig. 2) (Fanselow 

& Dong, 2010). A general notion is that the dorsal hippocampus (dHPC, posterior in primates) is 

more involved in spatial navigation, learning and episodic memory processing (Moser et al., 1995; 

Potvin et al., 2006), whereas the ventral hippocampus (vHPC, anterior in primates) is mainly 

implicated in regulation of emotions and motivational behavior (Bannerman et al., 2003; Kjelstrup 

et al., 2002). Little is known about a third mid-section, the intermediate hippocampus (iHPC). A 

few studies suggested it might have a distinct role in spatial processing and cognitive functioning 

(Bast et al., 2009; Kenney & Manahan-Vaughan, 2013). However, it is important to note that the 

iHPC as a separate unit deserves more attention in the research. There is certain inconsistency in 

the literature in actual distinguishing between the intermediate and the ventral hippocampus, 
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which might interfere with some results and interpretations (Fanselow & Dong, 2010). 

 

Fig. 2: Functional connectivity of the hippocampal 

subdivisions. Dorsal hippocampus processes 

visuo-spatial information by interacting with the 

entorhinal cortex and enables rapid place learning, 

whereas ventral hippocampus coordinates behavior 

by connections with the prefrontal cortex and 

subcortical structures, and by modulation of 

dopaminergic mesocortical pathway. Intermediate 

hippocampus helps in translating acquired spatial 

information into behavior. Adapted from Bast (2011). 

3.2 Mediated functions 

3.2.1 Stress, fear, and anxiety 

The hippocampus, as a part of the limbic system, shares abundant reciprocal projections with the 

amygdala (Henke, 1990; Pikkarainen et al., 1999). The vHPC is often mentioned in the context of 

innate behavior related to fear and anxiety, especially in new or potentially dangerous situations. 

Selective lesions or inactivations of the vHPC have anxiolytic effects and cause disinhibition in 

behavior. Rats with lesioned vHPC spent more time in open arms of an elevated plus-maze than 

controls (Kjelstrup et al., 2002). Moreover, they had reduced latency to start eating in tests of 

hyponeophagia or in entering anxiogenic environments, and they were overall more socially active 

(McHugh et al., 2004). The vHPC also modulates conditioned fear expression. It was reported many 

times that lesions of the vHPC or the ventral subiculum (vSUB) correlated with reduced freezing in 

the presence of conditioned tone, or context stimuli (Bannerman et al., 2003; Maren, 1999; 

Richmond et al., 1999; Trivedi & Coover, 2004). Inactivations of the vHPC also impair renewal of 

contextual fear after extinction (Hobin et al., 2006). Reactivating contextual fear expression was 

showed to be reliant on active communication between the vHPC and the parvalbumin-expressing 

interneurons in the mPFC (Marek et al., 2018).  

Another situation in which the vHPC comes to the fore is when coping with stress. Some 

individuals are more vulnerable to chronic stress, but others resist more steadily, without any traces 

of anxious or depressive conditions. The integrity of the vHPC is considered to have an eminent role 

in stress resilience, not only because of its connections with the amygdala, but also with the 

hypothalamus (Herman et al., 1992). The vSUB and the ventral CA1 regions can regulate the 

hypothalamic-pituitary axis by the tonic inhibition of neurons containing corticotropin-releasing 

hormone (CRH) and arginine vasopressin (AVP) in the paraventricular nucleus (PVN) of the 
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hypothalamus (Herman et al., 1992). This was supported by lesion studies of the vHPC, in which 

lesioned rats had significantly higher CRH-mRNA levels in the PVN after exposure to stress, and an 

increased concentration of plasma CRH was significantly prolonged compared to the control group 

(Chrapusta et al., 2003; Herman et al., 1995). Moreover, selective lesions of the vHPC resulted in 

higher susceptibility of developing stress ulcers under stressful conditions (Henke, 1990). An 

interesting study was made recently by Pearson-Leary et al. (2017), which revealed clear differences 

in the vHPC activity between stress-resilient and stress-vulnerable rats. Higher activity of the vHPC 

in stress-vulnerable rats resulted in higher local vascularization and occurrence of 

pro-inflammatory processes. Additionally, the authors suggest that anti-inflammatory agents 

reduce vulnerability to stress, which could relieve some individuals suffering from trauma or 

stressful conditions. 

3.2.2 Spatial representation 

Spatial processing in the vHPC remains a subject of discussion. The vHPC was initially not considered 

to be critically involved in spatial learning. Partial lesions of the vHPC in rats did not impair 

performance in a MWM spatial learning task until the lesion was done to the whole vHPC (in 

comparison, the dHPC showed first impairments from 20% lesions, and increased with higher 

volume lesioned) (Moser et al., 1993; Moser et al., 1995). It was reported in other studies that the 

vHPC was not involved in spatial reference and working memories (Bannerman et al., 2003; 

Pothuizen et al., 2004; Potvin et al., 2006). In 2003, de Hoz et al. modified the experimental protocol 

used by Moser et al. (1995). They have shown that the vHPC can affect spatial learning equally to 

the dHPC if the training protocol is slightly different (4 trials a day for 8 days, compared to previous 

8 trials a day for 6 days). Subsequent studies have confirmed that lesions of the vHPC impair spatial 

learning (Chambers et al., 1996; Ferbinteanu et al., 2003) and spatial memory retrieval (Broadbent 

et al., 2004; Loureiro et al., 2012). Lidocaine inactivations of the vHPC showed impairment in spatial 

memory retrieval as well (Floresco et al., 1997; Seamans et al., 1998). More to that, place cells were 

also observed in the vHPC, but in smaller amount than in the dHPC (Jung et al., 1994). These cells 

are similar to the dHPC place cells – they code position of the rat in specific place fields, but these 

place fields are bigger and less specific, and they are considered to encode context, while the dHPC 

place cells encode more detailed position (de Hoz et al., 2003; Poucet et al., 1994).  

A more recent study investigated intercommunication between the dHPC and the vHPC 

during the MWM task learning in rats. The activity of the hippocampi was locally inhibited by 

muscimol in bilateral or combined inactivations. The spatial performance was significantly impaired 

when silencing the whole hippocampi and similarly impaired in the bilateral dHPC and the vHPC 

inactivations. Ipsilateral inactivations (in one hemisphere) showed only little impairment, but 
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inactivation of one dHPC and contralateral vHPC resulted in remarkable deficits, resembling 

bilateral inactivations (Lee et al., 2019). Overall, despite the initial opinion that the vHPC is not 

involved in spatial learning, newer studies have shown that the vHPC is needed for spatial learning 

and representation of spatial memories, and together with the above-mentioned findings, it can 

be concluded that the whole hippocampus, acting as a unitary structure, is needed for spatial 

processing.  

3.2.3 Cognitive functions 

Lately, several studies have started to emphasize the contribution of the vHPC to distinct cognitive 

functions and cognitive flexibility. The vSUB is the predominant section providing dense innervation 

of the striatum and projects primarily to the caudate nucleus and putamen (dorsal striatum). A 

generous number of projections are also sent to medial parts of the NAc (Groenewegen et al., 1987). 

The vHPC further innervates the mPFC monosynaptically (Jay & Witter, 1991) or via different brain 

circuits; these connections are described in detail in the next chapter. Floresco et al. (1997) 

examined functional interconnectivity between these structures in a spatially-cued radial arm maze 

task in a delayed and nondelayed version by using combinations of contralateral inactivations of 

vHPC-mPFC or vHPC-NAc. Rats had to collect food pellets in 4 baited arms, the position of which 

was changed every day (nondelayed task), or in 4 baited arms, which were blocked 30 minutes 

before the task during the initial training phase (delayed task). Errors were scored as re-entries to 

the previously baited arms. In the results, the authors concluded that inactivation of vHPC-NAc 

impaired foraging in the nondelayed version of the task, whereas vHPC-mPFC inactivations 

impaired performance in the delayed version. Thus, the vHPC is implicated in short-term memory 

and exploratory and goal-directed behavior. Brady et al. (2010) followed up this finding and, in the 

same paradigm, tested adult rats with neonatal lesions of the vHPC (NVHL rats). The performance 

of these rats was not compromised in the spatial nondelayed task, but the rats were impaired in 

the delayed task, which similarly points to the disrupted hippocampal-prefrontal pathway. 

Together with other studies, there is an increasingly accepted view that the vHPC is exceptionally 

important in the neonatal development of the PFC. Neonatal lesions of the vHPC lead to working 

memory deficits in adult rats, while lesions done to adult rats do not leave an effect (Chambers et 

al., 1996; Lipska, 2002). The NVHL rats further show deficits in set-shifting, but not in reversal 

learning or acquisition in the operant chamber, and it generally takes them longer to perform a 

lever response (Placek et al., 2013). Various studies showed impairments in either attentional set-

shifting or spatial strategy set-shifting in animals with dysfunctional vHPC (Brady, 2009; Brooks et 

al., 2012; Torres-Berrío et al., 2019). These impairments were manifested mainly by perseverative 

errors, indicating problems with abandoning previous strategies and holding on to learned rules, 
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habits, and behavior. Anatomical alterations supporting the vHPC-mPFC deficits in NVHL rats were 

also found – the PFC pyramidal neurons have much shorter dendrites and reduced arborization, 

and the density of dendritic spines is much lower in the PFC, but also in the NAc, compared to 

healthy rats (Flores et al., 2005; Marquis et al., 2008). The NVHL adult rats resemble many 

behavioral and neurobiological aberrations that are seen in schizophrenia patients, therefore, it is 

a valid and often used animal model in research of this illness (O’Donnell, 2012).  

3.3 Connections with the PFC 

3.3.1 Monosynaptic interconnectivity 

A direct monosynaptic vHPC-mPFC pathway was described in both rodents (Jay et al., 1989; 

Swanson, 1981) and primates (Barbas & Blatt, 1995). The projections lead ipsilaterally through the 

fimbria-fornix complex. The pathway consists of excitatory glutamatergic pyramidal neurons, 

projecting from the ventral and intermediate CA1 and the vSUB to the PL, IL, and medial orbital 

parts of the mPFC in rodents (Hoover & Vertes, 2007; Jay et al., 1992; Jay & Witter, 1991). Moreover, 

some of the vHPC neurons send simultaneous projections to the amygdala (Ishikawa & Nakamura, 

2006). Hippocampal axon terminals target pyramidal excitatory neurons (Carr & Sesack, 1996; Jay 

& Witter, 1991) and parvalbumin-expressing inhibitory interneurons (Gabbott et al., 2002; Tierney 

et al., 2004) in the mPFC. Stimulation of neurons in the vHPC can evoke responses in both 

interneurons and pyramidal neurons of the PFC. The interneurons respond faster and with higher 

action potential frequency than pyramidal neurons, indicating feedforward inhibition in pyramidal 

cells of the PFC (Tierney et al., 2004). Repeated stimulation of the ventral CA1 can elicit long-term 

potentiation or long-term depression on synapses with the mPFC in vivo (Laroche et al., 1990; Takita 

et al., 1999). 

