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Abstract
Rodents establish dominance hierarchy as a social ranking system in which one subject acts as
dominant over all the other subordinate individuals. Dominance hierarchy regulates food
access and mating opportunities, but little is known of its significance in collective behavior,
for instance during navigation for foraging or migration. Here, we implemented a simplified
goal-directed spatial navigation task in mice and found that the social context exerts significant
influence on individual decision-making, even when efficient navigation rules leading to
reward had been previously learned. Thus, decision-making and consequent task performance
were strongly dependent on contingent social interactions arising during collective navigation,
yet their influence on individual behavior was outlined by dominance hierarchy. Dominant
animals did not behave as leaders during navigation; conversely, they were most sensitive to
social context. Social ranking in turn was reflected in the neural activity and connectivity
patterns of the prefrontal cortex and hippocampus, both in anesthetized and behaving mice.
These results suggest that the interplay between contingent social interactions and dominance
hierarchy can regulate behavioral performance, supported by the intrinsic matrix of
coordinated activity in the hippocampal-prefrontal circuit.
Significance Statement
Decision-making is shaped by intrinsic features, such as memory-stored information, and
external influences, such as social interactions, yet their interplay is not well understood. We
studied decision-making during collective behavior and found that instead of prioritizing
memory-based pertinent information, mice shifted their individual decisions according to
contingent social interactions arising in the social context. Conversely, constitutive social
interactions, such as dominance hierarchy, were relevant to outline the effect of the social
environment on individual behavior. Our results suggest that intrinsic hippocampal-cortical
activity and connectivity patterns define social interactions. Hence, intrinsic cortical dynamics
underlie behavioral performance during social decision-making.
Main text
Introduction
Social behavior is an adaptive response that has evolved to improve ecological fitness in many
species [1]. Mammalian social behaviors occur in the context of extended groups; however, in
laboratory settings, interactions such as fighting, chasing, courtship, and grooming, are
typically investigated in pairs of individuals [2, 3]. This approach of studying dyads, and treating
the results as prototypical social behavior, has significant limitations because animal groups
commonly rely on more complicated social structures. Indeed, recent experiments tracking
mice in ethologically relevant environments have revealed strongly correlated social behaviors
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that become evident in settings of not just two but multiple individuals [2, 3]. Moreover, some
social behaviors that arise in groups can be contingent, as occurs when individuals randomly
meet during environmental exploration, or when they court a mating partner [4]. Conversely,
social interactions can be a constitutive group property, such as the social ranking system [5].
Dominance status in a social group can be important as it regulates individual behavior in
assays evaluating anxiety, locomotion, or aggressiveness, to an extent comparable to genetic
mutations or pharmacological agents [6, 7]. Nevertheless, most reports describe the role of
dominance status only under individual conditions.
Previous studies have established that the neural basis of dominance hierarchy relies on the
efficacy of synaptic transmission in the medial prefrontal cortex (mPFC) [8], particularly that of
pyramidal cells [9]. Furthermore, synaptic activity in the mPFC as well as its functional
connectivity with the dorsal hippocampus are essential to regulate spatial navigation and
decision-making [10]. More generally, it has been proposed that the mPFC processes the
current context and compares it with past experience to predict and execute the most adaptive
behavioral response [11]. Indeed, the mPFC is actively recruited and prominently contributes
to the control of dominance hierarchy [9], spatial navigation [12], and social behavior [13]. In
these cases, both activity and connectivity of the mPFC have been dynamically associated with
ongoing behavioral needs. However, it is not known whether the dynamics of the mPFC
network accounts for performance of executive function in social contexts. Here, we tested
the hypothesis that the connectivity matrix of the mPFC correlates with specific features of
social behavior and dominance hierarchy. We developed a simple social navigation task and
performed cortical recordings, in both anesthetized mice and freely-moving mice. Our results
show that dominance hierarchy is represented in the activity and connectivity patterns of the
mPFC and hippocampus, which also modulate social interactions during goal-directed spatial
navigation.
Results
Social interactions affect decision-making during goal-directed spatial navigation.
