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ABSTRACT 

 

 

Environmental sensory inputs and previously learned information to guide decision-

making during complex behaviors such as foraging or navigation. Social mammals 

forage collectively, yet little is known about the influence of social interactions in 

decision-making during collective spatial navigation. To achieve efficient decision-

making, social animals engaging in collective behavior must balance inherent and 

contingent factors, yet this process is not well understood. Here, I implemented a 

simplified spatial navigation task in rodents to assess the role of social interactions 

and found that they exert a powerful influence on individual decision-making. Indeed, 

instead of prioritizing memory-based pertinent information, mice shifted their 

decisions according to contingent social interactions arising during collective 

navigation. Dominance hierarchy, a form of a social ranking system, was an intrinsic 

social interaction relevant to organize the timing of behavior during collective 

navigation. Thus, individual task accuracy was dependent on the density of animals 

collectively moving during spatial navigation. Finally, dominance hierarchy correlated 

with brain-state specific coordinated activity expressed as larger hippocampal sharp-

wave ripples associated with higher prefrontal firing rates, suggesting reinforced 

synaptic cortical coupling. These results suggest that both contingent and intrinsic 

social interactions modulate behavioral performance and are correlated with 

enhanced activity and connectivity patterns in the hippocampo-prefrontal circuit.  
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CHAPTER 1 

 

 

INTRODUCTION 

 

1.1. SOCIAL CONTEXT AND DECISION-MAKING 

 

In our daily life, we tend to make decisions based on experience or the contingent 

information, and most of the decisions are influenced by various factors such as sex, 

age, and genotype (Crone and van der Molen, 2004; Van den Bos et al., 2013). 

Surprisingly, although everyday decisions are often strongly affected by the social 

environment and involve direct and indirect social interaction, the influence of the 

social context on individual preferences has not received much attention in the 

literature. Indeed, subjects can adjust their decisions according to whom they 

consider their reference at the time of the decision (Morgan and Laland, 2012). For 

example, individuals can often adjust their behavior to match the group, which is 

referred to as "compliance behavior" (Morgan and Laland, 2012). 

 

In animals, the social environment can affect decision-making in different ways. For 

example, rats can induce olfactory clues in conspecifics to change their food 

preferences (Galef et al., 2007). Also, in guppies (Poecilia reticulata), a previously 

observed route is preferred over an equally valid available alternative when choosing 

food (Laland et al., 1997). This means that animals approaching other individuals or 

larger groups infer indicative signs of greater foraging success without having to pay 

the cost of sampling the environment directly (Coolen et al., 2005; Lachlan et al., 

1998; Day et al., 2001). 
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Even though mammalian social behaviors occur in the context of extended groups, 

most social behaviors are generally investigated in pairs of individuals, given the 

technical limitations of data collection and analysis (Insel and Fernald, 2004; 

Shemesh et al., 2013). Nevertheless, the study of dyads presents limitations because 

animal groups commonly rely on more complex social structures. Moreover, different 

types of social interaction arise in animal groups. Indeed, social interactions can be 

contingent, such as when individuals randomly meet during environment exploration, 

courting a mating partner, or during collective movements. However, although this 

type of contingent interaction and decision-making is relevant to the social behavior 

of individuals, they have not yet been fully examined. 

 

1.1.1. Contingent social interactions and decision-making 

 

Both humans and animals show group behavioral patterns that are complex and 

coordinated, such as pedestrian flows in human crowds or movements of fish shoals 

(Couzin and Krause, 2003; Helbing and Molnar, 1995). A typical property of these 

phenomena is self-organization, suggesting that much of the complex group behavior 

can be coordinated through relatively simple interactions between group members 

(Couzin and Krause, 2003). Behavioral studies have suggested that collective 

decision-making mechanisms between animal species – insects, birds, and even 

humans – share comparable operational features with regards to the contingency 

(Couzin and Krause, 2003; Conradt and Roper 2003; Sumpter, 2006). For instance, 

simple rules such as "try to minimize travel time," "avoid collisions," and "move in the 

same direction as other people" would explain pedestrian movements on busy streets 

or during life-threatening situations (Helbing and Molnar, 1995). Similar patterns have 

been proposed for non-human animals, including the traces left by ants along food-

seeking routes (Couzin and Franks, 2003), collective starling movements (Ballerini et 

al., 2008), and social interactions in fish (Day et al., 2001). 
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Group decisions result from a consensus achieved by individuals in the social group 

(Conradt and Roper, 2003). In many situations, however, there may be conflicts 

between the preferences of different individuals, resulting in a disadvantage of living 

in a group (Couzin et al., 2005). Individuals have to decide on the same action 

because the group will fall apart unless a consensus is achieved (Conradt and Roper, 

2003). It has been shown that only a small proportion of individuals is needed to 

decide the direction of the entire group's movement. In social insect colonies, 

specifically bees and ants, group decisions depend on a few informed individuals or 

explorers for nest-site choice. (Seeley and Visscher, 2004; Pratt et al., 2005;). Thus, 

through collective action, individuals can improve their ability to detect and respond 

to outstanding characteristics of the environment, resulting in more precise decision-

making with non-explicit signals or complex communication (Couzin et al., 2002; 

Couzin, 2005). 

 

1.1.2. Cortical areas involved in individual decision-making 

 

The decision-making process requires top-down and bottom-up neural processes to 

command several neural operations in a flexible and coordinated manner. A critical 

region in decision-making is the prefrontal cortex (PFC). The PFC is in the most 

rostral region of the frontal lobe (Uylingns et al., 1990; Fuster et al., 1997).). The PFC 

region as a whole shows considerable variation between species in terms of 

established anatomical criteria, such as cytoarchitectural and connectivity, especially 

the presence or absence of a granular area and the existence of strong reciprocal 

connections from the mediodorsal nucleus of the thalamus (Uylings, 1990; 

Groenewegen and Uylings, 2000; Ongur and Price, 2000). In primates and rodents, 

a common characteristic observed is the mutual connectivity with the mediodorsal 

thalamic nucleus (Rose et al., 1948; Fuster et al., 1997). In rodents, the anatomical 

PFC structures can be divided into three main areas (Fig S1). First, a lateral region 

that includes the dorsal and ventral agranular insular (AID, AIV) and lateral orbital 

(LO) cortices. Second, an orbital region (located ventral to the corpus callosum) that 
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includes the ventral orbital (VO) and ventral lateral orbital (VLO) cortices. Finally, a 

medial frontal division, namely medial prefrontal cortex (mPFC), which can be sub-

divided into a dorsal region that includes precentral (PrC) and anterior cingulate 

(ACC) cortices and a ventral component that includes the prelimbic (PrL), infralimbic 

(IL), and medial orbital (MO) cortices (Watson et al., 2012) (Fig. S1). Although the 

role of these cortical subdivisions is not fully entirely clear, studies infer that the 

projections from the ventral regions, including the ventral prelimbic and infralimbic 

cortex, are specialized for autonomic/emotional control and dorsal regions, including 

the anterior cingulate and dorsal prelimbic cortex, which are specialized for the control 

of actions (Heidbreder and Groenewegen, 2003).  

 

In this thesis, PFC is used to denote the prelimbic and infralimbic regions of the medial 

PFC cortex, as well as the anterior cingulate cortex. Anatomically, PFC interacts with 

other brain areas in a reciprocal manner. That is, the PFC receives and provides 

inputs mainly from and to the thalamus, the aminergic nuclei, basal amygdaloid 

complex, hypothalamus, and the hippocampus (Vertes et al., 2004). Thus, the PFC 

has the role of integrative information center par excellence. It comprises a set of 

interconnected neocortical areas that send and receive projections to virtually all 

cortical sensory systems, motor systems, and many subcortical structures 

(Groenewegen and Uylings, 2000). Therefore, the convergence of this extensive and 

intricate network and the broad distribution of mostly excitatory (glutamatergic) 

efferents indicate how its strategic positioning contributes to learning new tasks, goal-

oriented behaviors, social motivation, environmental status and decision-making 

(Baddeley, 1996; Fuster, 2000; Passetti et al., 2000; Groenewegen and Uylings, 

2000; Ongur and Price, 2000). 

 

As previously described, the PFC has many anatomical connections with cortical, 

limbic, and subcortical structures (Petrides and Pandya, 1994; Fuster, 2015). Thus, 

through these connections, in a simple decision-making task, the PFC can monitor 

and control the functioning of these areas of the brain, such as activating or inhibiting 
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specific networks and integrating communication between networks. In humans, 

lesions in areas of the PFC have led to a decrease in several skills required in 

decision-making. These include learning from reward and punishment, making 

transitive decisions and making future-oriented decisions (Bechara et al., 1994; 

Fellows et al., 2007; Peters et al., 2016; Vaidya et al., 2015). Specifically, patients 

with damage to the ventromedial regions of the PFC, which covers the orbitofrontal 

cortex (OFC) and the ventral aspects of the AAC, showed impaired decision-making 

and more high-risk choices (Bechara et al., 1994; Bechara et al., 1998). These initial 

findings generated a marked increase in research that attempts to elucidate the 

neural circuits that mediate decision-making. With the development of new tasks, 

evaluation of patients, and the exploitation of functional brain images, cognitive 

neuroscience has made remarkable progress in identifying some of the neural circuits 

that mediate different aspects of decision-making. Currently, different behavioral, 

physiological and neuroimaging studies, such as those quantitating Blood Oxygen 

Level Dependent (BOLD) signals, have demonstrated the participation of different 

PFC areas in various decision-making tasks (Buckley et al., 2009; Daw et al., 2006; 

Lee, 2007; Wallis, 2007; Rushworth et al., 2008). Specifically, these results show 

functional differences within the PFC; for example, in humans and nonhuman 

primates, OFC and ACC seem to play a particularly important role in coding and 

updating the values of expected results (Rushworth et al., 2008). Also, other regions 

like the lateral PFC (including PL and IL) seem to be necessary to maintain, in the 

working memory, the representation of the situation necessary for identifying optimal 

options in any given environment (Buckley et al., 2009; Lee et al., 2007). In rodents, 

PFC areas, such as OFC, PL, and IL, have different roles in decision-making. For 

example, lesions in the cortex PL and IL alter the behavior of choice when animals 

choose food rewards of different values (Cardinal et al., 2001). Also, the OFC lesions 

show that this region plays a prominent role in updating the values of the expected 

results of the chosen actions (Hoon et al., 2010). 

 

There is abundant literature regarding decision-making in humans and animal models 

based on tasks involving only one subject. Thanks to the progress of new imaging 
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techniques and data processing, it has been possible to study the brain areas 

involved in decision-making in the presence of other subjects that will be described 

below. 

 

1.1.3. Cortical brain areas involved in social decision-making 

 

Many efforts have been devoted to studying decision-making in the social context 

where, in addition to considering individual characteristics, both prior and contingent 

interactions based on memory must be taken into account. Recent research in 

humans with functional magnetic resonance imaging (fMRI) has discovered a set of 

brain regions that participate in decision-making and social context. It has been 

reported that the identification of the social context is strongly associated with brain 

activity in the medial temporal lobes and the fusiform gyrus (an area involved in facial 

recognition, located in the basal face of the temporal lobe (Tsao et al.; 2006; Behrens 

et al., 2009). On the other hand, there is a process known as the theory of mind or 

mentalization, in which a person can infer the mental states of him/herself and others. 

It has been described that mentalization involves brain areas, such as the posterior 

superior temporal sulcus (STS), the temporoparietal junction (TPJ), the anterior 

rostral cingulate cortex (rACC), and the mPFC (Yoshida et al., 2010; Coricelli et al., 

2009; Carter et al., 2012). Also, there are areas of the brain involved in personal 

assessment at the level of personal preferences and internal state, and mainly include 

the ventromedial PFC, orbitofrontal cortex, and ventral striatum (Bartra et al., 2013). 

Despite the use of functional images to predict individual variation in social behavior, 

there are temporal and structural limitations that prevent understanding the neuronal 

mechanisms that develop at the cellular and molecular scale. Besides, there are 

practical and ethical considerations that make it difficult to functionally test neuronal 

populations with temporal and spatial specificity in humans. Thus, animal models of 

social interactions represent an opportunity to develop a mechanistic explanation of 

human social behavior. 
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Given the large amount of literature that addresses the roles of different neuronal 

systems in rodents' social behavior, it is necessary to focus literature on PFC as a 

central brain region implicated in the context of social behaviors, specifically inherent 

social dynamics. 

 

1.1.4. PFC and social cognition 
 

Convergent research in animal models implicates the PFC in social behaviors and as 

a crucial neural substrate of behavior and social cognition (complex cognitive 

behavior as well as the regulation of goal-directed social behaviors) (Bicks et al., 

2015). Although it is challenging to assume a conserved neuronal mechanism across 

different social species, human patients with lesions in PFC exhibit several social 

impairments and minimal behavioral flexibility (Eslinger et al., 2004). In mice, PFC is 

activated during social interaction, and social stress induces a reduction in neural 

activity (Covington et al., 2010; Kim et al., 2015). Besides, PFC shows elevated firing 

rates when the animal approaches an unfamiliar mouse, compared to when mice 

approach an inanimate object (Kaidanovich-Beilin et al., 2011). On the other hand, a 

synaptic imbalance within neural micro circuitry between excitatory/inhibitory 

transmission and social dysfunction has been observed in mouse models of 

psychiatric disorders, such as autism spectrum disorders (ASD) (Yizhar et al., 2011). 

Social cognition is an intricate process that requires the integration of a wide variety 

of behaviors, including the pursuit of a reward, motivation, knowledge of oneself and 

others, and flexible adjustment of behavior in social groups (Bicks et al., 2015).  

 

PFC is a crucial regulator of social cognition and is a structural domain in several 

pathophysiological disorders that share social impairment, including schizophrenia 

and ASD (Bicks et al., 2015). The use of etiologically relevant behavioral models is 

essential because it provides the natural insight required when evaluating social 

processing such as social motivation, social memory, and dominance hierarchy. 

Recognition and social memory are vital aspects of social cognition, and its normal 
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functioning is a requirement for the formation of long-term attachment behaviors. The 

evidence of the role of PFC areas in rodents for social recognition has not been fully 

established. A few studies have demonstrated that the ACC participates in social 

recognition, as ACC is necessary to acquire a conditioned contextual fear by 

observing conspecifics, and its lesion alters social recognition in rats (Rudebeck et 

al., 2007). Besides, the hippocampus and medial amygdala are other areas that 

participate in social recognition, specifically, in the formation of social memory and 

processing odor cues (Kogan et al., 2000; Noack et al., 2015).  

 

On the other hand, the establishment of social hierarchies across dominance 

hierarchy are complex social strategies in animals and occurs among different animal 

taxa, including insects, fish, rodents, primates, and humans (Sapolsky, 2005; Wang 

et al., 2014). In mice, social hierarchies develop when living in high-density 

conditions, and this probably allows for a decrease in aggressive behavior and, thus, 

an increase in social tolerance (Anderson, 1961). The specific neuronal circuit implied 

in social hierarchies is currently unknown. However, it has been shown that PFC 

participates in this circuit as a critical modulator of hierarchical behavior, which will be 

described in more detail below. 

 

1.1.5. Establishment of social hierarchy 

 

The concept of a hierarchical structure in a social group was first described by Thorleif 

Schjelderup-Ebbe in 1921, when he described a hierarchical order in a group of 

domestic birds and proposed that the structure formed avoids or reduces conflicts 

and injuries between them, thus minimizing energy costs and promoting social 

stability (Schjelderup-Ebbe, 1922).  

 

Currently, "hierarchy" as a concept is defined as the categorization of the members 

of a social group based on objective characteristics such as the influence or 

superiority they exhibit, giving rise to subordinate and dominant members in a social 
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group (Fiske, 2010; Mazur, 1985; Chase and Seitz., 2011;). Another term used is 

"rank," often used to objectively refer to the position or place in which a member is 

found within the hierarchy (conceptually similar to a sequence of ordinal numbers) 

(Chiao et al., 2008). Moreover, the term "status" can be measured through social 

opinion or reputation and is generally associated with admiration and respect (Chase 

and Seitz., 2011). Consequently, the terms "status" and "rank" are often used 

indistinctively, as both represent the highest position in a social hierarchy in 

mammals. Thus, the rank order determines, for example, access to resources, places 

of rest, and sexual partners for courtship (Chase and Seitz., 2011). 

 

Likewise, "dominance" is associated with an asymmetry in aggressive behaviors from 

one animal to another, establishing a state of interaction between individuals (Chase, 

1982). The interaction state also generates a dominance hierarchy, which refers to 

the extensive collection of interactions, or network of domain relationships between 

the pairs of individuals within a group. For example, in many groups of low numbers 

of animals and human children of about eight members or less, dominance 

hierarchies often acquire a linear order form (Hausfater et al., 1982; Savin-Williams, 

1980).  