A more detailed view of synaptic connections between the vHPC and mPFC neurons has 

been described recently. It has been shown in mice that the vHPC densely innervates neurons in 

superficial and deep layers of the IL, but only in deep layers of the PL. These projections target 

cortico-amygdala and cortico-cortical neurons in the IL and only cortico-cortical neurons in the PL 

(see Fig. 3). They can evoke an action potential in deep cortico-cortical neurons of IL, suggesting 

this region to be especially sensitive to hippocampal inputs (Liu & Carter, 2018). These anatomical 

findings confirm that the vHPC could modulate the integrity of the mPFC and fear-related behaviors. 

Moreover, synaptic plasticity of this circuit modulates activity in the mPFC, i.e., learning, emotions, 

and the final cognitive output. 

Whereas the majority of research has been focusing on the vHPC-mPFC pathway as the 

main direct flow of information from the hippocampus to the PFC, a recent study reported a direct 
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projection from the dHPC to the PL as well (Ye et al., 2017). Few evidences of direct PFC-to-HPC 

projections have been reported so far. A direct pathway goes from the ACC to the dHPC 

(Rajasethupathy et al., 2015), or the vHPC (Bian et al., 2019). All these connections seem to 

modulate retrieval of fear memories and fear generalization (a phenomena where conditioned fear 

extends the fear response to similar contexts or stimuli), but the exact function and the extent to 

what it modulates the behavioral flexibility, if at all, remains in further research. 

 

 

 

 

Fig. 3: Direct hippocampal-prefrontal connections. The ventral hippocampus 

innervates neurons in the prelimbic and infralimbic cortices, which send 

projections to the contralateral prefrontal cortex (both) and the basolateral 

amygdala (only the infralimbic cortical neurons). PL, prelimbic cortex; IL, 

infralimbic cortex; vHPC, ventral hippocampus; cPFC, contralateral prefrontal 

cortex; BLA, basolateral amygdala. From Liu & Carter (2018). 

3.3.2 Multisynaptic connectivity 

Some cells in the mPFC receive convergent inputs from both the MD and the vHPC (Gigg et al., 

1994). The lateral EC sends some projections to the MD (Groenewegen, 1988), however, the 

hippocampus itself does not project to the MD. In this context, more attention is paid to the medial 

thalamic nucleus reuniens (RE), mainly because 1) most projections from the thalamus to the HPC 

come from the RE (Bokor et al., 2002), 2) the RE targets the ventral CA1 and the vSUB (Wouterlood 

et al., 1990), the two subdivisions that project to the mPFC. Lastly, the RE further receives dense 

projections from all the subdivisions of the mPFC (Vertes, 2002). This creates an interconnected 

circuit, with the RE being the mediator when transferring information from the mPFC to the vHPC 

(see Fig. 4). A newly published study suggested that the RE might play a critical role in memory 

consolidation during sleep, as it coordinates the oscillatory activity between the hippocampus and 

the neocortex (Hauer et al., 2019). Lesioning of the RE showed impairment in flexibility tasks relying 

on both the HPC and the mPFC, which confirms its involvement in attentional processes and spatial 

working memory (Linley et al., 2016; Viena et al., 2018; Davoodi et al., 2009).  

 Another circuitry interconnecting the HPC with the PFC goes through the midbrain ventral 

tegmental area (VTA) and the NAc. The VTA is reciprocally connected with the PFC and the NAc 

(Beckstead et al., 1979; Carr & Sesack, 2000; Fuxe et al., 1974; Xia et al., 2011) and concurrently 

sends projections to the hippocampal formation (Scatton et al., 1980). The vSUB can elicit higher 

activity of dopamine-releasing neurons in the VTA and regulate their firing properties indirectly 

through connections with the NAc (Floresco et al., 2001). It has been repeatedly shown that the 
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VTA acts as a modulator of various cognitive functions, including working memory (Martig et al., 

2009; Romanides et al., 1999) and learning (Martig & Mizumori, 2011; Takahashi et al., 2009), along 

with long-term memory consolidation (Ghanbarian & Motamedi, 2013). Dopamine is the main 

neurotransmitter of this circuit, and the modulation of dopaminergic D1 receptors in the 

vHPC-mPFC structures is necessary for information transfer and flexible behavior. Delayed recall of 

information, which is dependent on the vHPC-mPFC circuit (Floresco et al., 1997), requires 

activation of these D1 receptors (Seamans et al., 1998). Moreover, infusing D1 receptor antagonists 

into the PL/IL enhances perseveration and disables shifting between visual-cue and response cue 

discriminations (Ragozzino, 2002).  

 

Fig. 4: Interconnectivity between thalamus, 

hippocampus, and medial prefrontal cortex. The 

hippocampus innervates the medial prefrontal 

cortex, while the opposite direction of 

information transfer goes via nucleus reuniens. 

mPFC, medial prefrontal cortex; PL, prelimbic 

cortex; IL, infralimbic cortex; MLT, midline 

thalamus; Re, nucleus reuniens; MD, mediodorsal 

thalamus; HF, hippocampal formation; CA1, 

cornu Ammonis 1; Sub, subiculum. Adapted from 

Bueno-Junior & Leite (2018). 

3.4 Establishing the role of the hippocampal-prefrontal connection in rat studies 

The exact functions of the hippocampal-prefrontal circuit are still not well-established. So far, it has 

been found that pathways between the hippocampus and the PFC are implicated in memory re-

trieval, spatial working memory, emotional regulation, and flexible behavior. The hippocampus 

transfers information to the PFC, which converts them into cognitive and motor processes. Floresco 

et al. (1997) first used a model of asymmetric HPC-PFC inhibition – they pharmacologically inacti-

vated the vHPC and the PL unilaterally in the opposite hemispheres, and, therefore, blocked the 

information transmission between them (see Fig. 5). As I already mentioned earlier, rats with inac-

tivated vHPC-PL were notably impaired in memory retrieval during the delayed task, which indi-

cates impairments in the ability to retain acquired knowledge about the spatial location. In contrast, 

the nondelayed task did not show any impairment in working memory of vHPC-PL inactivated rats. 

Wang & Cai (2006) performed similar inactivations in the delayed spatial alternation task in 

a T-maze. They observed impairments after the vHPC-PL inactivations, which mimicked the perfor-

mance after doing only bilateral vHPC or PL inactivations. This circuit is, therefore, crucial for spatial 

working memory. Another series of experiments were conducted in rats in order to establish the 
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role of the HPC-PFC circuit in recognition memory. Cooperation between these structures is 

needed for remembering spatial, temporal and contextual details of the presented objects (Barker 

& Warburton, 2011). An increased coherence in the activity of the PFC and HPC neurons was ob-

served during a Y-maze rule acquisition (Benchenane et al., 2010). When animals had to make the 

right choice to obtain a reward, the PFC neurons adjusted their firing activity and synchronized with 

hippocampal theta rhythm. The use of asymmetric inactivations also disrupted reward learning in 

operant boxes (Izaki et al., 2000). This experiment is supported by findings in humans, showing that 

the hippocampus is involved in detecting novel stimuli and facilitating subsequent learning (Knight 

& Nakada, 1998). This indicates that the vHPC also transfers non-spatial information to the PFC. 

Lastly, modulation of the mPFC by the vHPC is also needed for processing emotions and 

behavior related to fear and anxiety. Given the facts that the mPFC is implicated in fear expression 

and fear extinction (Corcoran & Quirk, 2007; Milad & Quirk, 2002; Vidal-Gonzalez et al., 2006), and 

that the hippocampus can dissociate between different contexts (Place et al., 2016), the vHPC could 

inform the mPFC about dangerous situations and initiate fear expression, or fear inhibition inside 

the extinction context, respectively. This has been confirmed by asymmetric disconnections of the 

vHPC-mPFC structures, which disrupted fear renewal outside the extinction context (Orsini et al., 

2011), and similar results were obtained by the optogenetically inhibited vHPC-IL pathway (Marek 

et al., 2018). Additionally, the activity of the mPFC neurons is synchronized with hippocampal theta 

rhythm in anxiogenic environments (Adhikari et al., 2010, 2011).  

Only a few experiments have so far investigated the function of the vHPC-mPFC pathway 

in behavioral flexibility. Impaired set-shifting became a subject of interest in adult NVHL rats, which 

indicated a significant role of this pathway on the mPFC development (Brady, 2009; Placek et al., 

2013). Malá et al. (2015) conducted reversal learning and set-shifting experiments in rats using a 

T-maze. They examined the effect of independent bilateral or combined bilateral fimbria/fornix 

(FF)-mPFC lesions on performance in rats. While there was no significant effect of bilateral lesions 

of the mPFC or the FF in reversal learning, combined lesions resulted in a higher number of errors 

and more sessions needed to acquire a new rule. In set-shifting, all the groups showed impairment 

in these criteria (Malá et al., 2015). Other authors investigated behavioral flexibility employing a 

cross-maze (Torres-Berrío et al., 2019). Tetrodotoxin, a voltage-gated sodium channel blocker, was 

used for bilateral inactivations of the vHPC or the mPFC in an allocentric/egocentric spatial strategy 

switching task. The results showed significant impairment in shifting between navigational strate-

gies when the vHPC was inactivated, but not in the initial learning. The impairment was manifested 

as a higher number of perseverative errors. The results resembled deficits that were observed after 

the inactivation solely of the mPFC.  
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Fig. 5: Diagram of anatomical connections and functional impairment after asymmetric inactivations between the 

hippocampus, prefrontal cortex, and striatum during the delayed spatial win-shift task. Hippocampus transfers spatial 

information about food location to the nucleus accumbens and the prelimbic cortex. The hippocampal-prefrontal 

pathway helps in recalling the information after a delay, and the prelimbic cortex transfers the information to nucleus 

accumbens, which converts them into proper behavioral response (left). If the information transfer between the 

hippocampus and the prefrontal cortex is blocked (inactivation in one ventral hippocampus and contralateral prefrontal 

cortex), knowledge about previous food location cannot be processed and performance during the task is impaired (right). 

PL, prelimbic cortex; NAc, nucleus accumbens; sub, subiculum. Adapted from Floresco et al. (1997). 

4 DEFICITS CAUSED BY ABERRANT HPC-PFC INTERACTION 

Getting older is an inevitable process of every long-living organism and is naturally accompanied by 

worsening of cognitive flexibility. Nevertheless, it is important to dissociate this well-founded 

decline from pathophysiological conditions, often co-occurring with other features, given the 

specific psychiatric illness. The hippocampus is a brain structure sensitive to external and internal 

environmental changes and, considering its projections with the PFC, alterations in this pathway 

are unavoidable and lead to deficits in attentional processes, working memory, episodic memory, 

and emotional regulation. On top of that, disruption of the hippocampal-prefrontal pathway is likely 

the symptomatic basis for some psychiatric illnesses. In the following lines, I will describe some of 

these impaired functions, lying upon the dysfunctional state of the HPC-PFC pathway.  