We first characterized the influence of social context on individual decision-making during
collective spatial navigation. We exposed groups of 4 littermate males to a spatial navigation
task, based on a modified version of the T-maze [14], which accommodated all mice
simultaneously (Fig. 1A). As a result, our T-maze was larger than standard versions (Fig. S1).
We structured the task in 2 temporally ordered phases consisting of a training phase (10 trials
per day for each mouse) followed by a testing phase. During training, 2 littermates were
pseudo-randomly assigned to individually look for reward exclusively in the left arm, while the
right arm was baited for the remaining 2 littermates. There was large variance in performance
(defined as the proportion of correct choices during individual trials) between individuals
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during the training phase (Fig. S2), but overall, mice improved their performance linearly over
time (Fig. S3). In addition, they progressively decreased their latency, defined as the time
interval taken to reach the rewarded pocket in the baited arm (Fig. S3). Throughout sessions,
performance and latency co-varied linearly (Fig. S3) suggesting interdependence (Table S1).
Littermates were sequentially trained on the same session, and since learning rates varied
among mice, we defined a learning criterion based on litter performance (3 of 4 mice with 0.75
performance during 2 consecutive days).
Once the learning criterion was reached, mice started the testing phase, which consisted of 4
consecutive individual trials that were followed by a collective trial, in which all 4 littermates
were tested simultaneously (Fig. 1A). To prevent learning of the reward location during
collective trials, arms were randomly baited (in every collective trial). We found that, during
the testing phase, 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. S3). Notably, comparison of performance during individual (0.93 ± 0.01) and
collective (0.75 ± 0.03) trials showed a significant drop in task performance (P = 2.72e-08, Fig.
1B), suggesting an important effect of social context in the process of decision-making of
individual mice during collective navigation. The performance drop in collective trials was
largely determined by task acquisition in the previous training phase, as they were strongly
correlated (P = 1.5e-10, Fig. 1D). Conversely, task latency during the testing phase increased
when comparing individual (4.99 ± 0.40 s) and collective (6.86 ± 0.49 s) trials (P = 4.86e-07, Fig.
1C). Increased latency was proportional to the previous task acquisition since mice exhibiting
short latency during individual trials increased less their latency during collective trials (P =
4.4e-11, Fig. S3). Hence, the social context produced a shift in decision-making, which was
reflected in performance decay and a proportional latency increase during goal-directed,
collective spatial navigation.
Movement decisions in animal groups often depend on contingent social interactions among
individual subjects [4, 15]. During collective movement, animals tend to be attracted to
conspecifics to avoid being isolated and to align themselves with neighbors [16, 17]. Thus, we
reasoned that, during collective movement, mice might modify their previously learned
trajectory depending on the distribution of animals in the maze arms. To test this idea, we
calculated for every mouse the relative average density of animals located in the selected arm
and projected it against its average performance during collective trials (P = 0.0002, Fig. 1E).
We found that, during collective trials, performance was inversely proportional to the relative
density of animals in the selected arm. Conversely, there was no relation between the
proportion of animals located in the opposite arm and performance during collective trials (P
= 0.293, Fig. S4). This implies that the density of animals in the arm that a given mouse chose
to move into was correlated with its task performance in the social context. To further explore
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this observation, we used a mixed logistic model to assess the influence of the spatial
distribution of animals on task performance during collective navigation (Tables S2 and S3).
We confirmed that animal density in the arms exerted significant influence in shifting the
decision-making strategy during collective navigation, with particular relevance to the
proportion of mice located in the selected arm (P = 6.41e-11). Therefore, when more mice
accumulated in a lateral arm it was more likely that an individual mouse would move to that
arm, regardless of the previously learned reward location. Thus, contingent social interactions
were able to modulate memory-based learned reward values and bias decision-making during
collective spatial navigation.
Dominance hierarchy outlines the influence of social context during spatial navigation.