 

In a linear hierarchy, there is an individual who dominates all other members of the 

group, a second who dominates all but the superior individual, and so on, until the 

last individual who exhibits no behavior of dominance with another (transitive 

relationship). There are exceptions to linearity, for example, in those cases in which 

there are no interactions between some pairs, especially those that seem distant in 

range. Thus, in hierarchies that are non-linear, there may be inconsistencies in the 

range that shows intransitive relationships (by example, A dominates B, B dominates 

C, but C dominates A) (Chase and Seitz., 2011).  

 

Studies in human and animal models have begun to identify brain areas that are 

activated during the formation of social hierarchies. A critical brain area is the PFC, 

since it would act as a central regulator with subcortical brain areas transmitting 
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information about the social position to execute a domination behavior (Wang et al., 

2014; Zhou et al.,2018). 

 

1.1.5.1. PFC areas involved in social hierarchy 

 

Behaviors based on social hierarchies lead to the use of a series of cognitive 

operations that involve the recognition of the social state, the learning of social norms, 

the detection of alterations of the social norm, the interpretation of the intentions of 

others, the monitoring of the reciprocal obligation, and perhaps competing with a 

conspecific (Wang et al., 2014). Sensory inputs provide the animal with information 

about social hierarchy in different species. For example, many social mammals use 

odor marks, tail rise, mounting, or vocalization to express dominance (Bicks et al., 

2015). In primates, facial expressions are common: direct gaze or eyebrow raises are 

often used to signal domination, while subordinates use the "fear grimace" to appease 

or redirect aggression (Ghazanfar and Santos, 2004). 

 

In human neuroimage studies, it has been reported that subjects can rapidly form a 

coherent understanding of the whole hierarchy by pooling the result of different game 

interactions between subjects within an interactive simulated social context. The 

subjects selectively activate the dorsolateral PFC (dlPFC) when seeing the face of a 

superior player versus a lower player (Zink et al., 2008). Besides, it has been 

described that dlPFC participates in attentional control, interpersonal judgments, 

compliance with social norms, moral and social judgment (Miller and Cohen, 2001). 

Other frontal cerebral areas like the mPFC are involved in processing the current 

context and comparing it with experience, in order to predict and execute the most 

adaptive behavioral response, and include prediction errors, recognition of intentions, 

and even the formation of judgments towards people (Amodio and Frith, 2006; 

Matsumoto et al., 2007). Likewise, the ventrolateral PFC (vlPFC) has been reported 

to be activated by non-verbal signals in people, such as body posture. In particular, it 

is important to note that vlPFC receives information from the temporal lobes, such as 
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the superior temporal cortex (STC), a brain region that responds to face and body 

movements (Allison et al., 2000). In non-human primates, during social engagement 

in a food-grabbing task, PFC activity increased in the dominant monkey and was 

suppressed in the submissive monkey (Fujii et al., 2009). 

 

Furthermore, neurons in the lateral prefrontal cortex (lPFC) of macaque monkeys 

showed response sensitivity to winning and losing in competitive video games 

(Hosokawa et al., 2012). Consistent with these correlative studies, selective lesions 

in regions of PFC areas have also impacted social hierarchy behavior. For example, 

monkeys with lesions in their anterior cingulate cortex (ACC) showed less social 

interest towards other macaques (Rudebecket al., 2006).  

 

In rats with mPFC lesions, animals behaved as subordinates in agonistic encounters, 

attended fewer daily feeding sessions, and acted more timidly, consistent with a 

reduced social rank (Holson, 1986). A more detailed study on the different areas of 

the PFC showed that the ACC participates in the codification of competitive effort. 

Neurons of the ACC fire much more often when the rats are on a route leading them 

to food competition with a subordinate rat than when it leads to a dominant rat 

(Hillman and Bilkey, 2012). In mice, the PrL cortex is activated during social 

interaction with the presence of a conspecific, and a lesion changes their behavior 

during social interaction (Avale et al., 2011). Also, an augmented amplitude of 

spontaneous postsynaptic currents in the PrL and IL cortex increases social 

dominance behaviors (Anacker et al., 2019).  

 

Similarly, a seminal work for this thesis examines the functional consequence of 

social dominance by promoting or blocking synaptic plasticity selectively in PFC 

(includes ACC, PL, and IL areas) (Wang et al., 2011). Furthermore, this study 

demonstrates that molecular manipulations based on viruses show that the synaptic 

efficacy of mPFC pyramidal neurons increases or decreases in mice, causing a 

gradual change in their dominance hierarchy, in a reversible manner (Wang et al., 

2011). Other work showed that the activation of the PFC (includes ACC, Pl, and IL 
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areas) is both necessary and sufficient to quickly induce winning in the social 

competition dominance test (Zhou et al., 2017). Thus, the PFC is identified as a 

prominent mediator in the regulation and processing of social hierarchy. 

 

1.1.5.2. PFC areas modulate social hierarchy  

 

The regulation of the PFC in social dominance can occur across modulation of the 

downstream subcortical nuclei, and its potential participation in different features of 

social behavior are related to dominance hierarchy. For example, lesions in the 

reciprocal projection of the mPFC to the basolateral nucleus of the amygdala (BLA) 

in animal models produce different outcomes with respect to the dominance 

hierarchy, such as increased aggression, loss of dominance and competitive 

behaviors (Lukaszewska et al., 1984). Another target of the PFC implicated in 

dominance hierarchy behavior is the dorsal raphe nucleus (DRN), the main 

serotonergic nucleus in the brain which is implicated in impulsive and aggressive 

behavior (Audero et al., 2013). Also, the hypothalamus, periaqueductal gray (PAG), 

and striatum are cerebral areas with reciprocal connectivity with the PFC (Hoover and 

Vertes, 2007). These areas are implicated in the regulation of agonistic behavior in 

mice (Wang et al., 2014), while in humans they are associated with reward events 

and social status (Bault et al., 2011).  

 

Although the neural circuits that control the dominance hierarchy are only starting to 

be elucidated, the PFC can be recognized as a mediator in the regulation and 

processing of social hierarchy. Studies of hierarchy dominance show that it might be 

regulated by the activity of specific neural circuits, especially circuits in higher cerebral 

areas of the central nervous system, in particular cortical areas. Moreover, the cortical 

areas, including PFC, are implicated in many cognitive processes associated with the 

domain of social cognition. However, few studies describe the neural activity involved 

in hierarchy dominance. Besides, synaptic activity in the medial PFC is also required 

for the control of decision-making and spatial navigation. An essential cortical region 
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that communicates with PFC in the cognitive process is the hippocampus (associated 

with memory and spatial navigation). The hippocampus and the PFC are reciprocally 

connected, and their interplay is essential in regulating individual spatial navigation 

and decision-making (Euston et al., 2012). This topic will be examined in a separate 

section of this thesis (see next section 1.2.).  
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1.2. CORTICAL INTERACTIONS DURING SPATIAL NAVIGATION AND 

DECISION-MAKING 

 

During spatial navigation, the decision process can be interpreted as an internal 

process where various known navigation routes are evaluated on a cognitive map 

 (Tolman, 1948). This process would require the formation and recollection of 

memories created previously during navigation to deliberate on its options (Euston et 

al., 2012; Yu and Frank., 2015). Thus, decision-making recruits brain regions such 

as the hippocampus and PFC. Indeed, activity patterns of the hippocampus are tightly 

related to memory formation and consolidation (Anderson et al., 2006). In contrast, 

patterns found in the PFC are responsible for the collection and evaluation of options 

or contexts based on memory selection during an individual’s goal-directed spatial 

behavior (Euston et al., 2012). 

 

Additionally, network states during behavior are associated with hippocampal 

information processing with other cerebral regions, including the PFC. Moreover, it 

has been established that network patterns represent different communication 

mechanisms between the hippocampus and the PFC during exploration, sleep, and 

quiet wakefulness (Euston et al., 2012). Their role is still being investigated in different 

cognitive processes. In this section, the neural and behavioral aspects of the PFC 

and hippocampus during navigation and decision-making, are presented below.  

 

1.2.1. Hippocampus, memory, and navigation 

 

The hippocampus or hippocampal formation is a component of the limbic system 

(Anderson et al., 2006), a cortical structure found in the medial temporal lobe in all 

mammalian species that plays a fundamental role in spatial navigation and in several 

forms of learning and memory (Buzsáki, 2002; Eichenbaum, 1999). The hippocampal 

formation is an elongated structure with its long axis extending rostro dorsally in a C-
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shaped fashion from the septal nuclei of the basal forebrain, over and behind the 

diencephalon, into the incipient temporal lobe caudoventrally (Watson et al., 2012). 

The role of the hippocampus in cognitive and behavioral processes can be separated 

topographically. It has been reported that the rostral or ventral hippocampus area 

(vHIP) is implicated in emotional and motivational behaviors, while the temporal or 

dorsal hippocampus area (dHIP) is related with spatial and memory processes 

(Anderson et al., 2006). Cytoarchitectonically, the hippocampal formation comprises 

three distinct regions (Fig. S2): the dentate gyrus; the hippocampus (or hippocampus 

proper), which is subdivided into three fields or cornu ammonis areas (CA3, CA2, and 

CA1); and the subiculum, a complex transitional output of the hippocampal zone 

(Ramon y Cajal, 1893; Lorente de No, 1933).  

 

Recently, it has been documented that the hippocampus has a role in the coding and 

consolidation of declarative memory, especially episodic memory. Studies of loss of 

function in humans have contributed to significant findings in the brain area related to 

memory. One of the most notorious cases in neuroscience was the case study of 

patient H.M., who suffered from severe anterograde amnesia (declarative memory) 

after complete bilateral remotion of the medial temporal lobe, including the 

hippocampus, where procedural skills were not affected (Scoville and Milner, 1957). 

Other cases have been reported, such as that of patient R.B. who, after a brain injury 

in the hippocampal CA1 area, also suffered anterograde amnesia (Zola-Morgan et 

al., 1986). Declarative memory has also been investigated in animals. Compared to 

human studies, animal models offer significant advantages, since they allow a clear 

understanding of the cognitive processes that underlie behavior. A disadvantage is 

that animals cannot tell us what events they remember; instead, we infer their 

knowledge of past events from their behavior (Binder et al., 2015). Rodent studies 

show that the hippocampus circuits have a high capacity to process sensory 

information flows and then encode it in long-term memory. Thus, this processing 

would be crucial in the recognition of environmental changes, in order to adapt our 

behavior accordingly (Zemla et al., 2017).  
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In rodents, the discharge of principal hippocampal neurons is correlated with the 

process of encoding memory in the hippocampus as a way of encrypting and sending 

the information to other regions of the brain. A neural mechanism has been described 

in which representations of experience are expressed by the sequential firing of sets of 

pyramidal neurons when the animal explores an environment. Hippocampal pyramidal 

neurons are often active only in specific places in the environment, and they are called 

“place cells” (O'Keefe and Dostrovsky, 1971). In animal studies, place cells have been 

suggested to underlie spatial navigation in rodents (O’Keefe, 1976). Besides, the 

spatial knowledge acquired is consolidated via spontaneous recurrence of 

hippocampal place-cell activity during slow-wave sleep (SWS) in animals and humans 

(Wilson and McNaughton, 1994; Peigneux et al., 2004). However, place cells represent 

much more than a location. A variety of studies have shown that these neurons can 

respond to a composition of spatial and non-spatial information, such as external 

sensory stimuli and behavioral aspects relevant to the task that allows the animals to 

evaluate choices and options (Frank et al., 2000; Pastalkova et al., 2008).  

Thus, in what concerns the connections between these two regions, the research focus 

is on memory and their respective processes. Nevertheless, the neural mechanism 

underlying the coordinated action of the hippocampus and the PFC is still unclear.  

Below, I will describe the physiological interactions in the hippocampus-PFC axis and 

the role of hippocampal rhythms that depend on cognitive and behavioral states, 

especially during navigation and decision-making.  

 

1.2.2. Hippocampus and PFC interaction during navigation and decision-making 

 

Several direct and indirect anatomical pathways connect the hippocampus and the 

PFC. In both rodents and primates, the PFC receives monosynaptic projections from 

the hippocampus (Hoover and Vertes, 2007). In the PFC, hippocampal projections 

differ in the septal or the temporal area: projections to the mPFC cortex are notably 

more robust from the temporal hippocampus and subiculum, compared with the 
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projections of the septal hippocampus area, which are less dense (Jay et al., 1992; 

Vertes et al., 2004). CA1 Hippocampal pyramidal cells synapse onto both pyramidal 

and local inhibitory interneurons in the PFC (Gabbott et al., 2002; Klausberger & 

Somogyi, 2008). There are no projections from CA2/CA3 or the dentate gyrus to the 

PFC (Jay et al., 1991). 

 

In contrast to the hippocampus, the PFC does slightly project directly onto the 

hippocampus. More precisely, it was described by a monosynaptic projection in a 

transgenic mouse model. This modest projection originates in the anterior cingulate 

(a subdivision of the PFC) and terminates in the CA1 and CA3 subfields of the dorsal 

hippocampus (Rajasethupathy et al., 2015). Furthermore, the PFC mainly provides 

sets of selective afferents that densely innervate midline regions of the thalamus and, 

to a lesser extent, the caudal cortex which, in turn, has dense projections to the 

hippocampus (Vertes, 2002). Additionally, the PFC sends projections to the lateral 

entorhinal cortex with extensive reciprocal connections with all hippocampal and 

subiculum areas (Vertes, 2004; Cenquizca and Swanson, 2007). Hence, while the 

pathway between the hippocampus CA1-PFC axis is largely unidirectional, it may be 

reciprocal via three routes, a monosynaptic path across the anterior cingulate, and  

the bisynaptic way either through the thalamic nucleus reuniens or through the lateral 

entorhinal cortex. 

 

The anatomical routes previously described between both regions can provide for 

directional and bi-directional physiological interactions. For instance, experiments 

performed under anaesthesia have shown PFC network responses to hippocampal 

stimulation (Jay et al., 1992; Takita et al., 2013). Besides, during exploration, PFC 

neurons responses are task selective, and the activity responses can be derived from 

hippocampal inputs, or PFC neurons to the hippocampus; the direction of interaction 

can even be dependent on the task level (Wierzynski et al., 2009; Place et al., 2016). 

Thus, it should be considered as part of an interacting network that subserves joint 

functions necessary for memory-guided behavior (Euston et al., 2012). The 

coordination in both structures is supported by many works that describe evidence of 



38 
 

network patterns in the local field potential (LFP), permitting a dynamical state of 

synchronization to allow cognitive function. In simple terms, LFP is the electric 

potential in the extracellular medium around neurons. This signal is available in many 

recording configurations, ranging from single-electrode recordings to multi-electrode 

arrays (Bédard and Destexhe, 2014). The LFP is produced by the synaptic currents 

(local and long-range inputs) from neurons in the proximity of the recording electrode, 

and the volume-conducted potential from regions that are distant to the electrode 

(Buzsáki et al., 2012). In the LFP, rhythmic oscillations at different frequencies are 

observed, and their rhythm reflects the neuronal activity in many regions of the brain. 

These network patterns manifest an organized activity of neuronal populations and 

are believed to support both local information processing and coordination between 

distant brain regions during different modes of cognitive processes (Buzsaki, 2002; 

Fries, 2015). The network patterns have been attributed certain roles, such as the 

processing of the local hippocampal network during animal behavior, such as theta, 

gamma, and fast oscillations, especially sharp-wave ripples (SWRs) (Fig. S3) 

(Buzsaki, 2002; Buzsáki, 2015). Similarly, rhythms in the PFC (theta and gamma 

oscillations) are involved in information processing (Buschman et al., 2012; 

Benchenane et al., 2011; Cho et al., 2015).  

 

For the development of this thesis, some pattern network activities are important. 

Hence, it is necessary to understand the functional organization of the hippocampus-

PFC axis and its participation in animal cognition, such as in memory and decision-

making. 

 

1.2.3. Theta oscillations and SWRs. 

 

Theta oscillation is a synchronous oscillation in the range of 4-8 Hz (Buzsaki, 2002). 

In animals, its disruption or elimination due to lesions resulted in impairment on a 

spatial task, suggesting that theta oscillations are essential for the acquisition of 

spatial memory (Winson, 1972). In rodents, theta oscillations represent the “online” 
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state of the hippocampus and tend to be more prominent during active locomotion of 

the animal and rapid eye movement (REM) sleep than during quiescent states 

(Buzsaki, 2002). Hippocampal theta synchronizes PFC neurons during locomotion. 