4.1 Schizophrenia 

Developing schizophrenia is dependent on genetic predispositions in combination with sociological 

and environmental factors, for example, prenatal exposure to viral infection, immune dysregulation, 

or facing stressful events during the lifetime. All these factors sum up and lead to a higher risk of 

evolving schizophrenia, however, the main trigger for the illness onset is unknown. The symptoms 

are classified into three groups: positive (e.g., hallucinations), negative (e.g., apathy), and cognitive, 

which cover a great variety of deficits. They manifest as impaired attention, working memory, 
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planning, and decision making, but also as disrupted processing of verbal information and deficient 

verbal expression of thoughts (Bowie & Harvey, 2006). Cognitive symptoms can be observed even 

before the illness onset (Fusar-Poli et al., 2012) and are present in different degrees in most patients 

(Heinrichs & Zakzanis, 1998; Keefe et al., 2005). 

 Due to disorganized thinking and disrupted coherence in brain state, schizophrenia patients 

are significantly impaired in cognitive flexibility. They have perseverative tendencies in the WCST 

and are slower in completing the card sorting, compared to healthy subjects (Everett et al., 2001). 

The performance in the WCST resembles the performance of people with frontal cortical damage, 

pointing to physiological or structural changes in frontal lobes (Haut et al., 1996). Patients are also 

considerably impaired in the ID/ED task. More trials are needed to reach the criterion in the ID/ED 

task in simple discrimination, reversal learning, IDS and EDS, and they make more errors in IDS 

stages than the control group, albeit the range of impairment is variable across patients (Pantelis 

et al., 1999). Some are successful in learning the IDS task, showing only mild perseverative deficits, 

but they may not be able to set-shift in the EDS task, while others are not even able to perform the 

IDS task, pointing to a more general impairment in cognitive functioning. Impulsivity observed dur-

ing the tasks also indicates the failure of inhibitory mechanisms. Moreover, schizophrenia patients 

are impaired in most tests sensitive not only to frontal, but also temporal lobe damage (Kolb & 

Whishaw, 1983). 

Ample evidence links the primary features of schizophrenia with hippocampal-prefrontal 

pathophysiology. Anatomical and structural changes are observed in their frontal lobes and hippo-

campi. People with schizophrenia have reduced volume of the anterior hippocampus (aHPC, corre-

sponding to the vHPC in rodents) and the OFC (Schobel et al., 2009) and reduced density of gray 

matter in the dlPFC (corresponding to mPFC in rodents) (Cannon et al., 2002). Postmortem studies 

revealed a significant reduction of dendritic spines in pyramidal cortical neurons (Garey et al., 1998). 

These could also be the reason for lower gray matter density, rather than loss of neurons. Moreover, 

schizophrenic patients have disrupted GABA signaling. They have a lower number of parvalbu-

min-containing interneurons in the PFC and the HPC (Beasley & Reynolds, 1997; Zhang & Reynolds, 

2002), and metabolic alterations in the GABA synthesis and reuptake have been observed (Volk et 

al., 2001). Besides, abnormal activity of the HPC itself can disrupt the integrity of the PFC. Exces-

sive dopamine release is one of the theories explaining behavioral and cognitive abnormalities in 

schizophrenia. This can be partly because of dysfunction in the vSUB, whose activation leads to the 

spontaneous firing of dopaminergic VTA neurons, which project to the PFC (Floresco et al., 2001). 

Furthermore, early and prodromal stages of schizophrenia show local hyperactivity in excitatory 

HPC and PFC neurons, which can be the cause of impaired GABAergic signalization (Anticevic et al., 
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2015; Heckers & Konradi, 2015). There is also a theory that hippocampal disinhibition leads to com-

pensational mechanisms, excitotoxicity and eventual atrophy and hypoactivity, characteristic for 

chronic stages of schizophrenia (Chan et al., 2011; Schobel et al., 2013). The notion that the hippo-

campal pathology functionally modulates the activity of the PFC is well demonstrated in a study of 

9 monozygotic twins, one of each suffering from schizophrenia (Weinberger et al. , 1992). The vol-

ume of the aHPC positively correlated with the rate of blood flow and activation of the dlPFC in the 

WCST task – the more the schizophrenia-affected twin differed from its healthy twin in the aHPC 

volume, the more hypoactivation of the dlPFC was observed during the task. Aberrant functional 

HPC-PFC connectivity can be observed in working memory tests as well (Wolf et al., 2009).  

Given the fact that schizophrenia patients have problems with emotional regulation, one 

study showed that not all of them can acquire an autonomic fear response to conditioned stimuli. 

They also show higher autonomic responses to unconditioned stimuli in comparison with healthy 

subjects (Maren & Holt, 2004). Moreover, they are not impaired in extinction learning but show 

deficits in context-dependent recall in the following day, which, once again, relates to disruption in 

the hippocampal-prefrontal connectivity (Milad & Quirk, 2002).  

4.2 Other diseases 

More psychiatric diseases have been linked with aberrant hippocampal-prefrontal functioning. For 

example, abnormal emotional regulation is apparent in major depression and posttraumatic stress 

disorder (PTSD). People suffering from these conditions have significantly smaller volume of the 

HPC (Bearden et al., 2009; Karl et al., 2006), and they show deficits in working memory (Christopher 

& MacDonald, 2005; Honzel et al., 2014) and functional connectivity during sleep memory consoli-

dation (Genzel et al., 2015). In a study conducted on a depression model in rats, it was suggested 

that desynchronization of the PFC with hippocampal theta rhythm might be the result of this im-

pairment and disrupted neural plasticity in depressed patients (Zheng & Zhang, 2015). Similarly, 

PTSD patients show abnormalities in this pathway, especially in fear-related tasks. During extinction 

recall, the HPC-PFC structures showed decreased activation, which could lead to impaired contex-

tual processing and hypersensitive emotional response (Milad et al., 2009). These abnormalities 

might arise from a prior stressful situation. Both the mPFC and the HPC are sensitive to increased 

concentrations of corticosterone, a hormone that is released during stressful situations (Dominguez 

et al., 2014). Exposure to stress can inhibit long-term potentiation (Rocher et al., 2004), induction 

of which is critical for extinction (Farinelli et al., 2006). Disruptions in flexible cognition, including 

abnormalities in the HPC-PFC structures, are also seen in neurodegenerative diseases, especially 

Alzheimer's disease. Decreased hippocampal volume (Shi et al., 2009) and cognitive rigidity are 

common hallmarks of this condition (Johnstone et al., 2002). 
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Cognitive flexibility is very sensitive to the morphological and physiological changes and damage of 

its subserving neural systems. The given evidence links frontotemporal aberrations to a variety of 

disorders and illnesses. Therefore, it is important to elucidate the exact functional role of this cir-

cuitry. Extensive knowledge of functional connectivity and physiological mechanisms can help us 

detect pathologies in the early stages of these illnesses and may facilitate searching for better-de-

signed therapies, leading to amelioration of distinct symptoms, or slowing the further progress of 

the specific disease.  
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5 AIMS OF WORK 

The first aim of this work is to establish the role of the mPFC and the vHPC in behavioral flexibility 

with the use of two cognitively demanding tasks – reversal learning and set-shifting. The second 

aim is to test the role of these structures in spatial memory retrieval. The main hypotheses are that 

1) inactivations of the vHPC will disrupt flexible behavior and impair performance on the arena, 2) 

the results will be similar with the inactivation of the mPFC, 3) inactivations of either the mPFC or 

the vHPC will not disrupt performance in the spatial memory retrieval. 

6 MATERIALS AND METHODS 

6.1 Subjects 

Male Long-Evans rats (n=126) in the age of 3–4 months acquired from the Institute of Physiology’s 

breeding colony were used for the experiments. Rats were housed in plastic cages by two and kept 

at 12/12 h light/dark cycle (lights on at 7 am), with food and water available ad libitum. At least a 

10-day acclimatization period was given to the animals before surgery. 3 days before the 

experiment initiation, the animals were food-restricted, and during the experiments weighted daily 

and maintained at 85–90% of their ad libitum body weight. A day before the first learning session, 

they were implanted a needle through a skin fold between shoulders, which was twisted on the tip 

to prevent it from slipping out. This procedure was painless (comparable to subcutaneous injections 

in humans) and did not require anesthesia.  

Twenty rats had problems with the initial Arena- Room+ task acquisition (more than 10 

entrances to the shock sector on the 5th day or manifesting inappropriate behavioral strategies) and 

were excluded from the experiments. Seven rats were excluded because of repetitive motor 

behavior after the application of muscimol during the inactivation days. Five rats had their implants 

detached during the experiments and were euthanased immediately. Two rats were excluded 

additionally due to inaccurate cannula localization. None of these rats was included in the data 

analysis. All animal treatment complied with the Czech Animal Protection Act and EU directive 

2010/63/EC. 

6.2 Surgical procedures 

14 days before the start of behavioral training, the rats were anesthetized with continuous-flow 

isoflurane (5% for induction, 2–2.5% for maintenance) and mounted in a stereotaxic apparatus. An 

incision was made to expose the skull, and two holes (1 mm in diameter) were drilled (relative to 

bregma) at +3.2 AP and ± 1.3 ML for the prelimbic mPFC, or -5.2 AP and ± 5.4 ML for the vHPC-
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aiming cannulas. The guide cannulas were custom-made from stainless steel (22-gauge, 11 mm in 

length), and implanted below the skull surface, 3 mm for the mPFC (at 10° angle from the midline) 

or 6 mm for the vHPC (vertically). Dummy cannulas were inserted into the guide cannulas and 

remained there until the injections were initiated. Two (for the mPFC or the vHPC groups) or four 

(for the combined groups) anchoring skull screws were mounted to the skull, and, together with 

the cannulas, embedded with dental cement. The wound was sutured, and a local antiseptic and 

anesthetic were applied to prevent infection and pain. Postoperative care was provided by adding 

antibiotics and analgesics to the drinking water. The rats were checked daily and were left to 

recover from the surgery for at least 14 days.  

6.3 Inactivation procedures 

Muscimol (1 µg/µl, diluted in 0.9% saline, stored at -20 °C; Sigma Aldrich) was used as the 

inactivation agent in the experiments. It is a GABAA agonist that enhances inhibitory activity in the 

brain, which in result temporarily inactivates neurons, with a duration of several hours (Martin, 

1991). For the infusion, a 5 µl Hamilton syringe was used, connected by a polyethylene tube with 

an injection cannula (27-gauge, 12 mm in length; protruding 1 mm below the guide cannulas). One 

infusion of muscimol was administered to the rats 1 day before the onset of behavioral training to 

habituate them to the drug exposure. Other injections were given in the inactivation days, 20 mins 

prior to each session. A volume of 0.5 µl of muscimol was injected slowly (1 min duration) into the 

appropriate structures, dependent on the experimental group (described below in “Experimental 

design and groups”), and the injection cannula was removed after another 30 secs to avoid reflux 

of the solution. Dummy cannulas were placed back inside the guide cannulas when the injection 

was completed. 