We explored the role of dominance hierarchy [5] on social interactions during spatial
navigation. We assessed hierarchical relations of mice with the tube test [9] in parallel to the
spatial navigation task described above. This test measures the dominance tendency by placing
pairs of mice in a narrow tube, facing each other, and one mouse forces the other out
backward to obtain victory (Fig. 2A). We established social ranking based on the success rate
of mice in pair-wise tests, using a round robin design (Fig. 2A), and found that interaction time
in the tube was shorter as ranking difference increased (P = 2.31e-13, Fig. 2B). Dominance
hierarchy was stable over time, particularly for the dominant mouse, whose position was rarely
challenged throughout the experimental protocol (Fig. S5). Interestingly, the dominant mouse
was not the largest animal in the group, as body masses were similar between rankings during
both ad libitum access to food (P = 0.8216, Fig. S6) and food restriction periods in the
navigation test (P = 0.6554, Fig. S6). During the training phase, we observed that social ranking
was not relevant for task acquisition as performance and latency were comparable between
animals regardless of their dominance hierarchy (Fig. S3). Similarly, the time required to reach
the learning criterion was not different between social rankings (P = 0.9609, Fig. S7). During
the testing phase, the performance drop and latency increase in collective trials was not
modulated by dominance hierarchy, as it was not different between social groups
(performance, P = 0.6552; latency, P= 0.5662; Fig. S7).
Next, we assessed the influence of dominance hierarchy on task acquisition and found no
significant difference of individual performance across social ranks in the navigation task (P =
0.25, Fig. 2C). We then evaluated the effect of social contingent interactions arising during
navigation, as this is another factor that might modulate performance. We compared animal
density in the selected arm across social ranks during collective navigation and found that,
when compared to the subordinate groups, dominant animals moved more eagerly to the arm
that was more densely populated, regardless of the reward location (P = 0.007, Fig. 2D). No
such difference was detected in the opposite arm (P = 0.4499, Fig. S4). This result suggested
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that dominant mice may be more influenceable by the social context than other groups. We
reasoned that the predisposition of individual mice to change their decision according to the
distribution of littermates in the maze should be related to the influence of social context on
individual behavior. To obtain an estimate of social influence, we computed for every
individual mouse the regression coefficient of the spatial distribution of mice on the maze
against task performance in the social context and called it the ‘peer susceptibility index’ (PSI,
median = 0, IQR = 35.13). Since PSI was proportional to the social influence on individual
behavior, the larger its value, the stronger the effect of social context on task performance.
Thus, negative values reflect a detrimental effect of social context, whereas positive values
indicate a beneficial effect on task performance. Importantly, PSI was significantly different
between dominant mice and subordinate groups (P = 0.0084, Fig. 2E), thus suggesting that
dominant mice were more likely to shift their decision based on social context. Moreover,
differences in PSI did not result from different overall distributions of littermates in the maze
during collective navigation according to social ranking (P = 0.1783, Fig. S4). Altogether, these
results suggest that mice exhibit differential susceptibility to contingent social interactions,
outlined by dominance hierarchy.
Activity and connectivity in the hippocampal-prefrontal circuit correlate with behavioral
performance.
Previous studies have established the neural basis of dominance hierarchy in the synaptic
connectivity of the mPFC [9, 18], hence we studied the relation between intrinsic mPFC
dynamics and social ranking system. We recorded spontaneous rhythmic cortical activity in
animals with stereotaxically-implanted electrodes in mPFC and hippocampus (Fig. S8), two
brain regions that are required for goal-directed spatial behavior [19]. Initially, we performed
the experiments under deep anesthesia to focus on intrinsic cortical dynamics and to minimize
behavioral confounds resulting from different dominance hierarchy. To compare relatively
similar conditions, we assessed the depth of anesthesia, as revealed by the power of the delta
frequency band (0.5–4 Hz) of the mPFC and found no differences between social ranks (P =
0.081, Fig. S9). This result suggested that the global brain state was roughly similar across social
groups.
Analysis of the hippocampal oscillations showed that all animals exhibited epochs of
prominent sharp wave-ripples (SWRs, 100–250 Hz, Fig. 3) that alternated with spontaneous
theta-band oscillations (4–8 Hz, Fig. 4), characteristic of hippocampal quiescent [20] and
exploratory [21] states, respectively. We first probed the quiescent states of the brain network
(Fig. 3), when SWRs dominate hippocampal activity [22], and found prominent SWR events
(Fig. 3A), which occurred as short-lived, fast waxing and waning oscillations (Fig. 3B).