For instance, PFC neurons fire phase-locked to hippocampal theta oscillations (Jones 

and Wilson, 2005; Benchenane et al., 2010). Besides, hippocampal and PFC areas 

exhibit an oscillatory coherence (a measure of neuronal synchronization) in theta 

rhythms (by LFP signals), during periods of memory-guided decision-making as 

compared to simple exploration (Jones and Wilson, 2005; Siapas et al., 2005; 

Benchenane et al., 2010). 

 

SWRs are high-frequency (100-250 Hz) transient oscillations (~100 ms), whose 

characteristic oscillatory pattern is present during slow-wave sleep and states of quiet 

wakefulness states (Buzsaki, 2002). More precisely, this pattern of activity is most 

prominent in the apical dendritic layer of the CA1 region as a result of a strong 

depolarization by the CA3 collaterals, due to the synchronous bursting of CA3 

pyramidal cells, providing short temporal windows for facilitating somatodendritic 

spike propagation and synaptic plasticity (Csicsvari et al., 1999). Hippocampal SWRs 

have numerous remarkable features that make them ideal for the consolidation of 

synaptic plasticity and the transfer of neuronal patterns (Buzsáki et al., 2003). For 

instance, many works demonstrate hippocampal reactivation during sleep and 

suggest that SWRs participate in memory consolidation. In simple terms, this refers 

to the stabilization of labile memory traces, and the transfer of information, which is 

initially encoded in the hippocampal circuit, to the neocortex for long-term storage 

(Wilson et al., 1994). By contrast, in the case of awake animals, SWRs still trying to 

elucidate its function, but the evidence suggesting a diverse role in reinforcement 

learning, planning, and prospective decision-making (Carr et al., 2011; Singer et al., 

2013). 

 

Since SWR and theta oscillations are different hallmark network states observed 

during behavior and are also associated with hippocampal information processing, it 

can be established that these two network patterns represent different 
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communication mechanisms between the hippocampus and the PFC. Their role in 

different cognitive processes is still being investigated. As reviewed in the previous 

section, the two structures interact in neuronal activity and influence each other over 

time during a navigation and decision-making task that will be detailed below. 

 

1.2.4. Activity patterns in the hippocampus-PFC axis in decision-making during 

navigation 

 

Hippocampus and PFC units interact in the theta frequency during exploration. For 

instance, in the PFC, some units show phase-locking to hippocampal theta 

oscillations, and the PFC units fire after the hippocampus units (Siapas and Wilson, 

1998; Hyman et al., 2005). This suggests a potential mechanism where information 

can be exchanged through the oscillatory synchronization between the hippocampus 

and the PFC during behavior (Jones & Wilson, 2005). On the other hand, the 

modulation of PFC cells can be supported through LFP analysis between both 

regions. For example, theta coherence in the hippocampus-PFC axis increases at a 

specific place in the maze, specifically at the decision point, where the animal has to 

choose between arms (Jones and Wilson, 2005; Benchenane et al., 2010). This 

implies that there is a relationship in the hippocampus-PFC axis with the animal's 

performance. Furthermore, as behavioral performance stabilizes, coherence 

becomes much higher when the animal approaches a decision point for a correct 

choice (Jones and Wilson, 2005). Therefore, it is possible that coherence in theta is 

a reflection of the transmission of information about the current location and the 

possible trajectory to be made between the hippocampus and the PFC, possibly to 

ensure that a learned rule is executed correctly in a specific behavioral state (Yu and 

Frank, 2015). 

 

On the other hand, the coupling between the hippocampus and the PFC during SWRs 

can have a distinct role in the animal's behavioral state. In PFC, specific neuronal 

representations are observed during hippocampal SWRs (Peyrache et al., 2011), and 
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hippocampal-PFC ensembles reactivate in a coordinated manner during SWRs 

(Jadhav et al., 2012). These observations suggest that SWRs could drive PFC activity 

during sleep and wakefulness. This possibility is consistent with an fMRI study in 

primates that reported increased BOLD signal activity on the entire cortical mantle 

(including PFC region) following SWRs (Logothetis et al., 2012). Accordingly, it has 

been proposed that SWRs could provide a convenient mechanism to consolidate 

memories during offline periods and recall memories during the wakeful state (Carr 

et al., 2011; Yu and Frank, 2015). On the other hand, hippocampal reactivation during 

awake SWRs is known to contribute to learning with a proposed role in memory 

consolidation and retrieval (Carr et al., 2011; Jadhav et al., 2012). Hence, the 

activation of the PFC after SWRs during sleep or quiescent states, as well as data 

from the primate fMRI study suggests that the interaction between the two regions 

during SWRs could be a mechanism where, during waking behavior, the reactivated 

representations of the hippocampus are used for deliberation (Yu and Frank, 2015).  
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1.3. OVERVIEW AND FORMULATION OF THE SCIENTIFIC QUESTION 

 

Recently, convergent research in animal models has shown that the PFC participates 

in a wide variety of social behaviors (Bicks et al., 2015). The limitation is that these 

studies are based on subjects individually tested and in the presence of usually one 

peer. However, social behavior is more complicated than a dyadic interaction since 

different types of social interactions arise in groups of animals (Shemesh et al., 2013; 

de Chaumont et al., 2013). Social interactions can be contingent, as is when 

individuals meet randomly during the exploration of the environment or court a mating 

partner (Condrat et al., 2003). In contrast, social interactions also have inherent 

characteristics such as the establishment of hierarchies (Lindzey et al., 1961), which 

is very important given that it regulates the individual behavior of a subject in a given 

social group (Wang et al., 2011). However, most of the studies that describe the social 

hierarchy are under individual conditions. 

 

On the other hand, decision-making is determined by intrinsic and extrinsic 

characteristics, such as information stored in the memory and external influences, 

such as social interaction (Insel and Fernald., 2004). It has been established that the 

behavior of an animal that is heading towards a target recruits brain regions such as 

the hippocampus and the PFC, which, in turn, are dynamically associated according 

to the needs of the ongoing behavior (Euston et al., 2012; Benchenane et al., 2011). 

Besides, functional connectivity between the dorsal hippocampus and the PFC is 

essential in regulating spatial navigation and decision-making (Euston et al., 2012; 

Matsumoto et al., 2007). However, it is still not clear whether or not the intrinsic 

connectivity of the PFC-hippocampus axis correlates with collective spatial 

navigation. 

 

In particular, two questions of interest arise to be undertaken in this thesis. The first 

refers to social behavior and explores whether or not the decision-making process 

and task performance depends on contingent social interactions arising during 
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collective movement. The second question follows from the physiological description 

of the PFC-hippocampus axis and examines whether or not the intrinsic neuronal 

activity of the cortical network correlates with social behavior, such as dominance 

hierarchy and collective spatial navigation. 

 

To answer the aforementioned questions, this thesis was carried out in three stages. 

First, in a novel task of collective spatial navigation, two parameters of behavior 

(performance and latency) were observed in animals, together with the establishment 

of the social dynamics they showed during the experiment days. In the second stage, 

the contingent social interaction that arises during collective behavior was evaluated. 

Lastly, the animals that performed social navigation tasks were selected in order to 

record their spontaneous rhythmic cortical activity with stereotaxically implanted multi-

electrodes in both the hippocampus and the PFC, both of which are required for goal-

directed spatial behavior. To do so, a simple social navigation task was developed, 

based on a T-shaped maze. Subsequently, I carried out cortical recordings under 

anaesthesia with multichannel electrodes, of animals that had performed social 

navigations task. 
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CHAPTER 2 

 

 

HYPOTHESIS 

 

The thesis committee approved the following general and specific hypotheses. 

 

2.1. General Hypothesis 

 

The process of individual decision-making during collective navigation tasks depends 

on the social context, and this phenomenon is correlated with the intrinsic connectivity 

of the hippocampus-PFC system. 

 

2.2. Specific Hypothesis 

 

The general hypothesis presented is divided into two specific hypotheses, one 

behavioral and one neurophysiological, respectively. 

 

• Behavioural: 

 

Specific Hypothesis 1: The individual’s decision-making process during a collective 

spatial navigation task is affected by the social context. 

 

• Neurophysiological: 

 

Specific Hypothesis 2:  The intrinsic connectivity of the hippocampus-PFC system 

 is correlated with behavioral performance in a collective spatial navigation task. 
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CHAPTER 3 

 

 

OBJECTIVES 

 

The thesis committee approved the following general and specific objectives. 

 

3.1. General objective 

 

Describe and correlate the intrinsic connectivity of the hippocampus-PFC system 

with behavioral performance in social mice groups during collective spatial navigation 

tasks. 

 

 

3.2. Specific objectives 

 

The general objective presented is divided into three specific objectives. 

 

Specific objective 1: Establish the behavioral effect of the social context on an 

individual performing a collective spatial navigation task. 

 

Specific objective 2: Characterize the intrinsic cortical oscillatory activity of the 

hippocampus-PFC system and their spike timing concerning the social ranking 

system. 

 

Specific objective 3: Correlate the intrinsic connectivity of the hippocampus-PFC 

system with behavioral performance in individuals performing a collective spatial 

navigation task. 
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CHAPTER 4 

 

 

METHODS 

 

 

4.1. EXPERIMENTAL DESIGN 

 

 

4.1.1. Behavioral protocols 

 

Efforts were performed to minimize the number of animals used and their suffering. All 

tests were conducted between 10.00 a.m. and 4.00 p.m. As in any behavioral work; 

animals should be in an optimal state of arousal for testing; leave them for 15–30 min 

after taking them into the testing room. All experimental procedures related to animal 

experimentation are approved by the Institutional Animal Ethics Committee of the 

Pontificia Universidad Católica de Chile (protocol code: CEBA 150914003 and CEBA 

151223006).  

 

4.1.2. Animals 

 

The social group consists of four male sibling mice (C57BL/6J strain, n = 60, 20–30 g, 

15–25 weeks). Each litter mice were separate group-housed and always lived in the 

same cage since weaning until the end of the experimental protocol. Animals were 

supplied by CIM (Centro de Investigaciones Médicas) and were housed in a 

temperature and humidity-controlled room (22 ± 1°C) with food and water ad libitum. 

The mice were kept under a 12 h:12 h light-dark cycle, from 8.00 a.m. to 8.00 p.m. 
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4.1.3. Tube test 

 

I measure the hierarchical relation of animals within the same social group by the 

applied tube test to litter mice cages (Lyndsey et al., 1967). The tests consist of each 

mouse is placed to the ends of a narrow tube, and one mouse forces the other to back 

out of the tube with score 1 for the winner and 0 for the loser per session (wang et al., 

2011). All mice were tested pair-wise for dominance for ten days using a round-robin 

design, and the social rank was assessed based on winning against the other cage 

mates (Fig. 2B).   

 

4.1.4. T-maze apparatus 

 

For this propose, I use a transparent Plexiglas material in the T-maze and Arena. The 

sizes are more than enough to permit one or various adult mouse to pass through the 

apparatus (Fig. 2A).   

 

4.1.5. T-maze habituation 

 

Animals (15 cages of 4 littermates) were individually placed in the maze and allowed 

to explore freely for 3-5 min for two days. Crumbs of sugared cereal were randomly 

distributed throughout the maze to stimulate exploration. Animals were then food-

restricted to enhance exploration and learning of the arm baited with food, with 1.5 gr 

of pellet per animal per day. This treatment produced a general weight loss of about 

20% in most animals. 

 

4.1.6. T-maze test 

 

We used transparent Plexiglas to manufacture the T-maze. During the individual phase, 

we trained animals individually to look for food in a fixed location, at the end of the maze 
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arms. Each animal had 10 trials per day, with a maximum duration of 90 second per 

trial (Fig. 1). During the first trials, if the mouse did not explore, it was gently pushed 

towards the baited arm. At the end of every trial, the mouse was placed back in the 

homecage with its siblings and the maze was quickly wiped with 10% EtOH to remove 

odour cues. In this way, the inter-trial interval for every mouse was around 10 minutes. 

For every trial we computed the latency or the time interval that every animal took to 

get from the start box to reach the food reward in the baited arm. In addition, we 

calculated the performance as the proportion of correctly performed trials based on the 

first decision to turn to the baited arm. Training finalized when animals reached the 

learning criterion, meaning that at least three out of four littermates in the box performed 

correctly six out of eight trials (75%) on two consecutive days. After reaching the 

learning criterion, we started the collective phase. Every animal performed four 

individual trials and the next trial was collective, with all four littermates placed in the 

start box. This was repeated twice, so to complete 10 total trials, 8 individual and 2 

collective per day, during 5 consecutive days. During collective trials, reward was 

randomly assigned according to four options: right arm, left arm, both arms, or none. 

Videos of individual and collective tests were scored manually on a frame-by-frame 

basis. The experimenter was blind to the animal identity during scoring. 

 

4.1.7. Manual Annotation of Behaviours 

 

Individual and collective test videos were scored manually on a frame-by-frame basis 

using a Computer with a software VLC player. The investigator observer performing 

annotation was blind to experimental conditions. In manual scoring, each video was 

annotated as corresponding to individual accuracy, individual total latencies, individual 

correct latencies (only correct trials), collective accuracy, collective total latencies (all 

trials), and collective correct trials for each animal in a social group. In this way, the 

accuracy (proportion of correct trials) was annotated, and latencies were calculated 

along with a stopwatch and tabulated in MATLAB (MathWorks, Natick, MA). 



49 
 

4.2. RECORDING PROTOCOLS 

 

 

I record simultaneous neuronal activity in the PFC and hippocampus once the 

behavioral T-maze testing experiments are finished. 

 

 

4.2.1. Acute recordings 

 

Animals were anesthetized with urethane (0.8 g/kg dissolved in saline, i.p.) and a mix 

of ketamine/xylazine (40 mg/kg ketamine; 4 mg/kg xylazine dissolved in saline, i.p.). 

Anesthesia was maintained with urethane administered every 20 minutes with a bomb 

when required. During the entire experiment, glucosamine solution (0.5-1 ml) was 

injected subcutaneously every 2 hours to maintain the animal hydrated, and body 

temperature was maintained at 36 ± 1°C using a heating pad (Harvard Apparatus, MA, 

USA) and monitored with a rectal probe connected to a temperature controller (Harvard 

Apparatus, MA, USA). The animals were placed in a stereotaxic device (Stoelting Co.). 

To simultaneously record the neuronal activity of the mPFC (cingulate and prelimbic 

cortex) and the CA1 area of the dorsal hippocampus, small craniotomies (1 mm) were 

drilled on the skull (right hemisphere) over the recording sites. The stereotaxic 

coordinates, indicated by the stereotaxic atlas (Franklin and Paxinos 2007), were 

(relative to bregma): mPFC, anteroposterior, +2 mm; mediolateral, +0.5 mm; and CA1 

hippocampus, anteroposterior, −3 mm; mediolateral, +1.7 mm. The electrodes were 

slowly lowered via a motorized microdrive (Siskiyou, Grants Pass, OR, USA) to the 

recording positions. The electrodes were positioned at ∼1.0–2.0 mm dorsoventrally to 

record activity in the PFC, and ‘to record in the CA1 the electrodes were placed at ∼1.1 

mm dorsoventrally using the firing of CA1 pyramidal cells and the appearance of SWR 

as the hallmark for functional localization of the hippocampus. Neuronal activity in the 

PFC was recorded extracellularly by using a 32 channel-silicon probe stained with DiI 

(A1x32-poly2-5mm, Neuronexus). Neuronal activity in the hippocampus was recorded 
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extracellularly by using a 16 channel-silicon probe (Neuronexus) stained with DiI 

(A1x16-5mm, Neuronexus) and inserted into the brain with a 30° angle towards the 

midline.  Electrical activity was acquired with a 32-channel Intan RHD  2132 amplifier 

board connected to an RHD2000 evaluation system (Intan Technologies).  Single-unit 

activity and local field potential (LFP; sampling rate 20 kHz) were digitally filtered 

between 300 Hz –5 kHz and 0.3 Hz – 2 kHz, respectively. Once a spiking multiunit was 

detected, the simultaneous mPFC and hippocampal recording started, and lasted for 

10 min.  

 

4.2.2. Histology 

 

At the end of the electrophysiological recording, the mice were immediately perfused 

with 20 mL of the saline solution followed by 50 mL of 4% paraformaldehyde in 

phosphate-buffered saline (PBS, pH = 7.4). The brain was removed, incubated 

overnight in 4% paraformaldehyde in PBS buffer, and then stored in PBS buffer 

containing 0.2% sodium azide. Coronal mPFC brain slices (60 -80 µm) were prepared 

from paraformaldehyde-fixed brains with a vibratome (World Precision Instruments, 

Sarasota, USA) in ice-cold PBS buffer. For visualization, slices were washed three 

times in PBS buffer at room temperature and then placed on slides using a mounting 

medium (Dako) and then were stained with Nissl-staining. Images were acquired with 

an epifluorescence microscope for DiI labeling and Nissl-staining (Nikon eclipse Ci). 
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4.3. DATA ANALYSIS 

 

4.3.1. Spike sorting 

 

Neuronal spikes were extracted from mPFC recordings using Semiautomatic clustering 

KlustaKwik (https://github.com/kwikteam/klustakwik2/). This method was applied over 

the 32 channels of the silicon probe, grouped in eight pseudo-tetrodes of four nearby 

channels.  Spike clusters were considered single units if their auto-correlograms had a 

2-ms refractory period, and their cross-correlograms with all other clusters did not have 

sharp peaks within 2 Ms of 0 lag.  