6.4 The Carousel maze 

The apparatus consists of a circular metallic platform (82 cm in diameter with a 5 cm high outer 

border, elevated 100 cm above the ground), circumscribed by a 50 cm high transparent plexiglass 

wall, and a motor providing the arena rotation (1 rpm, clockwise). An infrared LED is attached to a 

harness laced on the rats' back, and another infrared LED is mounted on the outer edge of the arena. 

These allow a camera (mounted above the arena) to monitor the position of the rat relative to the 

room and the arena. A tracking system (Track Analysis, Biosignal Group, USA) was used to record 

the location and deliver mild shocks to rats during sessions if they entered a forbidden 60-degree 

sector. The shocks (50 Hz, 500-ms intervals, 0.3–0.6 mA) were delivered via an electric cable ending 

with a clip attached to the needle implanted in rat’s back. The intensity of shocks was adjusted 

individually by an experimenter, dependent on the rat’s response to the aversive stimulus. A feeder 
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with barley grains was rotating slowly above the arena and let grains fall on the platform. All rec-

orded data were stored to the computer for further analysis.  

6.5 Experimental design and groups 

Both experiments were conducted during the light phase of the day in a room with dimmed light. 

Navigation in the room was guided by various room cues (a table, a cabinet, a door), whereas 

position on the arena was indicated by distinct cue cards placed on the plexiglass arena wall, 

different in color, shape, and pattern. The initial configuration of the room and arena cues was the 

same for all animals. Before the initial training, the animals were given 2 days of 5-minute handling 

and 5 minutes of arena acclimation (no shocks or rotation) with grains falling from the feeder to 

avoid hyponeophagia during the behavioral testing. Then, the Arena- Room+ task training followed 

(arena rotating with the shocked sector placed in “north”), and it consisted of 5 sessions (1/day, 20 

mins in duration). After each session, the arena was wiped with alcohol to eliminate odor marks 

made by animals. The feeder was active during the experiments to enhance locomotion of the 

animals on the arena. After the initial 5 days of acquisition, the conditions differed for two separate 

experiments (see Fig. 6 for an illustration). 

 

Experiment 1 – Behavioral flexibility 

This experiment tested the ability to coordinate behavior with inactivated vHPC or mPFC in two 

cognitively demanding tasks, in which the conditions for successful performance changed. 

Following 5 days of acquisition of the Arena- Room+ task, the position of the shock sector was 

reversed from “north” to “south” and rats had to learn to avoid the new location. Rats typically try 

to avoid both sectors first, but they gradually stop avoiding “north” and avoid only “south”. This 

phase consisted of 5 reversal learning days. After the reversal learning, the Arena+ Room- task 

followed, in which the reference frames were changed for another 5 days. The sector was newly 

set to rotate with the arena, and the rat had to set-shift its attention – ignore newly irrelevant room 

cues, and mind its position relative to the arena cue cards, which indicated the location of the newly 

forbidden sector. In this task, rats have two options of behavior: they can either learn the position 

of the sector and move along the arena while collecting grains outside the sector, or, they can stay 

in one location without moving at all, which frees them from delivering any shocks, albeit they will 

not eat any grains. The latter strategy makes this task more complicated to analyze – the rat does 

not give the experimenter feedback about the actual learning of the task. Therefore, our rats were 

food-deprived and motivated to move and feed on the grains. 
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43 rats with bilateral cannula implants in the mPFC (n=23) or the vHPC (n=20) were used in this 

experiment. They were randomly divided into muscimol and saline groups before the experiment 

initiation. In the first 2 days of reversal learning and set-shifting, muscimol or saline injections were 

administered to these rats (0.5 µl to each cannula depending on the group). The next 3 days of 

learning in both phases were used to balance the eventual group differences. 

 

Experiment 2 – Spatial memory retrieval 

This experiment tested the ability to retrieve learned behavior in the Arena- Room+ task. 49 rats 

with bilateral cannula implants in the mPFC (n=18), vHPC (n=17) or both structures (n=14) were 

used in this experiment. They were randomly divided into unilateral and bilateral (for the mPFC and 

vHPC inactivations) or into contralateral and ipsilateral (for the combined inactivations) groups 

before the experiment initiation. We assumed that the information was transferred ipsilaterally via 

both hemispheric pathways of the brain. By the contralateral inactivations, we disconnected the 

functional pathways in both hemispheres. The inactivated vHPC could not transfer information to 

the mPFC on one side, while the attenuated activity in the mPFC on another side could not process 

this information. Ipsilateral inactivations disconnect both structures in one hemisphere, resulting 

in one dysfunctional pathway, but the pathway in the other hemisphere is enabled to compensate 

for the impairment. Muscimol injections (0.5 µl to each cannula depending on the group) were 

administered to the rats one day after the 5-day Arena- Room+ learning, on day 6. One more session 

followed the day after (day 7), with the injection of saline, and was used to compare the 

performance with the inactivation day. 
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Fig. 6: Experimental design. Operated rats (n=92) were habituated to the arena and the experimenter for two consecutive 

days. On the second day, they were divided into specific groups based on the experiment and they were given one 

habituation injection. Then, they were trained for 5 days in the Arena- Room+ task to avoid a specific sector located in 

“north” (ACQUISITION). In the first experiment, the position of the sector was reversed to “south” for another 5 days and 

the rats were given muscimol or saline in the first 2 inactivation days of the experiment (REVERSAL LEARNING). The task 

was then changed to Arena+ Room-, where the sector rotated with the arena for the last 5 days, and the inactivations 

were administered again in the first 2 days of the new conditions (SET-SHIFTING). In the second experiment, muscimol 

was infused into the specific brain structures on day 6 in the Arena- Room+ task, with one more session of saline injections 

on day 7 (ACQUISITION). sal, saline; mus, muscimol; uni, unilateral; bi, bilateral; ipsi, ipsilateral; contra, contralateral. 

6.6 Cannula placement verification 

Once the rats finished the behavioral testing, they were deeply anesthetized with ketamine and 

xylazine and perfused intracardially with 0.1 M PBS (pH 7.4), followed by 300–400 ml of 4% 

paraformaldehyde diluted in 0.1 M PBS. A 1 µl of ink diluted in PBS was infused with a 5 µl Hamilton 

syringe and an infusion cannula by an infusion pump (200 nl/min) into each cannula to label the 

sites of injection. The brains were fixed in 4% paraformaldehyde for 24 hours, then placed in 30% 

sucrose solution until they sunk, and were stored at -80 °C for further processing. The brains were 

either cut coronally by blade in the cannula locations to verify the site of ink injection or cut to 50 µl 

coronal sections using a cryostat. Every 5th section was collected, let dry on gelatin-coated slides 

and Nissl stained using a standard protocol. The slides were coverslipped using Permount and 

cannula location was verified in a light microscope. 
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6.7 Evaluated parameters and statistical analysis 

A generous number of parameters can be measured from the Carousel sessions. The primary pa-

rameters are the number of entrances to the punished sector and the number of shocks delivered 

(1 second lasting shocks are repeated every 500 milliseconds if the animal stays in the sector). Time 

to the first entrance reflects the ability to remember the position from the previous session; the 

path to the first entrance is an analog usable in the arena frame avoidance when the sector rotates 

with the arena. A higher value in these parameters indicates that the animal remembers to avoid 

the sector from the previous sessions while moving on the arena. The maximum time avoided rep-

resents the longest sustained time interval between two entrances, for which the animal was avoid-

ing the sector; it measures if the animal can concentrate and maintain avoidance throughout a 

session. The total path is another important parameter measured in the Carousel. The position of 

the rat is recorded every 40 ms.  The total path is calculated as the sum of distances between each 

two positions recorded 1 second apart. Locomotion is essential for avoiding the sector in the active 

Arena- Room+ task, but in the passive versions, staying in one location is a possible strategy. Be-

cause low locomotion makes further analysis hard to interpret, we motivate the animals to enhance 

their locomotion by giving them grains throughout the session. In contrast, hyperlocomotion can 

lead to higher entrances, despite the animal knowing the position of the sector. Thigmotaxis is a 

reliable index of anxiety, analyzed from the position of the rat on the arena during the session. It is 

calculated as a proportion of time spent within the annulus of 20% radius width from walls. A higher 

value means that the rat stays mostly near walls and does not explore the center of the arena. This 

can be observed commonly at the beginning of behavioral testing. We decreased thigmotaxis by 

dispersing grains on the platform, which motivated the rat to move across the whole arena. The 

proportion of time spent in specific sectors can also be computed. The values are described in the 

interval of 0–1; 0 meaning the rat was not in the sector during the session, 1 meaning the rat moved 

only in the analyzed sector. Because the arena was divided into 6 quadrants, 1 of which forbidden, 

the mean time that the animal would spend in one sector randomly is 0.167 (approximately 3 

minutes and 20 seconds). The proportion of time spent in the previously forbidden sector is espe-

cially helpful in flexibility tasks as it indicates perseveration. 

 

All data were analyzed by an open-source program Carousel Maze Manager (version 0.4.0.) (Bahník, 

2014). Statistical analysis was performed using GraphPad Prism 8 software. Level of significance in 

the analyses was set at alpha = 0.05. All data were tested for normal distribution and analyzed with 

repeated measures two-way ANOVA (factors of days or time x groups). Data that were not normally 

distributed were transformed mathematically to meet the conditions. Sidak’s multiple comparison 
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post-hoc test was used to compare the groups within the individual sessions. Data in graphs show 

group means and error bars indicate the standard error of mean.  

7  RESULTS 

From 126 animals, 92 finished the experiments and were included in the statistical analysis. Main 

parameters tested were the number of entrances and shocks, time to the first entrance, maximum 

time avoided, time spent in the forbidden sector, thigmotaxis and total path. During the reversal 

learning and set-shifting, time in the previously forbidden sector was analyzed to evaluate 

perseveration. In the set-shifting task, distance to the first entrance was measured instead of time 

to evaluate if the animal remembered the sector position from the previous day.  

7.1 Experiment 1 – Behavioral flexibility 

The goal of this experiment was to examine the adaptation of bilaterally inactivated vHPC or mPFC 

rats to changing requirements in avoidance-related tasks. Prior to these tasks, 5 days of acquisition 

of the initial sector avoidance were performed. All the animals included in the analyses responded 

to the mild shocks and learned the task with no significant differences between the groups (data 

not shown). Following the acquisition, the requirements changed twice in consecutive 5-day tasks 

– reversal learning and set-shifting. The inactivations were performed during the first two days of 

each phase.  