Remarkably, SWR amplitude was dependent on social ranking as dominant mice exhibited the
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largest SWRs when compared to the subordinate groups (P = 8.55e-18, Fig. 3C). The duration
of SWRs was not different between social ranks (P = 0.0658), yet their frequency was slower
in the submissive group (P = 5.45e-38, Fig. 3D).
SWRs powerfully synchronize neuronal spike-timing across the neocortex [23, 24], including
the mPFC [25, 26]. Therefore, we computed cross-correlation functions between hippocampal
SWRs and mPFC spikes to quantitate the degree of synchronization between them. We found
that cortical spiking activity increased preceding the onset of hippocampal SWRs (Fig. 3E), yet
maximal mPFC activation (when SWRs peaked) exhibited little difference between social
groups (Fig. 3F). After SWR episodes, cortical activation decreased rapidly but did not return
immediately to baseline. Instead, it reached a plateau of sustained neuronal discharge (Fig.
3E). In paired hippocampal-cortical recordings, this plateau activation was evident as a
prolonged after-discharge of mPFC neurons well beyond the end of the SWR (Fig. S10).
Notably, plateau post-ripple discharges were stronger in dominant mice when compared to
subordinate groups, suggesting enhanced functional connectivity following SWR episodes (P =
2.81e-07, Fig. 3G). These observations were robust, confirmed by shuffling comparisons, and
apparent when assessing the entire neuronal population (P = 7.71e -47, Fig. S11). Moreover,
the differences in plateau discharges were not the result of different temporal distributions of
SWRs, as inter-ripple intervals were similar across social groups (P = 0.6193, Fig. S11).
Our data showed that both cortical connectivity and susceptibility to social context were
dependent on social ranking, particularly for dominant mice. We thus reasoned that the PSI, a
behavioral parameter, might be correlated with the plateau discharge, a neurophysiological
parameter. Indeed, the PSI significantly correlated with the plateau discharge (P = 0.00666,
Fig. 3H), but not with the peak cross-correlogram (Tables S4 and S5). We then tested whether
intrinsic hippocampal-cortical connectivity was related to task performance during spatial
navigation. We performed multiple linear regressions between behavior (task performance)
and neural activity (SWRs) and found that the amplitude of the plateau discharge correlated
with both performance (P = 0.026, Fig. 3I) and latency (P = 0.0019, Fig. S11) of individual trials,
but not with collective trials (Tables S6 and S7). Since the PSI reflects the influence of social
context on task performance, these results suggest that the strength of intrinsic cortical
connectivity correlates with animal behavior during spatial navigation.
We then assessed activated cortical states (Fig. 4) that were characterized by prominent theta
oscillations [27]. The spectral distribution of field potentials evidenced strong hippocampal
theta that was consistently similar between social groups, with comparable amplitude,
frequency, and duration (Fig. S12). Theta waves were also detected in mPFC and were
associated with hippocampal theta (Fig. 4A). Since oscillatory synchrony is a neural mechanism
for functional coupling of distributed neural circuits [28], we assessed the spontaneous
spectral coherence in the field potential activity of the hippocampal-cortical circuit. We
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identified elevated intercortical coherence in theta oscillations under anesthesia in all animals,
with no difference between social rankings (Fig. S12). In vitro studies in mPFC slices have
shown that dominant animals exhibit larger synaptic strength in their excitatory synapses than
submissive mice [9]. We thus tested whether this in vitro relation translated to in vivo spiking
patterns and found that the overall mPFC firing rate in dominant mice was larger than the
subordinate groups (P = 5.56e-11, Fig. 4B, Table S8). Interestingly, the difference was specific
to regular spiking cells (P = 6.07e-12, Fig. S13), which are putative pyramidal neurons, as it was
not detected in fast spiking units (P = 0.6243, Fig. S13), which are putative interneurons. Hence,
dominant mice exhibited larger levels of intrinsic spiking activity in the mPFC under anesthesia.
Cortical oscillations synchronize neuronal spiking and contribute to the temporal integration
of neural activity. Therefore, we computed the oscillatory phase-locking of mPFC neurons to
hippocampal theta by calculating the mean resultant length (MRL) of individual spikes to theta
cycles [26]. As a population, mPFC neurons from dominant animals were less strongly
modulated by hippocampal theta than subordinate mice (P = 0.0026, Fig. S12). Similarly, mPFC
neurons from dominant animals were less modulated by local cortical theta than cells from
the subordinate groups (P = 3.10e-06, Fig. 4C).