 

4.3.2. Brain-state and time-frequency analysis 

 

Brain-states were defined based on the hippocampal LFP. The decomposition of LFP 

in the PFC and hippocampus was performed using a multi-taper Fourier analysis (Mitra 

and Pesaran 1999) implemented in the Chronux toolbox (http://www.chronux.org). LFP 

was downsampled to 500 Hz, and theta oscillations, non-theta epochs, and ripple 

episodes were recognized.  Unless stated, the LFP from the dorsal CA1 stratum 

pyramidal was considered as the time-frame reference for the spike-timing of recorded 

cells. For spectral coherence, signals were divided into 2000 ms segments with 100 

ms overlap and a time-bandwidth product (TW) of 5 and 9 tapers. Mean spectral power 

and coherence measures were calculated for theta (4–8 Hz) band for the entire record. 

 

4.3.3 Theta oscillations detection 

 

Theta oscillation was detected by calculating the continuous ratio between the 

envelopes of theta (4–8 Hz) and delta (2–3 Hz) frequency bands filtered from the 

hippocampus LFP and calculated by the Hilbert transform.  A ratio of 1.4 SD or higher, 
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during at least 2 s defined epochs of theta oscillations.  Recording episodes outside 

theta oscillations were defined as non-theta epochs.   

 

4.3.4. Spike-LFP pairwise phase consistency (PPC) 

 

I use a metric of oscillatory phase-locking between multiunit PFC discharge and 

hippocampal LFP activity. Briefly, the hippocampal LFP (filtered in the range of 1-

200 Hz) and multiunit PFC activity (mean firing rate > 1 Hz) were used to calculate the 

PPC (Vinck et al., 2010) by using the FieldTrip MATLAB package (Oostenveld et al., 

2011, http://www.fieldtriptoolbox.org/). 

 

 

4.3.5. Sharp wave-ripples detection 

 

Sharp wave-ripples were recorded in dorsal CA1, as close as possible to stratum 

pyramidale and considered as the time-frame reference for the spike-timing of the 

recorded neurons and population activity (LFP) in PFC.  I used a recently described 

method for ripples detection (Logothetis et al. 2012)   with some variation.  Briefly, the 

hippocampus LFP was first down-sampled to 1 kHz, then band-pass filtered (100-200 

Hz) using a zero-phase shift non-causal finite impulse filter with 0.5 Hz roll-off.  Next, 

the signal was rectified, and low‐pass filtered at 20 Hz with a 4th order Butterworth filter.  

This procedure yields a smooth envelope of the filtered signal, which was then z‐score 

normalized using the mean and SD of the whole signal in the time domain.  Epochs 

during which the normalized signal exceed a 3.5 SD threshold were considered as 

ripple events.  The first point before threshold that reached 1 SD was considered the 

onset and the first one after threshold to achieve 1 SD as the end of events.  The 

difference between onset and end of events was used to estimate the ripple duration.  

I introduced a 50 ms-refractory window to prevent double detections.  To precisely 

determine the mean frequency, amplitude, and duration of each event, I performed a 

spectral analysis using Morlet complex wavelets of seven cycles.  The Matlab toolbox 

http://www.fieldtriptoolbox.org/
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used is available online as the LAN toolbox (https://bitbucket.org/marcelostockle/lan-

toolbox/wiki/Home. 

     

4.3.6. Cross-correlation analysis 

 

The activity of PFC neurons and hippocampal ripples was cross-correlated by applying 

the "sliding-sweeps" algorithm (Abeles, M. et al.; 1988).  A time window of ± 1 s was 

defined with the 0-point assigned to the start time of a ripple.  The timestamps of the 

PFC spikes within the time window were considered as a template and were 

represented by a vector of spikes relative to t = 0 s, with a time bin of 50 ms and 

normalized to the total number of spikes.  Thus, the central bin of the vector contained 

the ratio between the number of PFC spikes elicited between ± 25 ms and the total 

number of spikes within the template.  Next, the window was shifted to successive 

ripples throughout the recording session, and an array of recurrences of templates was 

obtained.    Both PFC timestamps and start times of ripples were shuffled by a 

randomized exchange of the original inter-event intervals, and the cross-correlation 

procedure was performed on the pseudo-random sequence.  The statistical 

significance of the observed repetition of spike sequences was assessed by comparing, 

bin to bin, the original sequence with the shuffled sequence. An original correlation 

sequence that presented a statistical distribution different from 1000 permutations was 

considered as statistically significant, with p < 0.01 probability, instead of a chance 

occurrence. 

 

4.3.7. Statistic 

 

I performed inter-subject comparisons to establish if behaviour and simultaneous 

cortico-hippocampal activity were different across social rank. We pooled neuronal data 

from all animal of a specific social rank in the same experimental group for all other 

statistical analysis. Data were tested for normality using the Kolmogorov–Smirnov test 

and then compared with the appropriate test with parametric analysis (one-way ANOVA 
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followed by Bonferroni post-hoc test). Comparison between behavioural parameters 

and other non-normally distributed parameters were analysed with non-parametric 

tests (Wilcoxon signed rank; Kruskal-Wallis test followed by Dunn's multiple 

comparisons post-hoc test). The statistical significance of the observed repetition of 

spike sequences was assessed by comparing, bin to bin, the original sequence with 

the shuffled sequence. An original correlation sequence that presented a statistical 

distribution different from 1000 permutations was considered as statistically significant, 

with P < 0.01 probability, instead of a chance occurrence. Linear correlations between 

parameters were analysed by Spearman correlation test. To calculate the P-value we 

used the circ_corrcl.m in the CircStat toolbox of MATLAB (The Mathworks, Inc.) and 

STATISTICA 7.0 software (StatSoft, Inc). Summary results of statistical tests are 

presented in Table S3. 
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CHAPTER 5 

 

 

RESULTS 

 

5.1. SPECIFIC OBJECTIVE 1: ESTABLISH THE BEHAVIORAL EFFECT OF THE 

SOCIAL CONTEXT ON AN INDIVIDUAL PERFORMING A COLLECTIVE SPATIAL 

NAVIGATION TASK 

 

 

5.1.1. The contingent social interactions modulate decision-making during a 

collective spatial navigation task. 

 

In the present doctoral thesis, I have studied the influence of the social context on 

individual decision-making during collective spatial navigation. For this, first, I reared 

together groups of four littermate male mice after weanling. Then, I developed a simple 

spatial navigation task based on a modified version of the T-maze (Olton, 1979), such 

that it could simultaneously accommodate all four littermates (Fig. 1A). As a result, our 

T-maze was larger and wider than standard versions (Fig. 2A). Moreover, the cognitive 

task was simplified so that animals performed one single test run per trial to find food 

in a baited arm. During the training phase of the test, mice were sequentially trained 

individually in the navigation task (Fig. 1A). Each mouse performed ten individual trials 

per day. All animals had complete information about the task as they learned the fixed 

location of reward. Nevertheless, animals differed in individual preference as two 

randomly chosen mice per litter were trained to look for reward exclusively in the left 

arm, while the right arm was baited for the remaining two littermates. There was a large 

variance in performance between animals during the training phase (Fig. 3A, 3B, 3C, 

3D, 3E, and 3F), but overall, mice improved their performance linearly over time, 

defined as the proportion of correct choices during individual trials (Fig. 4A). Besides, 
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animals progressively decreased their latency, defined as the time interval taken to 

reach the rewarded pocket in the baited arm (Fig. 5A).  

 

 

 

 

 

Figure 1. Collective spatial navigation task.  (A) In the training phase, littermate mice were 

individually trained (8 trials per day) to navigate the maze foraging for food located at the end 

of an arm. (B) In the testing phase, littermate mice, performed two blocks of four individual trials 

followed by one collective trial (i.e., all four littermates together). From every litter, two random 

mice were consistently trained to look for food in one arm and the remaining two mice in the 

opposite arm. 
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Figure 2. Dimensions of behavioral apparatuses. T-maze (A) and tube test (B). Dimensions 

are in cm. 
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Figure 3. Example of learning curves according to social rank. Curves are showing the 

performance (A, C, E) and latency (B, D, F) for individual cages of littermates. Colored lines 

represent averages. 
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Figure 4. Behavioral performance in individual and collective trials. (A) Average task 

performance (the proportion of correct arm choices) for all mice (n = 60 animals) tested 

individually during both training (days -7 to 0) and testing (days 1 to 5) task phases. (B) Average 

task performance for mice analyzed during the testing phase of the task (collective and 

individual trials). Gray lines are individual mice, and black lines represent population averages 

± SEM, n = 60 animals. Wilcoxon signed-rank test, *** P < 0.001. 
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Figure 5. Behavioral time in individual and collective trials. (A) Average task latency (time 

interval to reach the correct arm) for all mice (n = 60 animals) tested individually during both 

training (days -7 to 0) and testing (days 1 to 5) task phases. Average task latency (B) for 

individual mice during collective and individual trials of the testing phase of the task. Gray lines 

are individual mice, and black lines represent population averages ± SEM, n = 60 animals. 

Wilcoxon signed-rank test, *** P < 0.001. 

 

 

Throughout sessions, performance, and latency co-varied linearly (R2 = 0.642, P < 

0.0001, Fig. 6A), suggesting their interdependence (Table S1). Littermates were 

sequentially trained in the same session, and since learning rates varied among mice, 

the learning criterion was defined based on litter performance (3 of 4 littermates 

reaching 0.75 performance during two consecutive days). Once the learning criterion 

was reached, mice started the testing phase of the protocol, in which four consecutive 

individual trials were alternated with a collective trial so that all four littermates 

simultaneously performed the navigation (Fig. 1B). To prevent learning of the reward 

location during collective trials, the arms were randomly baited in every collective trial, 

so there was no rule to be acquired, and therefore, to be able to focus on social 

interactions during collective navigation. 
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Figure 6.  Linear regressions of behavioral parameters on mice performing the T-maze 

navigation test. (A) Average of delta performance (collective – individual) vs delta latency 

(collective – individual) of all mice (r2 = 0.642, P < 0.0001 and n= 60 animals). (B) Average of 

collective latency vs average individual latency of all animals (r2 = 0.508, P < 0.0001, n = 60 

animals). Circles denote the average of individual mice and the black line the best linear fitting. 

 

 

During the testing phase of the task, both performance and latency of individual trials 

reached a plateau and were stable over the remaining testing period, suggesting that 

the task had been acquired and consolidated (Fig. 4A, Fig. 5A). When comparing the 

individual (0.93 ± 0.01) and collective (0.75 ± 0.03) trials, I found a significant drop in 

task performance (P < 0.0001, Fig. 4B), suggesting a social effect in the process of 

decision-making of individual mice during collective navigation. The drop in 

performance was determined mainly by task acquisition in the previous training phase, 

as animals performing well during individual trials showed little effect on their 

performance during collective trials (R 2 = 0.582, P < 0.0001, Fig. 7). Conversely, task 

latency during the testing phase increased for mice when comparing individual (4.99 ± 

0.40 s) and collective (6.86 ± 0.49 s) trials (P < 0.0001, Fig. 5B). Increased latency was 

proportional to the previous task acquisition since mice exhibiting short-latency during 
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individual trials increased less their latency during collective trials (R 2 = 0.508, P < 

0.0001, Fig. 6B). Hence, the social context produced a shift in decision-making, which 

was reflected in the decay of performance and a proportional increase in latency during 

goal-directed, collective spatial navigation. 

 

 

 

Figure 7. Linear regression of behavioral performance in mice performing the T-maze 

navigation test. Linear regression (r2 = 0.582, P < 0.0001, n = 60 animals) between average 

navigation performance of individual mice during individual trials against average navigation 

performance of individual mice during collective trials. Circles denote the average of individual 

mice and the black line the best linear fitting. 

 

 

Movement decisions in animal groups often depend on contingent social interactions 

among individuals (Conradt et al., 2003; Couzin et al., 2002). Indeed, during collective 

movement, animals tend to be attracted to other individuals to avoid being isolated and 

to align themselves with neighbors (Partridge et al., 1980; Partridge, 1982). Thus, it is 

possible reasoned that during collective movement, mice might modify their previously 
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learned trajectory depending on the distribution of animals in the maze arms. To test 

this idea, I calculated for every mouse the relative average density of animals in the 

selected arm and projected it against its average performance during collective trials 

(R 2 = 0.2523, P < 0.0001, Fig. 8A). Importantly, the performance during collective trials 

was inversely proportional to the relative density of animals in the selected arm. 

 

 

 

 

 

Figure 8. Linear regression of animal density and behavioral performance of mice 

performing the T-maze navigation test.  Linear regression (r2 = 0.2523, P < 0.0001, n = 60 

animals) between the proportion of mice located in the selected arm against average navigation 

performance of individual mice during collective trials. Circles denote the average of individual 

mice and the black line the best linear fitting. 

 

 

Conversely, there was no relation between the proportion of animals located in the 

opposite arm and performance during collective trials (R 2 = 0.019, P = 0.2930, Fig. 9). 

That is the density of animals in the selected arm correlated with decreased task 

performance in the social context. To further explore this observation, I used a mixed 
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logistic model to assess the influence of the spatial distribution of animals on task 

performance during collective navigation (Table 1 and Table 2). Thus, was confirmed 

the significant influence of animal density in the arms in shifting the decision-making 

strategy of individuals during collective navigation, with particular relevance to the 

proportion of mice located in the selected arm (P = 6.41e-11). That is, the more animals 

accumulated in a lateral arm, the more likely it was a mouse to move to that arm, 

regardless of the previously learned reward location. Thus, sensory evidence arising 

during contingent social interactions can modulate memory-based learned reward 

values and bias decision-making during collective spatial navigation. 

 

 

 

Figure 9. Linear regression of animal density and behavioral performance of mice 

performing the T-maze navigation test.  Linear regression between average animal density 

in the opposite arm navigation and performance of individual mice during collective trials (r2 = 

0.019, P = 0.2930, n = 60 animals). Circles denote the average of individual mice and the black 

line the best linear fitting. 
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Parameter estimate SE P 

intercept 0.2721 0.8258 0.741770 

individual performance 2.8035 0.8182 0.000612 

animal density - selected arm -3.1858 0.4876 6.41e-11 

animal density - opposite arm -1.5323 0.4978 0.002085 

total animal density 1.0492 0.3206 0.001066 

 

 

Table 1. The mixed logistic model with fixed effects for collective task performance (n = 60 

animals used for behavioral tests). 

 

 

Parameter estimate SE P 

intercept -0.1794 1.3608 0.89513 

individual performance 3.1845 1.3582 0.01905 

animal density - selected arm -2.4680 -3.075 0.00211 

animal density - opposite arm -1.1839 0.7862 0.13 

total animal density 0.78 0.52 0.13 

 

Table 2. The mixed logistic model with fixed effects for collective task performance (n = 21 

animals used for electrophysiological experiments). 
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5.1.2. The social context influences the dominance hierarchy during a collective 

spatial navigation task 

 

I found that contingent social interactions arising during collective navigation can 

modulate individual behavior. Next, I explored the role of inherent social interactions, 

such as the dominance hierarchy (Lindzey et al., 1969), on collective performance. For 

this, I first assessed the hierarchical social relations of mice with the tube test (Wang 

et al., 2011) in parallel to the spatial navigation task. This test measures the dominance 

tendency by placing pairs of mice in a narrow tube facing each other, where one mouse 

forces the other out backward to obtain a victory (Fig. 2B). A social ranking was 

recognized based on the success rate of mice in pair-wise testing using a round-robin 

design (Fig. 10A). As previously described, time in the tube was shorter as the ranking 

difference increased (P = 6.92e-11, Fig. 10B).  
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Figure 10. The dominance hierarchy of animals performing the collective spatial 

navigation task. (A) Summary plot for all measured animals (n = 60 animals). Lines show 

average rank position based on the proportion of victories in the tube test (inset) correlative to 

the spatial navigation test (days -4 to 0, training phase; days 1 to 5, testing phase). Ranking 1 

is dominant; ranking 2, first active subordinate; ranking 3, second active subordinate; ranking 

4, submissive. Note ranking stability over time, particularly for dominant mice. Inset, schematic 

of the tube test used to identify the mice ranking system. (B) Normalized time spent in the tube 

for the six pairing conditions for all measured animals (n = 60 animals). One-way ANOVA, P = 

6.92e-11. Black lines represent population average ± SEM, circles denote the average of 

individual mice, and the red lines are the population average. * P < 0.05; ** P < 0.01; *** P < 

0.001. 