7.1.1 Reversal learning (Arena- Room+) 

Animals from both saline and muscimol mPFC groups demonstrated successful reversal learning, as 

evidenced by the significant effect of days in the majority of avoidance-related parameters when 

conducting two-way ANOVA on the whole 5-day phase (Tab. 1A). The groups learned the reversed 

sector location at a similar pace, as confirmed by no significance in the effects of group or 

interaction in any of the analyzed parameters. The animals gradually lowered the number of 

entrances and shocks (Fig. 7) and increased the maximum time of avoiding the sector (Fig. 11). As 

the training proceeded, they increased the time spent in the previously forbidden sector (Fig. 10) 

and reduced the time in the newly forbidden sector (Fig. 9). Furthermore, thigmotaxis was lowering 

over the sessions and the total path slightly increased (Fig. 11). No significant effect was seen 

regarding time to the first entrance (Fig. 11). Most importantly, muscimol inactivations of the mPFC 

did not have any effect on abandoning the previous position of the sector (Fig. 10) and learning the 

new one (Fig. 9).  
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Animals from both control and muscimol vHPC groups learned the task during the 5 days, which is 

documented in the significant effect of days in most of the avoidance-related parameters (Tab. 1B). 

Inter-group differences in learning were, however, detected by the significant effects of group in 

some parameters and one effect of interaction in the maximum time avoided (Tab. 1B). The 

differences between groups in individual days were analyzed by post-hoc tests and are 

demonstrated in the graphs below (Fig. 7–11). Compared to the saline-injected rats, the muscimol-

inactivated vHPC rats had a much higher number of entrances and shocks on day 2 (Fig. 7). 

Moreover, they had lower maximum time of avoiding the sector and kept relatively low levels on 

both inactivation days (Fig. 11), and they spent more time in the newly forbidden sector on day 2 

(Fig. 9). The muscimol-inactivated vHPC rats spent less time in the previously forbidden sector, as 

seen by the significant effect of group, but they did not show any higher or lower rate of 

perseveration during the inactivation sessions when analyzed by a post-hoc test (Fig. 10). A 

significant effect of interaction was revealed for thigmotaxis, but post-hoc tests did not show any 

significant differences (Fig. 11). The inactivations did not affect the total path or time to the first 

entrance (Fig. 11). 

To investigate the dynamics of learning and adaptation to the new forbidden location of 

the sector in the vHPC groups, we further analyzed 5-minute intervals of the inactivation days 1 and 

2, respectively. A significant effect of time was revealed by two-way ANOVA for each of these days, 

demonstrating within-session learning, i.e. the animals reduced the number of entrances and 

shocks within one session, similarly as the time spent in the forbidden sector (Tab. 1b1+2). 

Furthermore, the effects of group and interaction on both days confirmed differences between the 

saline- and muscimol-treated rats. Compared to the saline group, the muscimol group was 

significantly worse in the last 5 minutes on day 1 and most of the time on day 2 regarding the 

number of shocks and entrances (Fig. 8), and the animals spent more time in the forbidden sector 

(Fig. 9). A significant effect of interaction was revealed for day 1 regarding time spent in the 

previously forbidden sector (Tab. 1b1). Post-hoc tests showed that there was a difference in the last 

5 minutes of the day 1 session, where the saline group increased the time spent in the previously 

forbidden sector, while the muscimol group continued to avoid the sector (Fig. 10).  
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Tab. 1: Two-way ANOVA results of the 5-day reversal sessions for the mPFC (A) and the vHPC (B) groups and the 

detailed 5-minute intervals on days 1 (b1) and 2 (b2) for the vHPC groups. ln = natural logarithm, sqrt = square root 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) mPFC Effect of days Effect of group Effect of interaction Transformation

Total path F (4, 84) = 18.92, p < 0.0001 F (1, 21) = 0.8523, p = 0.3664 F (4, 84) = 0.9839, p = 0.4209 -

Entrances F (4, 84) = 37.34, p < 0.0001 F (1, 21) = 1.742, p = 0.2011 F (4, 84) = 0.4341, p = 0.7837 ln(y+1)

Shocks F (4, 84) = 62.77, p < 0.0001 F (1, 21) = 3.61, p = 0.0713 F (4, 84) = 0.7291, p = 0.5746 ln(y+1)

Time to the first entrance F (4, 84) = 1.341, p = 0.6528 F (1, 21) = 0.2268, p = 0.6388 F (4, 84) = 0.6154, p = 0.6528 ln(y+0.1)

Maximum time avoided F (4, 84) = 44.02, p < 0.0001 F (1, 21) = 3.64, p = 0.0702 F (4, 84) = 1.393, p = 0.2434 ln(y+1)

Time in the newly forbidden sector F (4,84) = 75.77, p < 0.0001 F (1, 21) = 4.192, p = 0.0533 F (4, 84) = 0.4372, p = 0.7814 ln(y+0.001)

Time in the previously forbidden sector F (4, 84) = 4.868, p = 0.0014 F (1, 21) = 0.01315, p = 0.9098 F (4, 84) = 0.3959, p = 0.8111 -

Thigmotaxis F (4, 84) = 7.012, p < 0.0001 F (1, 21) = 1.329, p = 0.262 F (4, 84) = 0.5277, p = 0.7156 sqrt(1-y+0.01)

B) vHPC Effect of days Effect of group Effect of interaction Transformation

Total path F (4, 72) = 2.443, p = 0.0543 F (1, 18) = 1.687, p = 0.2104 F (4, 72) = 0.8206, p = 0.5163 ln(y)

Entrances F (4, 72) = 35.79, p < 0.0001 F (1, 18) = 7.728, p = 0.0124 F (4, 72) = 1.21, p = 0.0.3139 ln(y+1)

Shocks F (4, 72) = 43.94, p < 0.0001 F (1, 18) = 8.977, p = 0.0078 F (4, 72) = 1.506, p = 0.2095 ln(y+1)

Time to the first entrance F (4, 72) = 3.41, p = 0.013 F (1, 18) = 0.2158, p = 0.6479 F (4, 72) = 0.9983, p = 0.4142 ln(y+1)

Maximum time avoided F (4, 72) = 22.95, p < 0.0001 F (1, 18) = 11.57, p = 0.0032 F (4, 72) = 3.685, p = 0.0087 ln(y+1)

Time in the newly forbidden sector F (4, 72) = 41.47, p < 0.0001 F (1, 18) = 7.033, p = 0.0162 F (4, 72) = 1.708, p = 0.1576 ln(y+0.001)

Time in the previously forbidden sector F (4, 72) = 1.941, p = 0.1128 F (1, 18) = 6.421, p = 0.0208 F (4, 72) = 0.1866, p = 0.9447 -

Thigmotaxis F (4, 72) = 2.203, p = 0.0772 F (1, 18) = 0.9026, p = 0.3547 F (4, 72) = 3.691, p = 0.0086 -

b1) vHPC Effect of time Effect of group Effect of interaction Transformation

Entrances F (3, 54) = 5.433, p = 0.0024 F (1, 18) = 3.596, p = 0.0741 F (3, 54) = 4.04, p = 0.0115 ln(y+1)

Shocks F (3, 54) = 8.732, p < 0.0001 F (1, 18) = 4.545, p = 0.0471 F (3, 54) = 6.152, p = 0.0011 ln(y+1)

Time in the newly forbidden sector F (3, 54) = 6.291, p = 0.001 F (1, 18) = 3.746, p = 0.0688 F (3, 54) = 3.238, p = 0.0291 ln(y+0.001)

Time in the previously forbidden sector F (3, 54) = 0.5516, p = 0.6493 F (1, 18) = 1.388, p = 0.254 F (3, 54) = 3.368, p = 0.025 -

b2) vHPC Effect of time Effect of group Effect of interaction Transformation

Entrances F (3, 54) = 5.181, p = 0.0032 F (1, 18) = 18.52, p = 0.0004 F (3, 54) = 1.378, p = 0.2593 ln(y+1)

Shocks F (3, 54) = 4.809, p = 0.0049 F (1, 18) = 16.42, p = 0.0007 F (3, 54) = 2.804, p = 0.0483 ln(y+1)

Time in the newly forbidden sector F (3, 54) = 4.858, p = 0.0046 F (1, 18) = 13.8, p = 0.0016 F (3, 54) = 3.166, p = 0.0317 ln(y+0.001)

Time in the previously forbidden sector F (3, 54) = 0.2871, p = 0.8345 F (1, 18) = 2.493, p = 0.1318 F (3, 54) = 1.320, p = 0.2773 ln(y+1)
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Fig. 7: Number of entrances (top) and shocks (bottom) during the 5-day reversal learning. Animals with the inactivated 

vHPC had a much higher number of entrances [p = 0.004] to the forbidden sector and were getting more shocks 

[p = 0.0017] on inactivation day 2. No effect of inactivations was observed in the mPFC group. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Number of entrances (top) and shocks (bottom) in 5-minute intervals on days 1 and 2 of reversal learning for the 

vHPC groups. Saline-treated animals slowly reduced the number of entrances and shocks and learned to avoid the new 

sector. In contrast, muscimol-treated animals maintained high number entrances and shocks, significantly in the last five 

minutes on day 1 [entrances: p = 0.0054; shocks: p = 0.0012], and on day 2 in minutes 5–10 [p = 0.0167], 10–15 [p = 0.002] 

and 15–20 [p = 0.0003] for entrances, or minutes 5–10 [p = 0.01], 10–15 [p = 0.0006] and 15–20 [p = 0.0002] for shocks. 
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Fig. 9: Time spent in the newly forbidden sector during the 5-day reversal learning (top) and 5-minute intervals on days 

1 and 2 (bottom) for the vHPC groups. No differences were observed over days in the mPFC groups. Significant 

impairment was revealed in the muscimol vHPC group during the last 5 minutes on day 1 [p = 0.0078]. The animals also 

spent more time in the sector on day 2, in minutes 5–10 [p = 0.0288], 10–15 [p = 0.0011] and 15–20 [p = 0.0005], apart 

from the saline group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Time spent in the previously forbidden sector during the 5-day reversal learning (top) and 5-minute intervals 

on days 1 and 2 (bottom) for the vHPC groups. The gray line illustrates the proportion of time that the animals would 

spend in the sector randomly (= 0.167). No differences were observed over days in either the mPFC or the vHPC groups. 

Detailed analysis for the vHPC groups showed that in the last 5 minutes of the session on day 1, the muscimol-inactivated 

rats spent less time in the previously forbidden sector than the saline-treated rats [p = 0.0361]. 
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Fig. 11, from top to bottom: Maximum time avoided, time to the first entrance, thigmotaxis and total path during the 

5-day reversal learning. The mPFC groups and the vHPC saline group increased the amount of time between the single 

entrances over the sessions, but the muscimol vHPC group could not avoid the punished sector for a long period of time 

neither on inactivation day 1 [p = 0.0077] nor day 2 [p = 0.0001]. There were no significant differences in either group in 

any of the last three parameters. 
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7.1.2 Set-shifting (Arena+ Room-) 

A significant effect of days, as shown by two-way ANOVA for most parameters, indicates that both 

the mPFC and the vHPC groups learned the set-shifting task during the 5-day learning (Tab. 2). 