Recent evidence shows that the firing rate of mPFC neurons correlates with effortful activity
and dominance behavior in the tube test [30]. Therefore, we compared the firing rate, and
other intrinsic neural parameters, with the latency in the tube test (Table S9). We 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 (P = 0.0142, Fig. 4D). This was further confirmed by multiple linear regression (P = 0.0086,
Table S9). The correlation was specific to putative pyramidal neurons (P = 0.032, Fig. S13) and
was not present in putative interneurons (P = 0.130, Fig. S13). Thus, intrinsic spiking activity in
the mPFC correlates with social ranking and dominance behavior. We also explored whether
intrinsic cortical activity patterns correlated with animal behavior during spatial navigation.
We performed multiple regression analysis including several neural (theta oscillations) and
behavioral (task performance) parameters. We did not detect significant regressors among
neural factors (Tables S10 and S11). These results show that the activity of mPFC neurons
correlates with dominance behavior in the tube test, whereas hippocampal-mPFC connectivity
correlates with social behavior in the navigation test. Overall, these data suggest that intrinsic
cortical activity and connectivity are significant factors in the regulation of behavioral
performance in social contexts.
Spiking activity in prefrontal cortex correlates with dominance hierarchy and social context.
Given the consistent difference in spiking patterns between dominant and subordinate
animals under anesthesia, and their relationship with dominance behavior in the social ranking
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test, we sought to study the spike timing of the mPFC during active behavior. We implanted
tetrodes in the mPFC of dominant and submissive mice and recorded their single-unit activity
during goal-directed behavior. Here, we further simplified the T-maze protocol, recording only
during training sessions and using pairs of animals for collective trials (SI Materials and
Methods). The mPFC of freely-moving animals exhibited prominent theta oscillations, similar
to those recorded under anesthesia, in both dominant and submissive mice, modulating the
spike timing of cortical neurons (Fig. 5A). We focused on the firing patterns and theta-phase
locking of individual mPFC neurons and compared them across social ranking, behavioral state,
and social context (Tables S12 and S13). The firing rates of mPFC neurons were different
according to social ranking, with the submissive mice showing larger neuronal activity in the
home cage (P = 0.0013, Fig. 5B). Similarly, the phase-coupling of mPFC neurons to local theta
oscillations was different between social rankings, with the submissive animals exhibiting
stronger phase coupling to theta waves during spatial navigation (P = 0.0010, Fig. 5C). The
social context exerted an effect in both dominant and submissive animals, as the firing rate of
mPFC units increased in the presence of the littermate in both cases during navigation (Fig.
S14). Given that trial durations were not significantly different between social contexts (P =
0.2217, Fig. S14), this result is unlikely to be explained by different navigation speeds. Similarly,
task performance was not different between social contexts, thus this could not be considered
a modulating factor of spiking activity (P = 0.2597, Fig. S14). In addition, firing rates of individual
neurons were consistent across trials, and exhibited little variation between recording
sessions, but maintained a noticeable difference between social contexts (Fig. S14). Next, to
directly compare the dynamics of spiking activity during spatial navigation we normalized both
firing rates and trial durations. To estimate variability in both dimensions, we computed the
variation of both the amplitude and timing of spiking activity (Tables S14 and S15). We found
that both parameters were modulated by the significant interaction between dominance
hierarchy and social context (hierarchy, P = 0.0102; context, P = 0.0154; Fig. S15). Thus, we
plotted and compared the normalized firing rate of mice during spatial navigation. Prefrontal
neurons of dominant animals discharged with similar profiles regardless of the social context
(P > 0.05, Fig. 5D). Conversely, neuronal activity from submissive animals steadily increased
during spatial navigation (Fig. S16); particularly during individual trials, which were significantly
different from collective trials (P < 0.05, Fig. 5E). Overall, these results suggest that task-related
mPFC spiking activity correlates with dominance hierarchy and social context.