 

 

The dominance hierarchy was stable over time, particularly for the dominant mouse, 

whose position was rarely challenged during the whole experimental protocol (Fig. 11). 
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Figure 11. Summary of dominance hierarchy of animals performing the collective spatial 

navigation task. Summary plots for all measured animals (n = 60 animals) according to social 

ranking. Days -5 to 0, training phase; days 1 to 5, testing phase. (A) Ranking 1 is dominant; 

(B) ranking 2, first active subordinate; (C) ranking 3, second active subordinate; (D) ranking 4, 

submissive. Colored lines represent averages, and gray lines are average of individual mice. 

Note ranking stability over time, particularly for dominant mice. 

 

Interestingly, the dominant mouse was not the largest animal in the group, as body 

masses were not different between rankings, neither under ad libitum access to food 
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(P = 0.822, Fig. 12A and Fig. 13) nor under food restriction during the navigation test 

(P = 0.655 Fig. 12B and Fig. 13).  

 

 

 

 

Figure 12. Summary body weight of animals performing the collective spatial navigation 

task. Summary plots for all measured animals (n = 60 animals) according to social ranking with 

free access to food (A) and during food restriction (B). Note that dominant animals do not 

exhibit different body mass. (C) Maximal weight loss during food restriction protocol. Circles 

denote the average of individual mice, and the red lines are the population average. One-way 

ANOVA; A, P = 0.8216; B, P = 0.6554; C, P = 0.9983. 
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Figure 13. Bodyweight curves of animals performing the collective spatial navigation 

task. Summary plots for all measured animals (n = 60 animals) according to social ranking. 

Day 0 represents the initial weight. (A) Ranking 1 is dominant; (B), ranking 2, first active 

subordinate; (C) ranking 3, second active subordinate; (D) ranking 4, submissive. Food was 

restricted from day 1 for every mouse until it reached roughly 85% of its original weight. Colored 

lines represent averages, and gray lines are average of individual mice. 

 

Also, the social rank was not relevant for task acquisition as neither performance nor 

latency (P > 0.05, Fig. 14A; P > 0.05, fig. 14B) were different between animals 

according to their dominance hierarchy during the training phase of the navigation task 

(Fig 15). Similarly, the time required to reach the learning criterion was not different 

between social rankings and performance according to social ranking was stable during 

the testing phase of the test (P = 0.459, Fig. 14C; P = 0.961, Fig. 14D).  
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Figure 14.  Average task performance of animals performing the collective spatial 

navigation task. Summary plot for all measured animals (n = 60 animals) according to social 

rank in the proportion of correct arm decisions (A) and task latency. (B) Time interval to reach 

the correct arm for all mice (tested individually during both training (days -10 to 0) and testing 

(days 1 to 5) task phases (Kruskal-Wallis test, P corrected with FDR in A and B, P > 0.05. 

Differences between rankings were not significant. (C) Time to reach the learning criterion 

according to social ranking during the training phase. (D) Average task latency on the day 

animals reaches the learning criterion. Differences between rankings were not significant, 

Kruskal-Wallis test, P = 0.4585 in C; P = 0.9609 in D. Circles denote the average of individual 

mice, the red lines are the population average, and colored lines represent averages. 
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Figure 15. Average T-maze task performance during the testing phase of the task 

according to social rank. Summary plot for all measured animals (n = 60 animals) according 

to social rank in behavioral performance (A, B) and latency (C, D) during the testing phase for 

the individual (A, C) and collective (B, D) trials for all animals (n = 60 animals). Colored lines 

represent population averages ± SEM. 

 

 

During the testing phase of the task, neither the drop in performance nor the increase 

in latency during collective trials was modulated by the dominance hierarchy, as it was 

not different between social groups (P = 0.655, Fig. 16A; P = 0.565, Fig. 16B). 
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Figure 16. Summary of behavioral parameters of the T-maze task during the testing 

phase. Summary plot for all measured animals (n = 60 animals) according to social rank in 

performance (A) and latency (B) difference between collective and individual trials during the 

testing phase of the task. One-way ANOVA, A, P = 0.655; B, P = 0.565. Circles denote the 

average of individual mice, and the red lines are the population average. 

 

 

 

I showed that contingent social interactions affect individual decision-making during 

spatial navigation, with the spatial distribution of animals in the maze being correlated 

with task performance. Hence, I compared between social groups the animal density 

in the selected arm during collective navigation. I found that when compared to the 

subordinate groups, dominant animals moved to the maze arm that was more densely 

populated, regardless of the location of reward (P = 0.007, Fig. 17A). No such 

difference was detected in the opposite arm (P = 0.228, Fig. 17B). Besides, the animals 

do not present differences in latencies from start box to the decision point in the T-maze 

according to social rank (P = 0.275 Fig 18), evidencing that the animals present similar 

times of navigation towards the decision point. This result suggested that dominant 

mice may be more influenced by the social context than the other groups. I reasoned 
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that the predisposition of individual mice to change their decision according to the 

distribution of littermates in the maze could be assimilated to the influence of the social 

context on individual behavior. To obtain an estimate of such social influence, I 

computed for every individual mouse the regression coefficient of the spatial distribution 

of mice on the maze against its task performance in the social context and called it the 

‘peer susceptibility index’ (PSI, median = 0, IQR= 35.13). Since the PSI was 

proportional to the social influence on individual behavior, the larger its value, then the 

stronger the effect of the social context on task performance. Thus, negative values 

reflect a detrimental effect of the social context, whereas positive values indicate a 

beneficial effect on task performance. Importantly, the PSI was significantly different 

between dominant mice and the subordinate groups (P = 0.008, Fig. 19), thus 

suggesting that dominant mice were more likely to shift their decision in the social 

context. Moreover, differences in the PSI did not result from different overall 

distributions of littermates in the maze during collective navigation according to the 

dominance hierarchy (P = 0.178, Fig. 17C). Altogether, these results suggest that mice 

exhibit differential susceptibility to contingent social interactions, outlined by dominance 

hierarchy, an inherently social interaction.  
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Figure 17. Animal density in the selected arm and social influence during collective 

navigation. Summary plot for all measured animals (n = 60 animals) according to social rank 

in Animal density (A) in the selected arm, one-way ANOVA, P = 0.007, n = 60 animals. (B) 

Animal density in the opposite arm, one-way ANOVA, P= 0.228, n = 60 animals. (C) The 

average density of animals located in both lateral arms at the moment of the decision according 

to social ranking. One-way ANOVA, P = 0.178, n = 60 animals. Circles denote the average of 

individual mice; the red line is the population average, and bars represent average ± SEM. * P 

< 0.05. 
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Figure 18. Latencies to decision point during collective navigation. Latencies from start 

box to the decision point in the T-maze according to social rank. One-way ANOVA, P = 0.275, 

n = 60 animals. Bars represent average ± SEM. 
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Figure 19. Social influence during collective navigation. Peer sensitivity index (PSI) by 

social rank, one-way ANOVA, P = 0.0084, n = 60 animals. Circles denote the average of 

individual mice; the red line is the population average. * P < 0.05. 
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5.2. SPECIFIC OBJECTIVE 2:  CHARACTERIZE THE INTRINSIC CORTICAL 

OSCILLATORY ACTIVITY OF THE HIPPOCAMPUS-PFC SYSTEM AND THEIR 

SPIKE TIMING CONCERNING TO THE SOCIAL RANKING SYSTEM 

 

 

5.2.1. The Intrinsic spiking activity in the PFC correlates with social ranking and 

dominance behavior 

 

So far, I have shown that contingent social interactions can bias decision-making in the 

social context. Nevertheless, the influence of contingent social interactions in shifting 

decisions is delineated by a dominance hierarchy, an intrinsic social interaction. 

Previous studies have established the neural basis of a dominance hierarchy in the 

synaptic connectivity of the mPFC (Wang et al., 2011; Wang et al., 2014). Hence, I 

studied the relationship between intrinsic cortical dynamics and social ranking system. 

For that, I recorded spontaneous rhythmic cortical activity in animals with 

stereotaxically implanted multi electrodes in both the hippocampus and mPFC (Fig. 20 

and Fig. S4), which are both required for goal-directed spatial behavior (Negrón-

Oyarzo et al., 2018). To focus on intrinsic activity and connectivity patterns during 

spontaneous cortical dynamics and minimize behavioral confounds resulting from 

different social rankings, I performed experiments under deep anesthesia. In order to 

compare relatively similar conditions, I first assessed the depth of anesthesia between 

groups. The power concentrated in the delta frequency band (0.5-4 Hz) of the PFC was 

not different between social groups (P = 0.081, Fig. 21B), suggesting that the global 

cortical state was roughly similar (Fig. 21A).  
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Figure 20. Anatomical location of recording electrodes. Examples sorted by social ranking. 

Ranking 1 (mouse ID: CM99), ranking 2 (mouse ID: CM65), ranking 3 (mouse ID: CM64), 

ranking 4 (mouse ID: CM47). Brain sections were Nissl stained and superimposed to 

fluorescent micrographs showing electrode tracks (blue, asterisks) in both cortex and 
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hippocampus. Cg1, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex. CA1, CA2, 

CA3, cornu ammonis fields; DG, dentate gyrus. Scale bar: 500 µm. 

 

 

 

 

Figure 21. Delta waves oscillations in anesthetized mice. Average (A) and peak (B) power 

spectral density of the PFC of anesthetized mice according to social ranking. Note that delta 

activity (0.5 - 4 Hz) is not different between social rankings. One-way ANOVA, P = 0.081, 159 

sessions, n = 21 animals. Circles denote the average of individual mice, the red lines are the 

population average, and colored lines represent averages. 

 

 

It has been reported that dominant animals exhibit more substantial synaptic strength 

in the PFC than submissive mice (Wang et al., 2011). Hence, I tested whether such in 

vitro relation was translated into in vivo spiking patterns. For that, I first detected and 

extracted single-unit activity from the PFC recordings (Fig. 22A and 22B). Indeed, I 

found that the overall firing rate in the PFC of dominant mice was larger than the 

subordinate groups (P = 5.57e -11, Fig. 23A, Table S2). Moreover, the difference was 

specific to regular spiking cells (P = 6.07e-12, Fig. 22D), putative principal neurons, as 
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it was not detected in fast-spiking units (P = 0.624, Fig. 22C), putative interneurons. 

Hence, dominant mice exhibited larger levels of spontaneous spiking activity in the 

PFC.  

 

 

 

 

Figure 22. Cortical units recorded under anesthesia. (A) Dendrogram of all recorded units 

(n = 3702, 22 animals). Red shows the largest cluster, regular spiking cells; blue shows the 

smallest cluster, fast-spiking cells. (B) Grand average of regular spiking (red, n = 320) and fast-

spiking (blue, n = 3382) units. Neuronal firing rate sorted by social ranking for fast-spiking (C) 

and regular spiking (D) units. Note that regular spiking cells in dominant animal’s discharge 

more than subordinate groups. One-way ANOVA, P = 0.6243 in C; P = 6.06e-12 in D. Bars 

represent average ± SEM. ** P < 0.01; *** P < 0.001. 
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Recently, it has been reported that the firing rate in the PFC correlates with effortful 

activity and dominance behavior in the tube test (Zhou et al., 2017). Therefore, I 

compared intrinsic neural parameters and latency in the tube test (Table 3). 

Interestingly, I found a significant positive correlation between the spontaneous 

prefrontal spiking activity (firing rate difference, winner-loser) and interaction time 

(latency difference, winner-loser) in the tube test (R 2 = 0.226, P = 0.014, Fig. 23B). 

This result was further confirmed by multiple linear regression (P = 0.009, Table 3). 

Furthermore, correlation was specific for regular spiking cells (R 2 = 0.178, P = 0.032, 

Fig. 24B), putative pyramidal neurons, as it was not present in fast-spiking units (R 2 = 

0.106, P = 0.13, Fig. 24A), putative interneurons. Thus, the spontaneous firing rate in 

the PFC correlates with social ranking and dominance interaction time. 
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Figure 23. Intrinsic activity of PFC units and tube test task according to social rank. (A) 

Average PFC single-unit firing rate by social ranking (n = 3702 units, 22 animals). (B) Linear 

regression between PFC firing rate difference (winner – loser) and tube test latency difference 

(winner – loser) (r2 = 0.226, P = 0.014, n = 22 animals). Circles denote average of individual 

mice, black line the best linear fitting and bars represent average ± SEM.  * P < 0.05; ** P < 

0.01; *** P < 0.001. 

 

 

Parameter estimate SE P 

intercept -0.14242 9.83315 0.98863 

collective latency 0.47684 0.15791 0.00862 

ripple frequency 0.01737 0.07250 0.81386 

ripple amplitude -0.48678 1.20544 0.69204 

crosscorrelogram ripple-peak -0.04911 0.90651 0.95751 

crosscorrelogram post-ripple 1.79839 0.69635 0.02081 

 

Table 3. Multiple linear models for individual task latency (n = 21 animals used for 

electrophysiological experiments). 
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Figure 24. Linear regressions of Intrinsic neural parameters in PFC and behavioral 

latency in the tube test. (A) Linear regression between the tube test latency difference 

(winner-loser) and the difference (winner-loser) of firing rate of fast-spiking cells (r2 = 0.106, P 

= 0.130, n = 22 animals). (B) Linear regression between the tube test latency difference 

(winner-loser) and the difference (winner-loser) of firing rate of regular spiking cells (r2 = 0.178, 

P = 0.032, n = 22 animals). Circles denote the average of individual mice and black lines the 

best linear fitting. Note that only regular spiking cells show a significant correlation.  
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5.3. SPECIFIC OBJECTIVE 3: CORRELATE THE INTRINSIC CONNECTIVITY OF 

THE HIPPOCAMPUS-PFC SYSTEM WITH BEHAVIORAL PERFORMANCE IN 

INDIVIDUALS PERFORMING A COLLECTIVE SPATIAL NAVIGATION TASK 

 

 

5.3.1.  PFC intrinsic activity during hippocampal theta oscillations does not 

correlate with the process of decision-making during collective spatial 

navigation.  

 

I investigated cortical oscillations across social groups. All animals exhibited epochs of 

prominent spontaneous theta oscillations (4-8 Hz, Fig. 25A) alternated with sharp-wave 

ripple episodes (100-250 Hz, Fig. 27A), characteristic of hippocampal exploratory and 

quiescent (Buzsáki, 2015) states; respectively. Theta oscillations, a marker of activated 

cortical states (Fig. 25A), were prominent in the spectral distribution of field potentials 

(Fig. 25B)   and consistently similar between social groups, showing comparable 

amplitude (P = 0.388, Fig. 25C), frequency (P = 0.052, Fig. 26A),  and cumulative 

duration (P = 0.099, Fig. 26B). Theta oscillations were also detected in the PFC, 

commonly associated with hippocampal theta waves (Fig. 25A). Since oscillatory 

synchrony is a neural mechanism for the functional coupling of distributed neural 

circuits (Jones et al., 2005), I assessed the spontaneous spectral coherence in the local 

field potential activity of the hippocampo-PFC circuit. I identified elevated intercortical 

coherence in theta oscillations under anesthesia in all animals (Fig. 25D), with no 

difference between social rankings (P = 0.350, Fig. 25E).  Cortical oscillations 

synchronize neuronal spiking, thus contributing to the temporal integration of neural 

activity. Therefore, I computed the oscillatory phase-locking of prefrontal neurons to 

hippocampal oscillations utilizing the pairwise phase consistency (PPC) (Hagan et al., 

2012). As a population, prefrontal neurons were strongly modulated by hippocampal 

theta oscillations (Fig. 25F), but there were no significant differences between social 

rankings (P = 0.139, Fig. 25G). Then, I explored whether intrinsic cortical activity 

patterns of activated states correlated with animal behavior during spatial navigation. 
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For this, I performed multiple regression analyses, including several neural (theta 

oscillations) and behavioral (task performance) parameters. I did not detect significant 

regressors in this analysis (Table 4 and Table 5).  
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Figure 25. Theta oscillatory activity in cortical networks. (A) Example simultaneous 

recording of hippocampal (LFP HP) and prefrontal cortical (LFP PFC) activity showing theta 

oscillations (filtered 4-8 Hz) and cortical spiking activity (units PFC, filtered 300-4000 Hz) 

recorded in an urethane-anesthetized mouse (CM24reg05). Note prominent transitions into 

theta activity in the hippocampus precede the neocortex. (B) Power spectral density (PSD, n = 

159 sessions, n = 21 animals). (C) Peak hippocampal theta amplitude by social ranking. One- 

way ANOVA, P = 0.3877 (n = 159 sessions, 21 animals). (D) Average hippocampo-cortical 

spectral coherence (n = 21 animals). (E) Peak hippocampo-cortical spectral coherence by 

social ranking One- way ANOVA, P = 0.350 (21 animals, 143 sessions. (F) Average pairwise 

phase consistency (PPC) between hippocampal units and PFC LFP from all recordings (n = 

1958 units, 18 animals). (G) PPC by social ranking. P = 0.1387 (74 sessions, 18 animals). 