Two-way ANOVA did not, however, reveal any significance in effects of group or interaction in the 

avoidance-related parameters, showing that the saline-treated and muscimol-inactivated rats from 

both mPFC and vHPC groups did not differ in performance – they all gradually lowered the number 

of entrances and shocks (Fig. 12) and extended the maximum time of avoiding (Fig. 14). The mPFC 

groups increased the path to the first entrance as the days followed (Fig. 14). An effect of 

interaction was showed in thigmotaxis and total path (Tab. 2A). Post-hoc tests revealed higher 

thigmotaxis in the muscimol mPFC group on day 2 (Fig. 14). Lower thigmotaxis was observed in the 

first two days in the muscimol vHPC group as well but without any significance. 

In the vHPC animals, the significant effect of interaction regarding time in the previously 

forbidden sector and the significant effect of group for time spent in each of the newly and 

previously forbidden sectors demonstrate differences between the muscimol and saline-treated 

rats (Tab 2B). Compared to the saline-treated rats, the muscimol-inactivated vHPC rats spent more 

time in the newly forbidden sector (significantly more on day 3), and in the previously forbidden 

sector (significantly more on days 1 and 4) (Fig. 13). Path to the first entrance was slightly increasing 

over days in both groups (Fig. 14). Overall, muscimol inactivations did not affect the learning of the 

Arena+ Room- task. 

 

Tab. 2: Two-way ANOVA results of the 5-day set-shifting sessions of the mPFC (A) and the vHPC (B) groups. ln = natural 

logarithm 

 

 

A) mPFC Effect of days Effect of group Effect of interaction Transformation

Total path F (4, 84) = 7.051, p < 0.0001 F (1, 21) = 0.1225, p = 0.7298 F (4, 84) = 2.738, p = 0.0339 -

Entrances F (4, 84) = 10.68, p < 0.0001 F (1, 21) = 1.367, p = 0.2555 F (4, 84) = 1.929, p = 0.1131 ln(y+1)

Shocks F (4, 84) = 11.69, p < 0.0001 F (1, 21) = 1.356, p = 0.2573 F (4, 84) = 1.784, p = 0.1397 ln(y+1)

Path to the first entrance F (4, 84) = 5.563, p = 0.0005 F (1, 21) = 1.578, p = 0.2229 F (4, 84) = 1.391, p = 1.391 ln(y+0.1)

Maximum time avoided F (4, 84) = 4.438, p = 0.0027 F (1, 21) = 1.899, p= 0.1826 F (4, 84) = 1.497, p = 0.2103 ln(y+1)

Time in the newly forbidden sector F (4, 84) = 13.94, p < 0.0001 F (1, 21) = 1.977, p = 0.1744 F (4, 84) = 1.268, p = 0.2891 ln(y+0.001)

Time in the previously forbidden sector F (4, 84) = 0.509, p = 0.7293 F (1, 21) = 2.745, p = 0.1124 F (4, 84) = 0.9262, p = 0.4528 -

Thigmotaxis F (4, 84) = 5.569, p = 0.0005 F (1, 21) = 4.299, p = 0.0506 F (4, 84) = 2.801, p = 0.0309 y squared

B) vHPC Effect of days Effect of group Effect of interaction Transformation

Total path F (4, 72) = 3.687, p = 0.0087 F (1, 18) = 0.7994, p = 0.3831 F (4, 72) = 0.08916, p = 0.9856 -

Entrances F (4, 72) = 11.43, p < 0.0001 F (1, 18) = 1.332, p = 0.2635 F (4, 72) = 1.437, p = 0.2305 ln(y+1)

Shocks F (4, 72) = 13.18, p < 0.0001 F (1, 18) = 4.293, p = 0.0529 F (4, 72) = 0.9933, p = 0.4169 ln(y+1)

Path to the first entrance F (4, 72) = 0.5262, p = 0.7168 F (1, 18) = 0.3079, p = 0.5858 F (4, 72) = 1.282, p = 0.285 ln(y+0.1)

Maximum time avoided F (4, 72) = 10.17, p < 0.0001 F (1, 18) = 1.101, p = 0.308 F (4, 72) = 0.577, p = 0.6802 ln(y+1)

Time in the newly forbidden sector F (4, 72) = 17.51, p < 0.0001 F (1, 18) = 7.261, p = 0.0148 F (4, 72) = 1.018, p = 0.4039 ln(y+0.001)

Time in the previously forbidden sector F (4, 72) = 0.6259, p = 0.6456 F (1, 18) = 8.8881, p = 0.008 F (4, 72) = 2.655, p = 0.0398 -

Thigmotaxis F (4, 72) = 2.799, p = 0.0321 F (1, 18) = 0.1917, p = 0.6668 F (4, 72) = 2.208, p = 0.0766 -
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Fig. 12: The number of entrances (top) and shocks (bottom) during the 5-day set-shifting. Muscimol did not compromise 

the learning of the new strategy in either group; no significant difference between groups was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Proportions of time spent in the newly (top) and previously (bottom) forbidden sectors during the 5-day set-

shifting. The gray line illustrates the proportion of time that the animals would spend in the sector randomly (= 0.167). 

The vHPC-inactivated animals perseverated less on day 1 [p = 0.0042] and spent more time in the previously forbidden 

sector on day 4 [p = 0.0189] as well. Furthermore, they spent more time in the forbidden sector on day 3 [p = 0.0285]. 
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Fig. 14, from top to bottom: Maximum time avoided, path to the first entrance, total path and thigmotaxis during the 

5-day set-shifting. Thigmotaxis was higher on day 2 for the muscimol mPFC group [p = 0.0025], but not on day 1. 

Thigmotaxis in the vHPC group was not affected by muscimol. No differences were observed in other parameters between 

sessions in either group; muscimol had no effect on these parameters. 
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7.2 Experiment 2 – Spatial memory retrieval 

The aim of the second experiment was to test spatial memory retrieval and compare the 

performance when the mPFC or the vHPC were inactivated unilaterally (UNI) or bilaterally (BI), and 

after the contralateral or ipsilateral inactivations of combined mPFC-vHPC structures. There was no 

significant difference between the animal groups during the first 5 days of the acquisition (data not 

shown). All the animals included in the analyses responded to the mild shocks and were able to 

learn the task. The muscimol was applied on the 6th day, followed by saline control injections on 

the 7th day. These two days were statistically analyzed. One rat from the UNI/vHPC group was 

identified as an outlier and was excluded from the analysis of entrances, shocks, and time spent in 

the forbidden sector; the mentioned parameters in the vHPC groups were then analyzed using 

mixed-effects model as recommended by GraphPad Prism 8.0. The 6th day was further analyzed in 

5-minute intervals to obtain more details about the dynamics of the inactivation effects on 

performance. 

7.2.1 The mPFC inactivations 

Statistical analysis revealed significant effects of days in all the avoidance-related parameters, but 

no effects of group, and a significant interaction effect was shown regarding maximum time 

avoided (Tab. 3A). Both groups had the first entrance to the sector much earlier on day 6 than the 

day after (Fig. 18). The UNI/mPFC group received more shocks but the number of entrances was 

not affected by the inactivations on day 6 (Fig. 15). In contrast, the BI/mPFC group was significantly 

impaired in performance – they could not avoid the sector for a long time (Fig. 18), which resulted 

in a high number of entrances and shocks (Fig. 15), and they spent much more time in the sector 

(Fig. 16), compared to day 7. 

The groups did not show any differences in the number of entrances within the 5-minute 

intervals on day 6, but the effects of time were shown for the number of shocks and time spent in 

the sector (Tab. 3a). The BI/mPFC group kept the number of shocks at higher values (Fig. 15), 

similarly as the time spent in the forbidden sector (Fig. 16), while the UNI/mPFC group showed a 

tendency to reduce these values (not significantly). An effect of group was observed for total path 

and thigmotaxis between the days (Tab. 3A) – the BI/mPFC group walked less (Fig. 17) and showed 

more anxious behavior (Fig. 18). Because this behavior was observed on both days, it seems unlikely 

that this effect was associated with the muscimol application. Regarding the total path, both groups 

decreased the locomotor activity over time on day 6 (Fig. 17), as confirmed by the significant effects 

of group and time when conducting two-way ANOVA on the of 5-minute intervals (Tab. 3a).  
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7.2.2 The vHPC inactivations 

The rats with inactivated vHPC showed problems with avoiding the sector. Two-way ANOVA 

revealed a significant effect of days in maximum time avoided (Tab. 3B1) – both groups were 

avoiding the sector for shorter intervals on day 6, compared to day 7, significantly for the BI/vHPC 

group only (Fig. 18). Mixed-effect models revealed a significant effect of days in the number of 

entrances, shocks and time spent in the forbidden sector (Tab. 3B2). While the UNI/vHPC group did 

not show any differences in behavior – they were avoiding the sector and spent short time in the 

sector – the BI/vHPC group was not able to avoid the forbidden location efficiently. On day 6, they 

had a significantly higher number of entrances (Fig. 15) and spent much more time in this sector 

(Fig. 16), which resulted in more shocks delivered (Fig. 15). Time to the first entrance, thigmotaxis, 

and total path were not affected by the muscimol inactivation (Fig. 17–18). 

The detailed 5-minute analysis of day 6 revealed a significant effect of time in all the 

analyzed parameters (Tab. 3b). Both groups demonstrated intra-session learning; the animals were 

able to decrease the number of entrances over time, but apart from the UNI/vHPC group, the 

BI/vHPC group did not reduce the number of shocks delivered (Fig. 15). A significant effect of group 

was confirmed in the number of entrances and time in the forbidden sector – these parameters 

were at significantly higher values for the BI/vHPC group (Fig. 15–16). The total path was lowering 

within the session in both groups (Fig. 17).  

7.2.3 The combined inactivations 

Two-way ANOVA revealed an effect of days in all parameters except time to the first entrance (Tab. 

3C). Both groups had significantly more entrances to the sector and a higher number of shocks 

delivered on day 6 (Fig. 15), and they could not avoid the sector for long intervals (Fig. 18). The 

proportion of time spent in the forbidden sector was therefore bigger in both groups (Fig. 16). A 

significant effect of group was observed regarding time to the first entrance but post-hoc tests did 

not show any differences between the groups (Fig. 18). Muscimol did not affect the total path 

(Fig. 17) but thigmotaxis was decreased in both groups (Fig. 18). 