Discussion
Our results show that goal-directed spatial behavior acquired individually can be disrupted by
contingent social interactions during collective navigation. Performance in the social context
was critically dependent on both the previous individual learning process, during the training
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phase, and contingent social interactions arising during navigation, in the testing phase.
Ultimately, the influence of contingent social interactions on individual behavior depended on
dominance hierarchy and correlated with the intrinsic connectivity of the hippocampalprefrontal circuit. Moreover, neural spiking in the mPFC partly accounted for social
performance during both spatial navigation and dominance behavior. Hence, intrinsic cortical
activity and connectivity patterns seemingly differentiate dominance hierarchy and social
behavior.
Given that trained animals acquired complete information about the navigation task during
the training phase, it might be expected that mice would maintain their stereotyped, efficient
navigation strategy during the testing phase of the navigation task. Instead, animals flexibly
switched strategies and privileged sensory evidence arising from contingent social
interactions, which resulted in significant loss of performance and increased latency during
collective movement. The shift in decision-making was not directly related to dominance
hierarchy, but to contingent social interactions arising during collective navigation. Indeed,
task performance in collective trials was significantly correlated with the distribution of
animals in the maze, regardless of the previously learned location of reward during individual
trials. 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 [31]. Conversely, our results show that when sensory experience
occurs in social context, it can substantially modify individual behavior. Perceptual evidence
arising in the social context is possibly more elaborate than common individual experience as
it recruits all sensory modalities and specifically activates circuits for the recognition of and
interaction with conspecifics [1]. For example, 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 [2, 3]. This irreducible high-order structure in social
behavior further supports the study of collective behavior in social groups instead of focusing
on individuals.
Ranking systems emerge in social groups to regulate competition over limited resources.
Rodents establish dominance hierarchy based on a history of recurrent social interactions in
which one subject acts as dominant over the subordinate individuals. Dominance hierarchy
can be assessed and quantified by several tests, including the agonistic behavior assay, the
barber test, and the ultrasonic test, among others. Here, we used the tube test that is
consistent with all those paradigms and has been validated based on transitivity, consistency,
and stability [9]. In agreement with previous reports, we found that dominance hierarchy was
stable over time [9]. Interestingly, dominance hierarchy had no direct relation with task
performance during collective behavior; yet, it distinctly modulated the susceptibility of

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.12.147249; this version posted June 12, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

individuals to contingent social interactions arising during spatial navigation. Previous studies
have shown that effective leadership and social decision-making during collective movement
do not require intrinsic differences between individuals, such as dominance hierarchy or body
size [32]. By studying decision-making during social interactions, we have established that
dominant mice do not guide navigation during collective behavior but instead tend to move to
the arm that was more densely populated by littermates. This striking behavioral pattern
suggests that, in the social context, dominant mice shift their interest from performing the
goal-directed task to monitoring the collective behavior of the social group. This pattern is
completely at odds with the acquisition of the navigation task, in which dominant and
subordinate groups showed comparable performance and latency. Moreover, intrinsic cortical
dynamics revealed significant differences according to social ranking, as 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,
weaker coupling between mPFC neurons and cortical theta oscillations, and stronger coupling
between mPFC neurons and hippocampal SWR episodes. 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
correlated with both task performance during individual trials and the social influence on
individual behavior. Importantly, these two factors accounted for a large fraction of the
variance (62%) in task performance during collective trials.
An important limitation of our study is that we could not track individual trajectories of all
littermates during collective trials. Hence, we do not have detailed information about their
instantaneous locomotion speed or movement patterns. Cortical oscillations are strongly
state-dependent, and lacking such data may be relevant since human and animal experiments
support a role for the hippocampus in imagination, planification, and memory retrieval [21,
33]. Importantly, SWRs dominate hippocampal activity during quiescent states [22]; for
example, when animals exploring the environment make a pause or stop, and those moments
may be highly relevant for temporal prospection or planning [34]. Indeed, hippocampal SWRs
precede successful memory retrieval in awake humans [35] and have been proposed to
support decision-making and imagination [33]. Our results show that the intrinsic coordinated
activity between hippocampal SWRs and prefrontal neuronal spiking was significantly
correlated with the PSI. Importantly, hippocampal-prefrontal coordination during SWRs has
also been proposed as a neural substrate for decision-making [36]. Indeed, hippocampal
spiking during SWRs can represent past or potential future experience [33], and ripple
disruptions affect memory performance [34, 37]. Hence, SWRs support both memory
consolidation and memory retrieval, which could be at the service of associated cognitive
processes such as decision-making. We have previously shown that adverse environmental
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conditions, such as stress, can impair intrinsic hippocampal-cortical connectivity following
SWRs [26]. Importantly, such disruptions are accompanied by alterations in long-term memory
[26]. Thus, our current results suggest that the strength of intrinsic hippocampal-cortical
connectivity is a potential candidate for the modulation of goal-directed behavior in social
groups.