Black lines represent population average ± SEM, circles denote recordings sessions, and the 

red lines are the population average. 

 

 

 

Figure 26. Parameters of theta oscillatory activity according to social rank. Peak 

frequency (A) and cumulative duration (B) of hippocampal theta oscillations (4 – 8 Hz) in 

anesthetized mice according to social ranking. There were no significant differences between 

social rankings. One-way ANOVA, P = 0.0524, A; P = 0.0987, B; n = 159 sessions, 21 animals. 

Circles denote recordings sessions, and the red lines are the population average. 
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Parameter estimate SE P 

intercept 1.05821 0.24175 0.000469 

collective performance 0.31042 0.05827 6.8e-05 

theta power -1.62367 1.76202 0.370484 

theta frequency -0.06966 0.04583 0.148007 

theta coherence 0.04803 0.12314 0.701632 

 

Table 4. Multiple linear models for individual task performance (n = 21 animals used for 

electrophysiological experiments). 

 

 

Parameter estimate SE P 

intercept -11.6517 9.2605 0.22637 

collective latency 0.4623 0.1547 0.00871 

theta power 29.9151 70.4885 0.67693 

theta frequency 2.2370 1.8760 0.25048 

theta coherence 2.6051 4.5705 0.57660 

 

Table 5. Multiple linear models for individual task latency (n = 21 animals used for 

electrophysiological experiments). 
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5.3.2. PFC intrinsic cortical activity and hippocampal sharp-wave ripples 

correlate with the process of decision-making during collective spatial 

navigation.  

 

I investigated the quiescent states of the cortical network when sharp-wave ripples 

dominate cortical activity (Ylinen et al., 1995). All animals exhibited prominent sharp-

wave ripples (Fig. 27A), evident as short-lived, waxing, and waning oscillations (Fig. 

27B). Nevertheless, the amplitude of ripple oscillations was dependent on social 

ranking as dominant mice exhibited the largest sharp-wave ripples when compared to 

the subordinate groups (P = 8.55e-18, Fig. 27C). The duration of ripples was not 

different between social groups (P = 0.066, Fig 27D), yet their frequency was slower in 

the submissive group (P = 5.46e-38, Fig. 27E).  
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Figure 27. Hippocampal sharp-wave ripples. (A) Example recording of hippocampal LFP 

activity with hippocampal sharp-wave ripples (SWRs, filtered 100-245 Hz) recorded in an 

urethane-anesthetized mouse (CM75reg06). (B) Grand average ripple episode (n = 18,571 

events, 21 animals). Peak SWRs amplitude (C), cumulative duration (D), and frequency (E) 

according to social rank. One-way ANOVA, P = 8.55e-18 in C; P = 0.066 in D, P = 5.46e -38 in 

E. Bars represent average ± SEM. *** P < 0.001. 
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Sharp wave ripples powerfully synchronize neuronal spike-timing across the neocortex 

(Remondes et al., 2015; Logothetis et al., 2012), including the PFC (Siapas et al., 

1998). Thus, I computed the crosscorrelation function between hippocampal sharp-

wave ripples and the neuronal spike-timing in the PFC. As previously described, 

prefrontal neuronal spiking was synchronized with hippocampal ripples (Negrón-

Oyarzo et al., 2015). Cortical spiking activity increased preceding the onset of 

hippocampal ripples, which was apparent in the cross correlogram (Fig. 28B), yet 

maximal cross-activation exhibited little difference between social groups (P = 0.002, 

Fig. 28C). After the ripple episode, neocortical activation rapidly decreased but did not 

return immediately to baseline. Instead, it reached a plateau of sustained neuronal 

discharge (P = 2.81e-07, Fig. 28D). Such post-ripple activation was manifest in paired 

hippocampo-cortical recordings as a prolonged afterdischarge of prefrontal neurons 

well beyond the end of ripple oscillations (Fig. 29). The post-ripple afterdischarge was 

stronger in dominant mice than subordinate groups, suggesting enhanced functional 

connectivity following sharp-wave ripple episodes. These observations were robust and 

confirmed by shuffling procedures but were also apparent when assessing the entire 

neuronal population (P = 7.71e-47, Fig. 30C). Moreover, differences in the post-ripple 

afterdischarge were not the result of different temporal distributions of sharp-wave 

ripples, as inter-ripple intervals were similar across social groups (P > 0.05, Fig. 30D).  
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Figure 28. Functional connectivity in cortical networks according to social rank. (A) 

Example simultaneous recording of hippocampal (LFP HP) and prefrontal cortical (LFP PFC) 

activity showing hippocampal sharp-wave ripples (SWRs, filtered 100-250 Hz) and cortical 

spiking activity (units PFC, filtered 300-4000 Hz) recorded in an urethane-anesthetized mouse 

(CM99reg05). (B) Average cross correlogram between the onset of SWRs and PFC units (n = 

21 animals). Note sustained component after the peak. (C) Cross correlogram ripple-peak 

amplitude by social ranking. One-way ANOVA, P = 0.002, n = 658 units. (D) Cross correlogram 

post-ripple amplitude by social ranking. One-way ANOVA, P = 2.81e-07, n = 658 units. The 

black line represents the population average ± SEM, and bars represent average ± SEM. 
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Figure 29. Examples of hippocampus sharp-wave ripples and cortical spiking records 

according to social rank. Example of simultaneous recordings of hippocampal (LFP HP) and 

prefrontal cortical (LFP PFC) activity showing hippocampal sharp-wave ripples (SWRs, filtered 

100-250 Hz) and cortical spiking activity (units PFC, filtered 300-4000 Hz) recorded in urethane-

anesthetized mice sorted by social ranking. Ranking 1 (mouse ID:CM24_reg05), ranking 2 

(mouse ID: CM73_reg02), ranking 3 (mouse ID: CM28_reg02), ranking 4 (mouse ID: 

CM98_reg01). 
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Figure 30. Functional connectivity between the hippocampus and PFC according to 

social rank. (A) Average cross correlogram between the onset of sharp-wave ripples and 

prefrontal units (n = 3702 events, 21 animals). Note a sustained component after the peak. (B) 

Average cross correlogram sorted by social ranking. (C) Cross correlogram post-ripple 

amplitude by social ranking. One-way ANOVA, P = 7.71e-47 n = 3702 units. (D) Interevent 

interval histogram for sharp-wave ripples separated by social ranking. Distributions were not 

significantly different (One-way ANOVA, p > 0.05, corrected with FDR). The black line 

represents population average ± SEM; colored lines represent averages respect to social rank, 

and bars represent average ± SEM. 
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I tested whether intrinsic hippocampo-PFC connectivity by means sharp-wave ripples 

was related to task performance during spatial navigation. For that, I performed multiple 

linear regressions between behavior (task performance) and neural activity (sharp-

wave ripples). I found that the amplitude of the post-ripple cross correlogram correlated 

with both the performance (R 2 = 0.235, P = 0.026, Fig. 31A) and latency (R 2 = 0.404, 

P = 0.002, Fig. 31B) of individual trials, but not during collective navigation (Table 6 

and Table 7). Interestingly, the strength of post-ripple hippocampo-cortical connectivity 

also correlated with the PSI (R 2 = 0.328, P = 0.007; Fig. 32), but not during the ripples 

cross correlogram peak (Table 8 and Table 9). Since the PSI reflects the influence of 

the social context on task performance (P = 0.008, Fig. 19B), these results suggest 

that intrinsic cortical connectivity may be relevant for the process of decision-making 

during collective spatial navigation.  

 

 

 

Figure 31. Linear regressions of functional connectivity and behavioral parameters in 

the hippocampo-PFC axis on mice performing the T-maze navigation test. (A) Average 

cross correlogram peak amplitude against average individual performance (r2 = 0.235, P = 

0.026, n = 21 animals). (B) Average cross correlogram post-ripple amplitude against average 

individual latency (r2 = 0.404, P = 0.002, n = 21 animals). Circles denote the average of 

individual mice and black lines the best linear fitting. The regressions in A and B are statistically 

significant. 
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Parameter estimate SE P 

intercept 0.843824 0.185007 0.000375 

collective performance 0.346942 0.046636 2.08e-06 

ripple frequency -0.002180 0.001444 0.151925 

ripple amplitude 0.039210 0.025525 0.145326 

crosscorrelogram ripple-peak 0.005932 0.016553 0.725076 

crosscorrelogram post-ripple -0.050519 0.012887 0.001364 

 

 

Table 6. Multiple linear models for individual task performance (n = 21 animals used for 

electrophysiological experiments). 

 

Parameter estimate SE P 

intercept 4.1093 0.5823 2.11e-05 

neuronal firing rate difference 1.1343 0.3552 0.00855 

PPC difference 2.7736 9.3354 0.77192 

crosscorrelogram ripple-peak difference -0.6268 0.5366 0.26739 

crosscorrelogram post-ripple difference 0.3177 0.4178 0.46298 

 

Table 7. Multiple linear models for latency difference (winner-loser) in the tube test (n = 21 

animals used for electrophysiological experiments). 
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Figure 32. Linear regression of functional connectivity in the hippocampo-PFC axis and 

peer sensitivity index on mice performing the T-maze navigation test. Linear regression 

between cross correlogram post-ripple amplitude against PSI of individual mice during 

collective trials (r2 = 0.328, P = 0.007, n=21 animals).  Circles denote the average of individual 

mice and the black line the best linear fitting. The regression is statistically significant.  

 

 

Parameter estimate SE P 

intercept 58.76 35.37 0.1206 

neuronal firing rate -23.24 12.23 0.0798 

PPC 40.08 142.05 0.7823 

crosscorrelogram ripple-peak 11.86 10.72 0.2888 

crosscorrelogram post-ripple -26.43 10.37 0.0242 

 

 

Table 8. Multiple linear models for the PSI (n = 21 animals used for electrophysiological 

experiments).  
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Parameter estimate SE P 

intercept -9.7985 151.0599 0.949 

ripple frequency 0.1181 1.0649 0.913 

ripple amplitude 0.4150 18.5729 0.982 

crosscorrelogram ripple-peak 5.9279 11.9300 0.626 

crosscorrelogram post-ripple 28.1367 10.0703 0.013 

 

 

Table 9. Multiple linear models for the PSI (n = 21 animals used for electrophysiological 

experiments). 

 

 

5.3.3. SPIKING ACTIVITY IN THE PREFRONTAL CORTEX CORRELATES WITH 

THE TIMING OF GOAL-DIRECTED SPATIAL NAVIGATION 

 

So far, our results suggested that the connectivity during sharp-wave ripples and not 

the activity during theta oscillations may be relevant for task performance. Nonetheless, 

I explored another neural process that accounts explicitly for the effect of social 

interaction during the collective movement. To further investigate this idea, I explored 

whether intrinsic cortical activity patterns correlated with task performance. Thus,  I 

found that intrinsic cortical spiking activity of the PFC correlated directly with the timing 

of collective navigation (the latency difference between collective and individual trials) 

(R2 = 0.246, P = 0.019, Fig. 33B), but not with task performance (R2 = 0.116, P = 0.121, 

Fig. 33A). Multiple regression analysis, including several neural parameters, confirmed 

that the firing rate of prefrontal neurons was a significant regressor (R2 = 0.28, P = 

0.0283, Table 10). Moreover, the effect was specific only for principal cells (R2 = 0.269, 

P = 0.013, Fig. 34B), as interneurons did not show significant regression (R2 = 0.087, 

P = 0.195, Fig. 34A). Given that cortical neuronal spiking was specifically correlated 

with the social effect on task latency, this result suggests that intrinsic levels of neuronal 
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activity in the PFC during activated states account, at least partially, for the social effect 

on the temporal organization of decision-making during spatial navigation. 

 

 

 

 

 

Figure 33. Linear regression of intrinsic PFC spiking activity and behavioral parameters 

in the PFC on mice performing the T-maze navigation test. (A) Linear regression between 

PFC firing rate against behavioral performance (the performance difference between collective 

and individual trials) (r2 = 0.116 P = 0.121 n=21 animals). (B) Linear regression between PFC 

firing rate against the timing of collective navigation (the latency difference between collective 

and individual trials) (R2 = 0.246, P = 0.019, n = 21 animals). Circles denote the average of 

individual mice and the black line the best linear fitting. The regressions in B is statistically 

significant.  
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Parameter estimate SE P 

intercept 4.6228 9.9841 0.6492 

firing rate PFC -2.0076 0.8378 0.0283 

hippocampus theta frequency 0.7691 1.8931 0.6896 

hippocampus-PFC theta coherence -2.7663 5.2036 0.6019 

 

Table 10.  Multiple linear models for social (collective – individual) task latency (n = 21animals 

used for electrophysiological experiments). 

 

 

 

 

Figure 34. Linear regression of Intrinsic neural parameters in PFC and the timing of 

collective navigation on mice performing the T-maze navigation test. (A) Linear 

regression between firing rate of fast spiking PFC cells against the timing of collective 

navigation (the latency difference between collective and individual trials) (R2 = 0.087 P = 0.195 

n = 21 animals). (B) Linear regression between firing rate of regular spiking PFC cells against 

the timing of collective navigation (the latency difference between collective and individual 

trials) (R2 = 0.269, P = 0.013, n = 21 animals). Circles denote the average of individual mice 

and the black line the best linear fitting. The regressions in B is statistically significant.  
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CHAPTER 6 

 

 

DISCUSSION 

 

My results show that social interactions modulated goal-directed spatial behavior 

acquired individually during collective performance. The social effect was reflected in 

modifications of two critical aspects of individual decision-making: latency and 

performance (according to the first specific hypothesis). The task timing, or the time 

interval taken to reach the rewarded arm, was correlated with intrinsic cortical activity 

(according to the second specific hypothesis). Also, the task outcome, or the proportion 

of correct choices, was dependent on contingent social information provided by the 

spatial distribution of animals collectively moving. Moreover, the influence of contingent 

social information was dependent on the social ranking and correlated with the intrinsic 

connectivity of the hippocampal-prefrontal circuit (according to the general hypothesis). 

In the following paragraphs, the results obtained from the experiments during the 

collective task and findings from acute records of animals that performed behavioral 

tasks will be discussed. 
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6.1. NAVIGATION AND FORAGING DURING THE COLLECTIVE PERFORMANCE 

OF THE TASK 

 

In collective movements, group members have to choose between either moving or 

staying, and, in cases of concurrent alternatives (as in my experimental design), have 

to choose either one direction or another. On the other hand, random trajectories could 

not account for regular patterns and emergent properties assigned to collective 

movements on a large scale such as shape, density of individuals, and polarity of 

orientation (Couzin and Krause, 2003; Conradt, 2012; Sumpter, 2006). Therefore, this 

means that different behavioral processes could influence the decision. 

 

Given that trained individuals had complete information about the navigation task, it 

may be expected that mice would maintain their stereotyped, efficient navigation 

strategy during the collective phase of the navigation task. Instead, animals flexibly 

switched strategies and privileged information from contingent social interactions, 

which resulted in the significant loss of performance and increased latency during 

collective movement. The shift in decision-making was not directly related to 

dominance hierarchy, but contingent social interactions taking place during collective 

navigation. Indeed, task performance was significantly correlated with the distribution 

of animals in the maze, regardless of the previously learned fixed location of food 

reward. Recent studies have shown that as experience increases, mice shift their 

sensory-based strategy to more efficient, stereotyped foraging based on spatial-

memory that varies little in response to sensory cues (Gire et al., 2016). Possibly, social 

experience is different in the sense that it recruits all sensory modalities and activates 

circuits for the recognition and interaction with conspecifics provided by visual and 

olfactory cues from the social group that permits goes to the reward and join in feeding 

with others (Galef and Girardeau, 2001; Insel and Fernald, 2004). 
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Decision-making implies several different issues for the animals: whether moving at all 

or staying in the same place, when to go (time) and where to go (direction), moving 

cohesively or in another direction. Regarding cohesion, collective movement is an 

important part of the decision process and has received little attention in behavioral 

studies. A manner of evaluating the collective movement is by the quantification of 

animal latencies in the T-maze. My data show that animals do not present differences 

in latencies from start box to the decision point in the T-maze. This is important for two 

reasons. First, the animals are motivated to run across the T-maze towards a reward. 

Second, because is possible that occur a group cohesion during movement. This 

means, can be maintained if the group members decide either to follow each other or 

to stop at the same time (Insel and Fernald, 2004; Torquet, 2018). 