Statistical analysis of 5-minute intervals on day 6 revealed a significant effect of time in all 

the analyzed parameters (Tab. 3c). The intra-session learning did not occur regarding the number 

of entrances – they were consistently high throughout the inactivation session in both groups – but 

the number of shocks was, together with time spent in the sector, decreasing over time 

(significantly for the ipsilateral group), pointing to procedural, rather than spatial learning (Fig. 15).  
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Tab. 3: Results of the analysis between day 6 and 7. Two-way ANOVA shows differences for the mPFC groups (A), the 

vHPC groups (B1) and the combined groups (C), mixed-effect models were used for some parameters in the vHPC groups 

(B2). Two-way ANOVA results of 5-minute intervals for specific groups are showed in tables a-c. ln = natural logarithm; 

sqrt = square root 

 

A) mPFC Effect of days Effect of group Effect of interaction Transformation

Total path F (1, 16) = 0.05427, p = 0.8187 F (1, 16) = 14.28, p = 0.0016 F (1, 16) = 2.459, p = 0.1364 ln(y-35)

Entrances F (1, 16) = 24.81, p = 0.0001 F (1, 16) = 1.729, p = 0.2071 F (1, 16) = 2.715, p = 0.1189 -

Shocks F (1, 16) = 36.25, p < 0.0001 F (1, 16) = 0.4276, p = 0.5225 F (1, 16) = 2.098, p = 0.1668 ln(y+1)

Time to the first entrance F (1, 16) = 17.43, p = 0.0007 F (1, 16) = 0.1619, p = 0.6927 F (1, 16) = 0.03751, p = 0.8489 -

Maximum time avoided F (1, 16) = 28.41, p < 0.0001 F (1, 16) = 0.01584, p = 0.9014 F (1, 16) = 5.367, p = 0.0341 -

Time in the forbidden sector F (1, 16) = 38.06, p < 0.0001 F (1, 16) = 0.4163, p = 0.5279 F (1, 16) = 2.13, p = 0.1638 ln(y+0.001)

Thigmotaxis F (1, 16) = 0.5925, p = 0.4527 F (1, 16) = 14.88, p = 0.0014 F (1, 16) = 0.07339, p = 0.7899 -

a) mPFC Effect of time Effect of group Effect of interaction Transformation

Total path F (3, 48) = 0.6182, p = 0.0016 F (1, 16) = 6.177, p = 0.0244 F (3, 48) = 0.6182, p = 0.6066 ln(y-8)

Entrances F (3, 48) = 2.765, p = 0.0519 F (1, 16) = 3.659, p = 0.0738 F (3, 48) = 0.2237, p = 0.8795 ln(y+1)

Shocks F (3, 48) = 3.231, p = 0.0304 F (1, 16) = 2.566, p = 0.1288 F (3, 48) = 1.108, p = 0.3549 ln(y+1)

Time in the forbidden sector F (3, 48) = 3.002, p = 0.0395 F (1, 16) = 2.405, p = 0.1405 F (3, 48) = 0.9893, p = 0.4058 ln(y+0.001)

B1) vHPC Effect of days Effect of group Effect of interaction Transformation

Total path F (1, 15) = 0.0129, p = 0.9111 F (1, 15) = 0.2139, p = 0.6504 F (1, 15) = 0.001971, p = 0.9652 -

Time to the first entrance F (1, 15) = 1.31, p = 0.2704 F (1, 15) = 0.6726, p = 0.425 F (1, 15) = 0.05935, p = 0.8108 ln(y+1)

Maximum time avoided F (1, 15) = 12.57, p = 0.0029 F (1, 15) = 1.123, p = 0.306 F (1, 15) = 0.1857, p = 0.6726 -

Thigmotaxis F (1, 15) = 2.436, p = 0.1395 F (1, 15) = 0.01769, p = 0.8959 F (1, 15) = 1.532, p = 0.2349 y squared

B2) vHPC Effect of days Effect of group Effect of interaction Transformation

Time in the forbidden sector F (1, 14) = 12.52, p = 0.0033 F (1, 15) = 4.03, p = 0.0631 F (1, 14) = 6.208, p = 0.0259 sqrt(y)

Entrances F (1, 14) = 16.15, p = 0.0013 F (1, 15) = 2.435, p = 0.1395 F (1, 14) = 3.496, p = 0.0826 ln(y+1)

Shocks F (1, 14) = 15.38, p = 0.0015 F (1, 15) = 3.203, p = 0.0937 F (1, 14) = 4.341, p = 0.056 ln(y+1)

b) vHPC Effect of time Effect of group Effect of interaction Transformation

Total path F (3, 45) = 19.11, p < 0.0001 F (1, 15) = 0.1368, p = 0.7167 F (3, 45) = 0.05478, p = 0.9829 -

Entrances F (3, 42) = 7.067, p = 0.0006 F (1, 14) = 4.684, p = 0.0482 F (3, 48) = 0.2237, p = 0.6191 ln(y+1)

Shocks F (3, 42) = 5.653, p = 0.0024 F (1, 14) = 4.377, p = 0.0551 F (3, 42) = 1.321, p = 0.2802 ln(y+1)

Time in the forbidden sector F (3, 42) = 3.669, p = 0.0195 F (1, 14) = 4.759, p = 0.0467 F (3, 42) = 1.003, p = 0.4011 sqrt(y)

C) combined Effect of days Effect of group Effect of interaction Transformation

Total path F (1, 12) = 6.534, p = 0.0252 F (1, 12) = 0.6342, p = 0.4413 F (1, 12) = 0.1975, p = 0.6647 -

Entrances F (1, 12) = 26.13, p = 0.0003 F (1, 12) = 0.03442, p = 0.8559 F (1, 12) = 0.02016, p = 0.8894 -

Shocks F (1, 12) = 30.74, p = 0.0001 F (1, 12) = 4.28e-005, p = 0.9949 F (1, 12) = 0.00716, p = 0.934 ln(y+1)

Time to the first entrance F (1, 12) = 0.5818, p = 0.4603 F (1, 12) = 5.35, p = 0.0393 F (1, 12) = 0.9045, p = 0.3603 ln(y+1)

Maximum time avoided F (1, 12) = 21.56, p = 0.0006 F (1, 12) = 0.1685, p = 0.6887 F (1, 12) = 0.005707, p = 0.941 -

Time in the forbidden sector F (1, 12) = 23.17, p = 0.0004 F (1, 12) = 0.01393, p = 0.908 F (1, 12) = 0.05429, p = 0.8197 ln(y+0.001)

Thigmotaxis F (1, 12) = 19.44, p = 0.0009 F (12, 12) = 1.58, p = 0.22 F (1, 12) = 0.02302, p = 0.8819 -

c) combined Effect of time Effect of group Effect of interaction Transformation

Total path F (3, 36) = 3.811, p = 0.018 F (1, 12) = 0.548, p = 0.4734 F (3, 36) = 0.4077, p = 0.7484 -

Entrances F (3, 36) = 3.057, p = 0.0406 F (1, 12) = 0.04412, p = 0.8372 F (3, 36) = 0.5988, p = 0.62 -

Shocks F (3, 36) = 7.051, p = 0.0008 F (1, 12) = 0.009952, p = 0.9222 F (3, 36) = 0.3766, p = 0.7704 ln(y+1)

Time in the forbidden sector F (3, 36) = 6.555, p = 0.0012 F (1, 12) = 0.001964, p = 0.9654 F (3, 36) = 0.2881, p = 0.8336 ln(y+0.001)
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Fig. 15: Number of entrances (top) and shocks (bottom) in the individual groups and detailed 5-minute interval graphs 

of day 6 (green frames). The BI/mPFC group increased the number of entrances [p = 0.0003] and shocks [p < 0.0001] on 

the inactivation day; the performance remained stable over time. The UNI/mPFC group increased the number of shocks 

as well [p = 0.0147]. For the vHPC groups, only the bilaterally inactivated rats showed significant problems with not 

entering the sector [p = 0.0012] and got a bigger amount of shocks [p = 0.001]. Yet, they lowered the number of entrances 

over time [p = 0.0202 for intervals 0–5 vs. 5–10 for the UNI/vHPC group; p = 0.0069 for intervals 0–5 vs. 10–15 for the 

BI/vHPC group], but the number of shocks reduced markedly in the unilateral group only [p = 0.0061 for intervals 0–5 vs. 

5–10; p = 0.1471 for intervals 0–5 vs. 10–15]. Both the combined groups were impaired in the number of entrances 

[p = 0.0059 for the ipsilateral group; p = 0.0085 for the contralateral group] and shocks [p = 0.0036 for the ipsilateral 

group; p = 0.0045 for the contralateral group]. The number of entrances was high during the whole session without any 

significant changes. The number of shocks was lowering, significantly for the ipsilateral group between the minute 

intervals 0–5 vs. 10–15 [p = 0.0034]. 
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Fig. 16: Proportion of time spent in the forbidden sector in the individual groups and detailed 5-minute interval graphs 

of day 6 (green frame). Both the mPFC groups spent more time in the forbidden sector [UNI/mPFC: p = 0.0121, BI/mPFC: 

p < 0.0001]. Much greater proportion was also observed in the BI/vHPC group [p = 0.001], and in the ipsilateral [p = 0.0077] 

and contralateral [p = 0.0142] groups. Both bilateral groups were impaired within the whole session, whereas the 

unilateral groups had tendency to decrease the proportion, significantly in the UNI/vHPC group in the intervals 0–5 vs.  

5–10 [p = 0.0434]. The ipsilateral group similarly reduced the time spent in the sector [p = 0.0077 for the intervals 0–5 vs. 

10–15]. No significance was observed for the contralateral group. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Total path in the individual groups and detailed 5-minute interval graphs of day 6 (green frame). Group 

differences were observed in total path for the mPFC groups [p = 0.0261 on day 6; p = 0.0006 on day 7], but muscimol 

had no effect on either group. Detailed analysis of the 6th day showed tendency to move less for the BI/mPFC group 

[p = 0.0371 between the intervals 0–5 vs. 5–10; p = 0.0029 vs. 10–15; p = 0.0126 vs. 15–20], but also for the UNI/vHPC 

[minutes 0–5: p = 0.0074 vs. 5–10; p = 0.0002 vs. 10–15; p = 0.0007 vs. 15–20] and BIL/vHPC groups [minutes 0–5: 

p = 0.0067 vs. 5–10; p = 0.0001 vs. 10–15; p < 0.0001 vs. 15–20]. No difference was observed in the combined groups. 
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Fig. 18, from top to bottom: Time to the first entrance, maximum time avoided, and thigmotaxis in the individual 

groups on day 6. Time to the first entrance was lower in both mPFC groups [p = 0.0332 for the unilateral group, p = 0.0095 

for the bilateral group]. Both the BI/mPFC [p < 0.0001] and the BI/vHPC [p = 0.002] groups had troubles with avoiding the 

sector for longer periods of time, similarly the combined groups [p = 0.0118 for the ipsilateral group, p = 0.0144 for the 

contralateral group]. Thigmotaxis differed between the mPFC groups on both analyzed days; UNI/mPFC rats were less 

anxious on the arena [p = 0.0023 for day 6; p = 0.0045 for day 7]. Inactivation decreased thigmotaxis in the ipsilateral 

[p = 0.0145] and contralateral [p = 0.0216] groups. 
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7.3 Verification of cannula implants 

All rats whose performance was used for further analysis had cannulas in the mPFC or the vHPC, 

with ± 0.2 mm AP variance. Some hippocampal cannulas were placed more dorsally, aiming rather 

at the iHPC. These animals were not different in performance from the rats with cannulas at the 

vHPC and were included in the results. 