Social relationships can shape individual behavior and affect decision-making [38]. Although
dominance hierarchy emerges from recurrent social interactions, it causally results from the
synaptic efficacy of excitatory transmission in the mPFC [9]. Hence, dominance hierarchy stems
from the matrix of cortical activity and connectivity patterns. The mPFC is essential for
decision-making, executive behavior, and social interactions [10]. We report here that intrinsic
cortical dynamics expressed in the spontaneous activity of the anesthetized brain partially
accounts for dominance hierarchy and social behavior. This suggests that the internally
generated, self-organized patterns of cortical activity, unrelated to behavior or relevant
perceptual processing, may define the framework of behavioral performance. Naturally, this
observation cannot fully account for the shifting in decision-making in the social context, as
other cortical regions also contribute to goal-directed spatial navigation. For example, the
orbitofrontal cortex is relevant in shifting decisions [39]. Indeed, previous studies have
established that orbitofrontal circuits encode the shift between goal-directed and habitual
actions [39], 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) signals to guide adaptive behavior [40]. The mPFC exhibits robust
anatomical connectivity with the orbitofrontal cortex [10], and these reverberant connections
are certainly important in shifting decision-making strategies. Thus, we anticipate that to
further understand decision-making in the social context, future studies will have to assess not
only ongoing activity of the prefrontal cortex during decision-making, but also the contribution
of intrinsic network dynamics in other functionally connected cortical regions.
Finally, to further understand the contribution of individual neurons in the mPFC we recorded
their task-related activity during spatial navigation. Interestingly, results from these
experiments differed from those obtained under anesthesia, as dominant animals exhibited
overall lower and more stable firing rates than submissive animals in the mPFC. This
unforeseen outcome could be, at least partially, related with the modified behavioral protocol
used in chronically-implanted. Indeed, implanted animals were not food-restricted, did not
fully acquire the task, social contexts were tested on different sessions, and most importantly,
dominance hierarchy might have changed after surgery (see SI Materials and Methods).
Despite these significant variations, we confirmed that spiking patterns of dominant and
submissive mice were distinctly modulated by the social context and spatial navigation.
Overall, our results suggest that hippocampal-cortical activity and connectivity patterns are
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important factors to define dominance hierarchy and social behavior. These results suggest
that the interplay between contingent social interactions and dominance hierarchy can
regulate behavioral performance, supported by the intrinsic matrix of coordinated activity in
the hippocampal-prefrontal circuit.
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Figure legends
Figure 1. Spatial navigation task and associated behavioral performance. A, T-maze spatial
navigation task in two variants. Littermate mice (n = 60) were individually trained (10 trials per
day) to navigate the maze foraging for food located at the end of an arm until reaching the
learning criterion. Thereafter, four individual trials (reward in fixed location) were alternated
with one collective trial (reward in random location). From every litter, two randomly chosen
mice were consistently trained to look for food in one arm and the remaining two mice in the
opposite arm. Average task performance (B) and latency (C) for individual mice during
collective and individual trials sampled during the testing phase. D, Spearman correlation
between the average performance of individual trials against the average performance of
collective trials. R2 = 0.501, P < 0.0001. E, Spearman correlation between the proportion of
mice located in the selected arm against average navigation performance of individual mice
during collective trials. R2 = 0.22, P = 0.002. Wilcoxon signed rank test (***, P < 10e-6). Gray
lines, individual mice; black lines, population averages ± SEM.