 

Given the preceding, there is a strongly correlated group structure among mice, as 

more information about group behavior is contained in the joint position of mice than 

what can be extracted from summing all the information provided by the interactions 

between pairs of mice (Shemesh et al., 2013; de Chaumont et al., 2012). Besides, 

gregarious animals are known to be able to use information conveyed by their 

conspecifics, like group coordination during movement. Indeed, decision-making may 

be influenced by conspecifics’ behavior when individuals consider both their own 

information and the behavior of others when deciding (Kerth et al., 2006; Couzin et al., 

2005; Petit and Bon, 2010). 

 

Different behavioral processes could influence the decision, depending on their time of 

occurrence. Indeed, individuals might differ in their characteristics (age, sex, 

dominance status), internal state (level of satiety, reproductive status) or sensitivity to 

external stimuli (Torquet, 2018).  

 

Consequently, social behaviors require access to the observation of more than two 

individuals. Currently, highly standardized social interaction tests are available. 
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However, these tests are mainly based on simple (dyadic) social interactions that lack 

ethologically relevant behavioral markers such as contingent social interaction (de 

Chaumont et al., 2012; de Chaumont et al., 2019). This fundamental high-order 

structure in mice social behavior (Shemesh et al., 2013) is consistent with the effects 

that I describe and supports the idea of studying collective behavior of animal groups 

instead of focusing on individuals or dyads.  

 

Thus, mice groups may be composed of animals that differ in their cognitive capabilities 

and communicative abilities, adding degrees of complexity in social task. This is 

particularly important, for example, for the formation and description of social dynamics 

in animals, without the need to observe extended periods for the formation of contingent 

social dynamics. 

 

6.2. DOMINANCE HIERARCHY AND SOCIAL INTERACTIONS DURING 

COLLECTIVE BEHAVIOR 

 

Ranking systems emerge in social groups to determine several aspects of individual’s 

behavior, such as priority access to food, mating opportunities, territory, or other limited 

resources. Rodents establish dominance hierarchy when living in high-density 

conditions based on social interactions so that one subject acts as dominant over the 

other subordinate individuals. The ranking is ordered for all individuals, so the lowest 

ranking, the submissive, dominates none of the others. Dominance hierarchy can be 

assessed and quantified by several tests, including the agonistic behavior assay, the 

barber test, and the ultrasonic test, among others. Although, the reliability and validity 

of each assay in measuring the dominance behavior may be context-dependent 

(Drews, 1993), the high consistency of ranking results of multiple assays supports the 

notion that dominance is a standard variable underlying a variety of behaviors that use 

different sensorimotor skills (Wang et al., 2011, Wang et al., 2014).  
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Here, I used the tube test that provides a quantitative measure of aggressiveness 

minimizing physical contact between competing mice, thereby preventing injuries. In 

each trial, one mouse forces its opponent outside of a neutral area, permitting 

identification of dominant and subordinate mice. The test is consistent with other 

dominance tests previously validated based on transitivity, consistency, and stability 

(Wang et al., 2011; Zhou et al., 2017; Kingsbury et al., 2019). In agreement with 

previous reports, I found that a social hierarchy was organized and established in a 

litter of four mice, confirming that dominant and subordinate animals exhibited large 

differences in the tube test constituting a form of intrinsic social interaction. 

 

Additionally, similar to previous reports, the time spent in the tube was significantly 

shorter when the submissive mouse was involved or as rank distance increased (Wang 

et al., 2011; Zhou et al., 2017). Moreover, it was noteworthy that rank did not correlate 

with the weight, given that the body size (in terms of body mass) correlates with 

dominance in gregarious birds and mammals (Chase et al., 2011; Bush et al., 2016). 

The result obtained could be explained because, in the natural environment, the 

dominance status fluctuates over time in association with changing competitive ability 

and health (Holekamp et al., 2016). In contrast, mice in a controlled environment (like 

a laboratory) form a despotic society over time (Sapolsky, 2005), with repeated 

interactions among members of a social group resulting in stable asymmetric 

relationships reducing the aggressivity and conflict between individuals. 

 

Regarding collective behavior, I found that the dominance hierarchy had no direct 

relation with decision-making during collective behavior in the spatial navigation task. 

However, it distinctly affected the influenceability of individuals to contingent social 

information. Previous studies have shown that effective leadership and social decision-

making during collective movement do not require inherent differences between 

individuals, such as dominance hierarchy or body size (Couzin et al., 2005). By studying 

decision-making during social interactions, I have established that dominant mice are 
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not leaders as they do not guide navigation during collective behavior. This pattern is 

completely at odds with the acquisition of the navigation task, in which dominant and 

subordinate groups showed comparable performance and latency. 

 

Conversely, dominant mice seem to be more sensitive to contingent social interactions 

and shift their decisions accordingly to ongoing behavior. Due to technical reasons, it 

is difficult to evaluate signals or cues in social behavior in the video records during the 

collective test. Even so, this could be because dominant animals are paying more 

attention to the behavior of the rest mediated by behavioral cues or signals and social 

responses whose dynamics may be modulated by the ongoing collective movement 

itself (Kerth et al., 2006; Petit and Bon, 2010; King, 2010). 

 

 

6.3. DOMINANCE HIERARCHY, INTRINSIC PFC ACTIVITY AND COMPETITIVE 

INTERACTIONS IN THE TUBE TEST 

 

The formation of social hierarchies is associated with the activity of specific brain areas. 

To date, the circuits controlling dominance hierarchy behavior are not completely 

understood. Even so, different brain regions have been described that influence the 

expression of dominance behaviors, in particular, PFC and subcortical regions (DRN, 

PAG, BLA, and hypothalamic areas, Rosvold et al., 1954; Bard et al., 1958; 

Lukaszewska et al., 1984; Warden et la., 2012; Audero et al., 2013; Hoover and Vertes, 

2007). Recent studies have shown that at the synaptic level, social dominance in mice 

involves specific synapses in the PFC region. Precisely, the focus is on excitatory 

synapses of layer V pyramidal neurons of the mPFC (the principal output of this 

structure) and show that the strength of synaptic transmission mediated by the 

neurotransmitter glutamate matches social ranking in mice (Wang et al., 2011). Also, 

an increased amplitude of spontaneous postsynaptic currents in the mPFC increased 

social dominance behaviors (Anacker et al., 2019). I have tested whether such in vitro 

relation was translated into in vivo spiking activity in the mPFC under anesthesia. My 
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results show that intrinsic cortical dynamics revealed significant differences according 

to social ranking, as dominant mice exhibited distinct intrinsic cortical activity that 

segregated them from the subordinate groups, with larger PFC firing rates. Hence, 

intrinsic cortical activity seemingly differentiates the dominance hierarchy.  

 

On the other hand, the tube test is used to measure moment-to-moment competition of 

mice. Previous studies have identified a subpopulation of mPFC neurons that encode 

distinct social dominance behaviors during a competitive encounter. For example, 

during push and resistance behaviors, active putative pyramidal cells in the mPFC 

showed an increase in average firing rate and their firing rate did not increase during 

retreat behavior. In addition, optogenetic light stimulation of pyramidal mPFC neurons 

in a subordinate mouse just before and during a tube test increased both number and 

duration of dominance behaviours and resulted in a win match, indicating that 

pyramidal mPFC neuron activation was sufficient to elevate rank in this test. 

Importantly, mPFC activation does not seem to enhance basal aggression level or 

change social recognition (Zhou et al., 2017). 

 

Thus, single-cell responses collectively form stable representations of push, retreat, 

and approach behavior, suggesting a role for mPFC neurons in regulating multiple, and 

sometimes opposing, behavioral strategies (Kingsbury et al., 2019). A limitation of my 

thesis is that I do not have simultaneous video analyses and chronic recordings of mice 

during encounters in the tube test. Even so, I evaluated the intrinsic neural parameters 

of different hierarchical positions in a competitive encounter. In particular, the intrinsic 

activity of PFC neurons with the interaction time in the tube test. I found a significant 

positive correlation between the spontaneous mPFC spiking activity (firing rate 

difference, winner-loser), and interaction time (latency difference, winner-loser) in the 

tube test. Also, the correlation was specific for putative pyramidal neurons and was not 

present in putative interneurons. Hence, intrinsic spiking activity in the PFC correlates 

with dominance behavior. 
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Another limitation of my study is that I have not measured the plasma concentration of 

sexual hormones such as testosterone during T-maze task and competitive interactions 

in the tube test. Testosterone hormone is important for increasing and maintaining 

social status (Dreher et al., 2016; Boksem et al., 2013) and preclinical findings, 

including neuroendocrinological manipulations in rodents, have demonstrated a causal 

link between post-victory testosterone pulses and the winner effect (Fuxjager  et al., 

2010). Winning a territorial fight, causes a surge in testosterone which could enhance 

an individual’s ability to win future encounters by increasing aggression (Fuxjager et 

al., 2010; Fuxjager et al., 2017). The mechanisms by which testosterone pulses 

increase future ability to win include long-term plasticity in the neurobiological circuits 

that control aggression (Fuxjager et al., 2010). 

 

Lastly, the other physiological limitation for my study is the possibility of occurring stress 

in litter mice. It has been suggested that chronic stress could alter social dominance 

behavior (D’Amato et al., 2001). In addition, stress is highly associated with a low rank 

in a social hierarchy (Beery et al., 2015; Williamson et al., 2017). Besides there are 

relationships between dominance and plasma corticosterone, a stress hormone. For 

example, subordinate males that living in social hierarchies had significantly higher 

levels of plasma corticosterone than alpha males and pair-housed subordinate males 

(Williamson et al., 2017). Also, in test social-dependent namely social avoidance test, 

dominant mice, but not subordinates, were the ones susceptible to developing social 

avoidance and depression-like behavior after social defeats. Thus, this finding 

reflecting that subordinate animals are used to being defeated during social hierarchy 

establishment, making them more resilient to subsequent social stress, while dominant 

mice may respond more strongly to unpredicted defeats (Larrieu et al., 2017).  

 

Even so, in my data, the experimental protocols minimize agonistic behaviors among 

the animals that could infer in the interpretations of the physiological results discussed 

previously. 
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6.4. DOMINANCE HIERARCHY AND INTRINSIC HIPPOCAMPAL ACTIVITY 

 

The hippocampus or hippocampal formation is a component of the limbic system 

(Anderson et al., 2006), a cortical structure found in the medial temporal lobe in all 

mammalian species that plays a fundamental role in spatial navigation as well as 

several forms of learning and memory (Buzsáki, 2002; Eichenbaum, 1999). Besides, 

the hippocampus constitutes a central hub of the medial temporal lobe, which 

synchronizes neuronal activity along the temporal cortical axis. Notably, it establishes 

coherent activity with the frontal lobe required for learning and memory (Battaglia et al., 

2011; Siapas et al., 2005; Peyrache et al., 2009). Two characteristic oscillatory patterns 

of activity are present in the hippocampus, namely, theta oscillations and SWRs, which 

define certain brain states in behaving animals (Battaglia et al., 2011). Each of these 

activity patterns seems to be associated with a specific phase of memory formation.  

The hippocampal theta rhythm is a prominent network activity of the 'on-line' 

hippocampus that can be separated into atropine-sensitive (type-2) and atropine-

resistant (type-1) components (Masquelier et al., 2009). Since then, substantial 

evidence has accumulated, demonstrating that the theta rhythm serves an essential 

network-level role in hippocampal learning and memory. For example, theta oscillations 

facilitate plasticity and support mnemonic processes requiring inter-regional signal 

integration. (Siapas et al., 2005; Mizuseki et al., 2009; Masquelier et al., 2009). 

Conversely, suppression of the theta rhythm impairs learning and memory (Pan and 

McNaughton, 1997; Robbe et al., 2006; McNaughton,2006). 

 

An important point to consider in my hippocampal records is the quality of anesthesia 

is similar in litter animals regardless of their social ranking. This allows all records to be 

comparable to each other. This is important because theta frequency has been 

reported to be dependent on the amount of anesthesia (Perouansky et al., 2010).  

Besides, my analyses of the theta parameter show that there are no differences in 

power and maximum frequency of intrinsic theta activity related to social rank. 



112 
 

Importantly, the duration of theta periods during the records was similar in all records, 

and do not present differences according to social ranking. During anesthesia, the 

septohippocampal theta associated with movement (type 2) is suppressed, and the 

primary input to the hippocampus would be through the entorhinal cortex through a 

higher theta rhythm (type 1) (Buzsaki et al., 1985). Therefore, septal theta would play 

a negligible role in the recordings. Even so, it cannot be ruled out the septal theta's 

effect during the exploration, and that could generate differences in spatial memory 

encoding according to the social ranking. 

 

On the other hand, ripples frequency is lower in submissive animals, and it is 

presumable that the duration of ripples in submissive mice is longer to equalize (like a 

mechanism compensation) the number of cycles per ripple across litter mice. The 

analysis and comparison of ripple duration, however, revealed no difference in social 

hierarchy-associated. Thus, submissive mice expressed a reduction in the frequency 

of ripple events compared to active subordinates and dominant animals. This particular 

phenomenon could be due to CA3 connectivity. Studies suggest that the strength of 

CA3 input onto CA1 pyramidal cells is essential in regulating ripple frequency. For 

example, simultaneous CA3 and CA1 recordings determine the correlation between 

the power of CA3 population bursts and the frequency of the resulting high-frequency 

events in CA1 (Sullivan et al., 2011; Wiegand et al., 2016). Their results showed a 

positive correlation indicating that the more robust CA3 input results in increased CA1 

ripple frequency (Sullivan et al., 2011). Besides, mice knockout of CA3 innervation to 

CA1 presents reduced ripple frequency in CA1 and deficits in the consolidation of 

contextual fear memory (Nakashiba et al., 2009). In my data, the observed decrease in 

CA1 ripple frequency in submissive mice may, therefore, result from the possible 

reduction in functional synaptic innervation of CA1 from CA3 (Barnes et al., 1992; 

Wiegand et al., 2016).  

A possible effect of social hierarchy regarding ripple frequency is the impact on the 

intrinsic neuronal circuit during ripple events in the hippocampus. For example, it has 
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been described that hippocampal interneurons and pyramidal cells are most active near 

the trough of the ripple oscillation (Buzsáki et al., 1992). Given that, individual neurons 

express tuning to specific phases around the trough and could occur small changes in 

their spike timing affecting synaptic plasticity. The selective response of neurons to the 

phase of the ripple may facilitate the ordered segmentation of cell assemblies during a 

sharp-wave ripple event (Davidson et al., 2009; Wu and Foster, 2014; Wiegand et al., 

2016). Thus, a possible social hierarchy-associated alteration in-phase coupling or 

phase coding could interfere with the segregation of cell assemblies during ripple 

oscillations and impact memory consolidation. Another plausible option could be the 

differential activity between dominant and submissive mice during quiescent states, for 

example, when dominant animals exploring the environment make a pause or stop. 

Despite not having a track of the animals during the T-maze task, those moments may 

be highly relevant for temporal prospection or planning compared with subordinate 

mice. 

 

Hence, by recording LFP in anesthetized litter mice, I show here evidence for 

functionally distinct oscillation patterns in the dorsal CA1 hippocampus. Indeed, my 

physiological characterization leads to propose that ripple hippocampal oscillation 

patterns present specific activity according to social ranking. 

 

6.5. INTRINSIC PFC ACTIVITY AND DECISION-MAKING DURING COLLECTIVE 

BEHAVIOR 

 

Social relationships shape individual behavior and affect decision-making (Torquet 

et al., 2018). Even though dominance hierarchy arises by recurrent social 

interactions, it causally results from the synaptic efficacy of excitatory transmission 

in the mPFC (Wang et al., 2011). Hence, dominance hierarchy results from intrinsic 

neural activity and connectivity patterns. I found that intrinsic neuronal discharge in 

the mPFC was proportional to task latency, a proxy of temporal executive control, 



114 
 

and this observation partially accounted for the effect of social interactions during 

goal-directed spatial navigation. 

 

The mPFC is essential for decision making and executive behavior (Euston et al., 

2012). I report here that intrinsic cortical dynamics expressed in the spontaneous 

activity of the anesthetized brain partially accounts for the effect of social interactions 

during collective decision-making. Naturally, my observations cannot fully account 

for the shifting in decision-making strategies. At least two additional factors can be 

put forward. First, I did not record the mPFC ongoing activity during task 

performance, nor do I have detailed information about the instantaneous locomotion 

speed, movement patterns, or pauses and stops during collective movement, which 

is more informative about current cortical processing and computations during 

decision-making. Second, the intrinsic activity of other cortical regions contributes to 

goal-directed spatial navigation. For example, the orbitofrontal cortex (OFC) is 

thought to play an important role in adaptive and goal-directed behavior (Sul et al., 

2010). Besides, OFC encodes variables that are relevant for behavior in decision-

making, such as updating values of expected outcomes and shifting decisions 

(Rushworth et al., 2007; Gremel and Costa, 2013). 