Fig. 19: An illustration of cannula placement. The left picture shows the direction of cannula (right half) and the location 

of the vHPC (red dot on the left half). The right picture shows the direction of cannula (left half) and the location of PL in 

the mPFC (red dot on the right half).  

8 DISCUSSION 

8.1 Experiment 1 – Behavioral flexibility 

In this experiment, we investigated the role of the mPFC and the vHPC in behavioral flexibility on a 

rotating arena using local muscimol inactivations. After 5 days of the initial Arena- Room+ task 

acquisition, the rats performed 5 days of reversal learning of the Arena- Room+ task and another 5 

days of set-shifting (Arena+ Room- task). We evaluated the effect of inactivations in the first 2 days 

of learning after the conditions changed. 

 

Significant impairment was revealed in reversal learning in the vHPC-inactivated group. The animals 

entered the punished sector more on both inactivation days. From the session recordings, we could 

confirm that all the animals responded to shocks, and in the vHPC-inactivated group, there were 

two different ways of responding. First, the rats made a few steps against the arena rotation rather 

than running further away, therefore, the rotation moved them to the forbidden sector again, 

which resulted in several walk-shock repetitions until they finally ran to a greater distance. The 

second type of behavior after getting a shock was an apparent movement response in the punished 

sector, but an inability to escape from it, resulting in more shocks until the rat successfully escaped 

from the sector. The vHPC-inactivated rats did not exhibit any form of intra-session learning, as the 

number of entrances or shocks were not lowering throughout the session and the animals did not 
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decrease the time spent in the forbidden sector. 

Despite the mentioned avoidance problems during the inactivation days and absence of 

intra-session learning, the animals were probably still processing information about the new sector 

location. As seen from day 3 of reversal learning (the first session with functional hippocampi), the 

muscimol-inactivated group equalled the number of entrances and shocks with the saline-treated 

group. It was previously documented that the hippocampus was involved in long-term memory 

formation but not in the acquisition of spatial information itself (Parron et al., 2001; Poucet et al., 

1991). The authors suggest that the temporal storage of new spatial information relies on other 

cortical or subcortical structures, and that the information is translated into long-term memory 

when the hippocampal functioning returns to normal. Moreover, dHPC inactivations (the study of 

Parron et al., 2001) resembled effects of vHPC inactivations (Poucet et al., 1991). Consistent with 

these studies, our rats could process spatial information after the vHPC function restored.  

The mPFC inactivations did not affect reversal learning in any of the evaluated parameters, 

which corresponds to other studies showing that the mPFC lesions or inactivations do not disrupt 

flexibility in this type of learning (for instance Birrell & Brown, 2000; Boulougouris et al., 2007; 

Floresco et al., 2008). 

One limitation of this experiment is that none of the saline-treated groups showed any signs 

of perseveration at the beginning of reversal learning. Perseveration during the first half of the new 

task session was reported before in rats at similar experimental conditions (5 days of acquisition, 5 

days of reversal learning, 20-minute sessions) (Svoboda et al., 2015). Since the Long-Evans rats used 

in our experiments came from a different breeding line, lack of perseveration might have been 

caused by a distinct behavioral profile. Our rats could either be excellent learners and adapt rapidly 

to the absence of being shocked on the “north”, or deficient in remembering the sector location 

from previous sessions. Because the rats were not learning the new sector location any quickly, we 

favour the latter option. 

 

Regarding set-shifting, all the animals learned the task without complications, and muscimol 

inactivations did not impair performance in any of the groups. These findings were especially 

surprising for the mPFC-inactivated group, given the rich amount of literature showing clear 

evidence of the mPFC contribution in extradimensional set-shifting tasks, where lesions or 

inactivations resulted in more perseverative errors or increased trials to reach the task-specific 

criterion (for review, see Floresco et al., 2009 and Hamilton & Brigman, 2015). Similarly to reversal 

learning, the findings could be limited by little perseveration of the saline-treated mPFC group at 

the beginning of the set-shifting task. On the other hand, the saline-treated vHPC rats perseverated 
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on day 1, as the proportion of time in the previously forbidden sector was reliably under the value 

of random locomotion and was also lower than in the muscimol-inactivated vHPC rats. Since the 

saline-treated mPFC rats were not perseverating, the finding regarding the vHPC groups could be a 

simple coincidence, and these results are thus not conclusive.  

8.2 Experiment 2 – Spatial memory retrieval 

In this experiment, we searched for the role of these structures during the learned Arena- Room+ 

task. We tested rats in a combination of separate unilateral and bilateral inactivations of the vHPC 

or the mPFC, and a combination of contralateral or ipsilateral inactivations of both structures, to 

investigate the importance of the hippocampal-prefrontal pathway on spatial retrieval. After 5 days 

of learning the initial Arena- Room+ task, the rats had one day of muscimol inactivation and one 

day of saline injections. We analyzed the effect of inactivation on day 6 and compared it with the 

saline application on day 7. 

 

Unilateral inactivations of the vHPC did not impair spatial retrieval, but bilateral inactivations led to 

more entrances to the sector and a higher number of shocks, similarly as in rats during reversal 

learning. Although the animals managed to lower the number of entrances throughout the 

inactivation session, they had clear difficulties with escaping from the sector. All the rats from the 

BI/vHPC group responded to shocks, some of them showing problems with escaping from the sector 

if once stepped inside, however, they did not develop the walk-shock strategy that was reported in 

the reversal learning rats. Both groups decreased their walked path during the inactivation session, 

but the total path was comparable with day 7 and did not affect performance.  

A similar experiment (5 days of acquisition, tetrodotoxin inactivations on day 6, 20-minute 

sessions) showed that unilateral inactivation of the dHPC in rats was enough to impair learned 

avoidance (Cimadevilla et al., 2001). The retrieval thus seems to be more sensitive to the dHPC 

disruptions, but as demonstrated in our findings, the importance of the vHPC should not be omitted. 

 

The mPFC-inactivated animals showed impairment in this task as well. The BI/mPFC rats had more 

entrances to the sector and were impaired throughout the whole inactivation session. The BI/mPFC 

group did not have sufficient locomotor activity that would keep them further from the punished 

sector, which could play a part in deficient avoidance on the inactivation day. From the session 

recordings, it seems that the animals struggled with concentrating on the avoidance. They did not 

run away as they approached the sector, but when they were delivered the first shock, they moved 

rapidly to the opposite side of the arena. Inactivations in both groups decreased time to the first 

entrance, which might indicate disrupted memory retrieval of the sector location. 
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Despite unimpaired behavior in the UNI/vHPC and UNI/mPFC groups, combined inactivations of 

these structures showed quite the opposite. Both the ipsilaterally and contralaterally inactivated 

groups were impaired in avoidance, and the results had similar features for both groups. The 

animals did not lower the entrances over the session, but procedural learning was observed in both 

groups – the animals lowered the number of shocks, and although significance was revealed for the 

contralateral group only, the ipsilateral group tended to lower the shocks as well. In conclusion, the 

hippocampal-prefrontal interaction is critical in learned avoidance on the arena, and the 

functioning pathway of one hemisphere does not compensate for their inactivated counterparts.  

 

In previous studies, the vHPC lesions had anxiolytic effects on behavior (Kjelstrup et al., 2002; 

McHugh et al., 2004). Similar results were achieved by selective inactivations of the vHPC-to-mPFC 

projections, which impaired anxiety-related behavior (Padilla-Coreano et al., 2016). The vHPC and 

mPFC structures have been shown to cooperate and synchronize their activity when guiding 

anxiety-related behavior (Adhikari et al., 2010, 2011), which is consistent with our findings of 

significantly decreased thigmotaxis after the vHPC-mPFC intercommunication was disrupted. 

However, inactivating only the vHPC did not affect thigmotaxis in any of our experiments, and we 

did not observe any related anxiolytic effect of inactivations on performance, which interferes with 

available literature and our results. 

 

The second experiment was conducted mainly to examine the validity of the way of testing 

behavioral flexibility in the first experiment. Because our results show impaired spatial retrieval in 

animals with bilateral inactivations of the vHPC and the mPFC groups, the cause of the observed 

impairment in reversal learning of vHPC-inactivated animals remains inconclusive. There might, 

however, be a dissociation between the impact of inactivations on retrieval and flexibility tasks. The 

performance of the BI/mPFC group was affected in the spatial retrieval task, but not in reversal 

learning or set-shifting tasks. Similarly, the results for BI/vHPC group showed impaired spatial 

retrieval and reversal learning, but not set-shifting. The impaired ability to retrieve the learned task 

in the bilaterally inactivated animals might also possibly be the cause of diminished perseveration 

in the flexibility tasks. 

9 LIMITATIONS OF INACTIVATION TECHNIQUES 

Local brain inactivations allow extensive silencing of specific brain areas and can alter brain 

functioning, including learning and memory, which could complicate the interpretation of 
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behavioral results. This represents a big disadvantage compared to other techniques that can 

selectively target neuron populations. Another disadvantage may result from the procedure itself 

– the exact volume and the rate of injection rely on subjective observation of the experimenter(s), 

and the dose infused may differ between subjects. Despite the mentioned disadvantages, 

inactivation studies are still effective in investigating general mechanisms and getting knowledge 

about the functions of brain structures. Moreover, the technique does not require any genetic 

modifications, and is relatively simple and fast to perform. 

10   CONCLUSIONS 

In this study, we confirmed an indispensable role of the vHPC in reversal learning, and we described 

the importance of both structures and their intercommunication in spatial memory retrieval. Based 

on our results, we conclude that: 

 

1) The vHPC is critical for behavioral coordination in reversal learning, but not in set-shifting. The 

vHPC is needed for the reversal learning and coordination of escaping from a forbidden sector. The 

results have confirmed the hypothesis that the vHPC is required for behavioral flexibility on the 

rotating arena.  

2) The mPFC is not needed for behavioral flexibility on the rotating arena in either reversal 

learning or set-shifting. No impairments were observed in rats with bilaterally inactivated mPFC. 

The hypothesis that the mPFC participates in flexible behavior has been proven wrong. 

3) The mPFC and the vHPC are needed in spatial memory retrieval, and the 

hippocampal-prefrontal connection is critical for successful avoidance. At least one of these 

structures is needed intact for avoiding the learned sector location. The unilateral inactivation of 

mPFC-vHPC either contra- or ipsilaterally impairs avoidance as well. Although we assumed that the 

structures would not be critical for spatial memory retrieval, the second experiment showed quite 

the opposite.  

 

Lack of flexible behavior is a common feature of various neuropsychiatric diseases, including 

schizophrenia, depression, or posttraumatic stress disorder. These diseases show complex 

morphological, physiological, and functional aberrations in the hippocampus and prefrontal cortex, 

together with impairments in their intercommunication. Our research has brought clear evidence 

about the importance of the vHPC in behavioral flexibility and revealed that both structures 

critically participate in spatial memory retrieval. Because the vHPC abnormalities have been 

observed in many diseases, it certainly deserves more attention in future research. 
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