 

Previous studies have established that orbitofrontal circuits encode the shift between 

goal-directed and habitual actions (Gremel and Costa, 2013), thus allowing flexible 

and efficient decision-making. This is also consistent with recent findings showing 

that the orbitofrontal cortex integrates prior (i.e., memory) with current (i.e., sensory) 

information to guide adaptive behavior (Nogueira et al., 2017). Besides, the medial 

prefrontal cortex establishes robust anatomical connectivity with the orbitofrontal 

cortex (Euston et al., 2012), and these reverberant connections are undoubtedly 

crucial in shifting strategies of decision-making.  

Sharp wave ripples powerfully synchronize neuronal spike-timing across the 

neocortex (Remondes et al., 2015; Logothetis et al., 2012), including the PFC 
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(Siapas et al., 1998). In my results, cortical spiking activity increased preceding the 

onset of hippocampal ripples, which was apparent in the cross correlogram. Besides, 

the post-ripple afterdischarge was stronger in dominant mice than subordinate 

groups, suggesting enhanced functional connectivity following sharp-wave ripple 

episodes. Moreover, differences in the post-ripple afterdischarge were not the result 

of different temporal distributions of sharp-wave ripples, as inter-ripple intervals were 

similar across social groups. 

 

Additionally, my results show that the coordinated activity between hippocampal 

ripples and prefrontal neuronal spiking was significantly correlated with the PSI, 

reflecting the effect of contingent social information on task performance. 

Importantly, hippocampal-prefrontal coordination during sharp-wave ripples has 

been proposed as a neural substrate for decision-making (Yu and Frank, 2015). 

Indeed, hippocampal spiking during ripples can represent past or potential future 

experiences (Joo and Frank., 2018), and ripple disruptions can affect memory 

performance (Jadhav et al., 2012; Girardeau et al., 2009). 

 

Therefore, sharp-wave ripples support both memory consolidation and memory 

retrieval, which could be at the service of associated cognitive processes such as 

decision-making. It has been shown that adverse environmental conditions, such as 

stress, can disrupt intrinsic hippocampal-cortical connectivity during sharp-wave 

ripples (Negrón-Oyarzo et al., 2015). Importantly, such disruptions are accompanied 

by alterations in long-term memory (Negrón-Oyarzo et al., 2015). Current results 

suggest that the levels of intrinsic hippocampal-cortical connectivity can sustain goal-

directed behavior in social groups. 
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6.6. GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

 

My work mainly explored the collective navigation during the decision-making task and 

the intrinsic matrix activity in the hippocampal-PFC axis in litter mice. My results show 

that goal-directed spatial behavior - acquired individually - can be disrupted by 

contingent social interactions during collective navigation. Likewise, performance in the 

social context was critically dependent on both the previous individual learning process, 

during the training phase, and contingent social interactions arising during navigation 

in the testing phase.  

 

On the other hand, social dominance was adopted as a manner to evaluate social 

dynamics during collective movement. In this thesis, I explored a competitive paradigm, 

namely the tube test, which was consistent with other paradigms based on transitivity, 

consistency, and stability. My results show that the dominance hierarchy was stable 

over time. Interestingly, the dominance hierarchy had no direct relation with task 

performance during collective behavior; yet, it distinctly modulated the susceptibility of 

individuals to contingent social interactions arising during spatial navigation. Moreover, 

intrinsic cortical dynamics revealed significant differences according to social ranking. 

For example, dominant mice exhibited distinct intrinsic cortical activity and connectivity 

patterns that segregated them from the subordinate groups, with larger mPFC firing 

rates, larger hippocampal SWR episodes, and stronger coupling between mPFC 

neurons and hippocampal SWR episodes. Besides, intrinsic cortical dynamics, 

specifically the post-ripple cortical connectivity, correlated with the PSI; that is, the 

factor of social influence on individual task performance. Overall, cortical connectivity 

directly correlates with task performance during individual trials and the social influence 

on individual behavior. 
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Finally, to further understand decision-making in the social context, future studies will 

have to assess not only the PFC's ongoing activity during decision-making but also the 

contribution of intrinsic network dynamics in other related cortical regions. Hence, 

intrinsic cortical activity and connectivity patterns seemingly outline the boundaries of 

social behavior. 
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SUPPLEMENTAL FIGURES 
 

 

 

 

 

Figure S1. Map of the approximate boundaries of the regions of the frontal cortex of the 

rat. (A) Lateral view, 0.9 mm from the midline. (B) Unilateral coronal section, approximately 3.5 

mm forward of bregma (depicted by the arrow above). The different shadings represent the 

three major subdivisions of the prefrontal cortex (medial, ventral, and lateral). Abbreviations: 

ACg, anterior cingulate cortex; AID, dorsal agranular insular cortex; AIV, ventral agranular 

insular cortex; AOM, medial anterior olfactory nucleus; AOV, ventral anterior olfactory nucleus; 

cc, corpus callosum; Cg2, cingulate cortex area 2; gcc, genu of the corpus callosum; IL, 

infralimbic cortex; LO, lateral orbital cortex; M1, primary motor area; MO, medial orbital cortex; 

OB, olfactory bulb; PrL, prelimbic cortex; PrC, precentral cortex; VLO, ventrolateral orbital 

cortex; VO, ventral orbital cortex. Taken from Dalley JW et al., Neurosci Biobehav Rev. 2004 

Nov;28(7):771-84. 
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Figure S2.  A rat hippocampal slice and its major intrinsic pathways. The input signals 

from perforant path fibers excite dentate granule cells. Dentate output, in turn, excites CA3 

pyramidal cells through mossy fibers. The output from CA3 is transmitted to CA1 pyramidal 

cells through Schaffer collaterals. This so-called “trisynaptic pathway” is the major network 

involved in hippocampal neuronal information processing. Taken from Hsiao et al., Front Neural 

Circuits. 2013 Feb 20;7:20.  
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Figure S3.  Representative recordings of local field potential (LFP, 0.3-2 kHz) and filtered 

traces. (A) Acute theta recordings were acquired from the dorsal CA1 stratum pyramidale, note 

that filtered recording showed theta rhythm (green line). (B) Acute gamma recordings were 

acquired from the dorsal CA1 stratum pyramidale, note the filtered recording showed high-

amplitude periods of gamma rhythm (green line). (C) Acute ripple recordings were acquired 

from the dorsal CA1 stratum pyramidale, note the filtered recording showed sharp-wave ripples 

(were evident in the hippocampal CA1 pyramidal layer (green lines in the inset at the bottom). 

All records are taken from the Laboratory of Neural Circuits database. 
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Figure S4.  Schematic of coronal sections drawings made from the stereotaxic mouse 

brain atlas from Paxinos and Watson (1986) at the indicated distances (in millimeters) 

from the bregma. Black lines represent the simultaneously recording sites in the PFC and 

CA1 hippocampus, respectively. 
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SUPPLEMENTAL FIGURES 
 

 

 perf 
ind 

perf 
coll 

lat 
ind 

lat 
coll 

thet
a 
amp 

theta 
fq 

theta 
coh 

ripple
s 
amp 

ripple
s fq 

cc 
peak-
ripple 

cc 
post-
ripple 

firin
g fq 

pyr 
fq 

int 
fq 

PP
C 

PSI 

perf 
ind 

 e-5 0.01 e-3 0.16 0.14 0.64 0.85 0.97 0.39 0.03 0.68 0.65 0.50 0.53 0.18 

perf 
coll 

e-5  0.49 e-3 0.39 0.58 0.70 0.43 0.24 0.45 0.67 0.19 0.17 0.68 0.63 0.97 

lat 
ind 

0.01 0.49  e-5 0.05 0.01 0.99 0.94 0.93 0.58 e-3 0.39 0.48 e-3 0.78 0.07 

lat 
coll 

e-3 e-3 e-5  0.04 0.03 0.87 0.82 0.41 0.15 0.19 0.55 0.42 0.16 0.96 0.43 

theta 
amp 

0.16 0.39 0.05 0.04  0.29 0.16 0.02 0.22 0.71 0.14 0.71 0.76 0.05 0.56 0.84 

theta 
fq 

0.14 0.58 0.01 0.03 0.29  0.39 0.79 0.12 0.54 e-3 0.93 0.75 0.29 0.06 0.08 

theta 
coh 

0.64 0.70 0.99 0.87 0.16 0.39  0.59 0.03 0.86 0.63 0.53 0.81 0.06 0.49 0.74 

ripples 
amp 

0.85 0.43 0.94 0.82 0.02 0.79 0.59  0.03 0.77 0.67 0.82 0.42 0.82 0.83 0.62 

ripples 
fq 

0.97 0.24 0.93 0.41 0.22 0.12 0.03 0.03  0.46 0.95 0.89 0.37 0.78 0.68 0.92 

cc pk-
ripple 

0.39 0.45 0.58 0.15 0.71 0.54 0.86 0.77 0.46  0.24 0.13 0.10 0.51 0.45 0.87 

cc 
post-
ripple 

0.03 0.67 e-3 0.19 0.14 e-3 0.63 0.67 0.95 0.24  0.57 0.68 0.09 0.44 e-3 

firing 
fq 

0.68 0.19 0.39 0.55 0.71 0.93 0.53 0.82 0.89 0.13 0.57  e-15 e-3 0.63 0.08 

pyr 
fq 

0.65 0.17 0.48 0.42 0.76 0.75 0.81 0.42 0.37 0.10 0.68 e-15  0.01 0.78 0.78 

int 
fq 

0.50 0.68 e-3 0.16 0.05 0.29 0.06 0.82 0.78 0.51 0.09 e-3 0.01  0.51 0.09 

PPC 
 

0.53 0.63 0.78 0.96 0.56 0.06 0.49 0.83 0.68 0.45 0.44 0.63 0.78 0.51  0.13 

PSI 
 

0.18 0.97 0.07 0.43 0.84 0.08 0.74 0.62 0.92 0.87 e-3 0.08 0.78 0.09 0.13  

 

Table S1. P-values of linear regressions between pairs of neural and behavioral 

parameters. Yellow squares show significant correlations, P < 0.05. Abbreviations: 

Performance in individual trials, perf ind; performance in collective trials, perf coll; 

latency in individual trials, lat ind; latency in collective trials, lat coll; theta oscillation 

amplitude, theta amp; theta oscillation frequency, theta fq; theta oscillation coherence, 

theta coh; sharp-wave ripples amplitude, ripple amp; sharp-wave ripples frequency, 

ripple fq; cross correlogram peak amplitude, cc pk-ripple; cross correlogram post-ripple 

amplitude, cc post-ripple; neuronal firing rate; firing fq; pyramidal neurons firing rate, 
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pyr fq; interneurons firing rate; int fq; pairwise phase consistency, PPC; peer sensitivity 

index, PSI. 10e-3, e-3; 10e-5, e-5; 10e-15, e-15.  

 

 

parameter SS F p 

Intercept 10187.48 1169.875 0.000000 

PFC area 15.66 1.799 0.179932 

neuron type 325.64 37.395 0.000000 

hierarchy 93.78 3.590 0.013127 

PFC area*neuron type 20.00 2.297 0.129738 

PFC area* hierarchy 64.68 2.476 0.059632 

neuron type* hierarchy 40.71 1.558 0.197450 

PFC area*neuron type* 

hierarchy 

64.79 2.480 0.059302 

 

 

Table S2. Univariate tests of significance for firing rate (n = 22 animals used for 

acute recordings). Abbreviations: SS, sum of squares; F, F-statistic; p, p-value; PFC area 

(dorsal or ventral prefrontal cortex); neuron type (fast spiking or regular spiking cells); hierarchy 

(dominant,  first active subordinate , second active subordinate  and submissive). 
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Figure Test Condition Statistic P 

4B Wilcoxon 

signed rank 

test 

performance Zval = 5.5584 2.72E-08 

5B Wilcoxon 

signed rank 

test 

latency Zval = -5.0317 4.86E-07 

6A Spearman 

correlation 

latency(diff.)/performance 

(diff.) 

r2 = 0.642 6.80E-14 

6B Spearman 

correlation 

latency (individual)/latency 

(collective) 

r2 = 0.508 4.40E-11 

7 Pearson 

correlation 

performance 

(individual)/performance 

(collective) 

r2 = 0.582 1.45E-14 

8 Spearman 

correlation 

animal density selected 

arm/collective performance 

r2 = 0.252 1.60E-04 

9 Spearman 

correlation 

animal density opp. arm 

/collective performance 

r2 = 0.019 0.293 

10B one-way 

ANOVA 

time in tube F(5,84) = 20.58 2.31E-13 

12A one-way 

ANOVA 

initial body mass F(3,56) = 0.31 0.8216 

12B one-way 

ANOVA 

final body mass F(3,56) = 0.54 0.6554 

12C one-way 

ANOVA 

% of body weight change F(3,56) = 0.01 0.983 

14C Kruskal-

Wallis test 

days to criterion Chi-sq = 2.59 0.4585 

14D Kruskal-

Wallis test 

latency at criterion Chi-sq = 0.3 0.9609 

16A one-way 

ANOVA 

performance (coll.-ind.) F(3,56) = 0.54 0.6552 

16B one-way 

ANOVA 

latency (coll.-ind.) F(3,56) = 0.68 0.5662 

17A one-way 

ANOVA 

animal density (selected 

arm) 

F(3,580) = 4.11 0.007 

17B one-way 

ANOVA 

animal density (opposite 

arm) 

F(3,56) = 0.89 0.4499 
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17C one-way 

ANOVA 

animal density (opposite+ 

selected arm) 

F(3,56) = 1.7 0.1783 

18 one-way 

ANOVA 

Latency DP F(3,56) =0.39 0.275 

19 one-way 

ANOVA 

PSI F(3,56) = 4.3 0.0084 

21B one-way 

ANOVA 

delta power F(3,155) = 2.29 0.081 

22C one-way 

ANOVA 

mean firing rate (fast 

spiking) 

F(3,316) = 0.59 0.6243 

22D one-way 

ANOVA 

mean firing rate (regular 

spiking) 

F(3,3378) = 

18.57 

6.07E-12 

23A one-way 

ANOVA 

mean firing rate (all 

neurons) 

F(3,3698) = 

17.03 

5.56E-11 

23B Pearson 

correlation 

latency (time in interaction 

tube)/diff firing rate 

r2 = 0.226 0.0142 

24A Pearson 

correlation 

latency (time in tube)/diff.  

fast spiking rate 

r2 = 0.106 0.13 

24B Pearson 

correlation 

latency (time in tube)/diff. 

regular spiking rate 

r2 = 0.178 0.032 

25C one-way 

ANOVA 

theta power F(3,131) = 1.03 0.3811 

25E one-way 

ANOVA 

theta coherence F(3,139) = 1.1 0.35 

25G one-way 

ANOVA 

PPC F(3,73) = 1.89 0.1387 

26A one-way 

ANOVA 

theta frequency F(3,155) = 2.63 0.0524 

26B one-way 

ANOVA 

theta periods F(3,155) = 2.13 0.0987 

27C one-way 

ANOVA 

ripple amplitude F(3,18567) = 

27.59 

8.55E-18 

27D one-way 

ANOVA 

duration of ripples F(3,18567) = 

2.4 

0.0658 

27E one-way 

ANOVA 

ripple frequency F(3,18567) = 

59.06 

5.45E-38 

28C one-way 

ANOVA 

Amplitude crosscrorr. Peak 

(shuff.) 

F(3,654) = 4.92 0.002 
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28D one-way 

ANOVA 

Amplitude crosscrorr. 

Plateau (shuff.) 

F(3,654) = 

11.37 

2.81E-07 

30C one-way 

ANOVA 

Amplitude crosscrorr. 

Plateau (raw) 

F(3,3698) = 

74.59 

7.71E-47 

30D one-way 

ANOVA 

inter ripple interval F(3,19992) = 

0.59 

0.6193 

31A Pearson 

correlation 

amplitude peak/ ind. 

performance 

r2 = 0.235 0.026 

31B Pearson 

correlation 

amplitude peak/ ind. 

Latency 

r2 = 0.404 0.0019 

32 Pearson 

correlation 

amplitude plateau/ PSI r2 = 0.328 0.00666 

33A Pearson 

correlation 

performance/rate r2 = 0.116 0.121 

33B Pearson 

correlation 

latency/rate r2 = 0.246 0.019 

34A Pearson 

correlation 

fast spiking/rate r2 = 0.087 0.087 

34B Pearson 

correlation 

regular spiking/rate r2 = 0.269 0.013 

     

 

Table S3. Summary of statistical tests per figure 
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