Figure 2. Dominance hierarchy and sensitivity to social context during spatial navigation. A,
summary plot for all measured cages (n = 15). 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, 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. One-way ANOVA, P = 2.31e-13. C, average performance of individual trials during
the testing phase by social ranking. One-way ANOVA, P = 0.25. D, animal density in the arm
selected by animals during the navigation task according to social ranking. One-way ANOVA, P
= 0.007. E, peer sensitivity index (PSI) by social ranking. One-way ANOVA, P = 0.0084.
Bonferroni test post hoc (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Black lines, population
averages ± SEM; circles, individual mice average; red line; population average; bars represent
average ± SEM.
Figure 3. Sharp wave ripples in cortical networks across social groups. A, example 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 a urethane-anesthetised mouse (CM99reg05). B, grand
average ripple episode (n = 18,571 events, 21 animals). Peak SWRs amplitude (C) and
frequency (D) by social ranking. One-way ANOVA, C, P = 8.55e-18; D, P = 5.45e-38. E, average
crosscorrelogram between the onset of SWRs and PFC units (n = 658 units). Note sustained
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component (plateau) after maximal activity (peak). F, crosscorrelogram peak amplitude by
social ranking. One-way ANOVA, P = 0.002. G, crosscorrelogram plateau amplitude by social
ranking. One-way ANOVA, P = 2.81e-07. H, linear regression between plateau amplitude
against peer sensitivity index (PSI). R2 = 0.328, P = 0.007. I, linear regression between plateau
amplitude against average performance during individual trials. R2 = 0.235, P = 0.026.
Bonferroni test post hoc (**, P < 0.01; ***, P < 0.001). Black lines, population averages; shading
areas, ± SEM; bars, average ± SEM.
Figure 4. Theta oscillations in cortical networks across social groups. A, example simultaneous
recordings 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 a urethane-anesthetized mouse (CM24reg05). Arrowhead depicts the onset of
theta oscillations. B, average prefrontal single-unit firing rate by social ranking (n = 3,702 units).
One-way ANOVA, P = 5.56e-11. C, mean resultant length (MRL) of the population vector from
single-unit activity in relation to cortical theta oscillations according to social raking. KruskalWallis test, P = 3.10e-06. D, linear regression between prefrontal cortex firing rate difference
(winner – loser) and tube test latency difference (winner – loser). R2 = 0.226, P = 0.014.
Bonferroni test post hoc (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Bars, average ± SEM.

Figure 5. Cortical dynamics of dominance hierarchy during spatial navigation. A, example
recordings of prefrontal cortical (LFP PFC) activity showing theta oscillations (filtered 4-8 Hz)
and neuronal spiking (units PFC, filtered 300-4000 Hz) from two chronically-implanted
dominant (rank 1, mouse H8372) and submissive (rank 4, mouse H8373) mice during spatial
navigation in the T-maze. Firing rates (B) and mean resultant length (MRL, C) of mPFC single
units (n = 67) according to behavioral state and social ranking. B, two-way ANOVA, P = 0.0013
(state*hierarchy). C, two-way ANOVA, P = 0.0010 (state*hierarchy). Normalized firing rates for
dominant (D) and submissive (E) animals during T-maze navigation. Warped time represents
entire T-maze. Bin 0, start box; bin 20, arm end. Asterisks depict significant differences
between curves, Wilcoxon rank-sum (*, P < 0.05). Bonferroni test post hoc (*, P < 0.05; **, P <
0.01; ***, P < 0.001). Bars, average ± SEM; colored lines, average population; shading areas,
± SEM.

Materials and methods
Fifteen cages of 4 C57BL/6j littermates (12-25 weeks old) were food-restricted until reaching
85% of ad libitum weight and then trained in a modified T-maze to navigate and find a pellet
reward in a fixed pocket. Performance and latency were quantified as the number of correct
trials and time interval to reach the reward pocket, respectively. Concomitant with the
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navigation test, dominance hierarchy was established with the tube test. After behavioral
testing, some animals (n = 20) were deeply anesthetized with urethane and the activity of both
the hippocampus and prefrontal cortex was monitored. For chronic recordings, 4 cages of 4
C57BL/6j littermates (15 weeks old) were surgically implanted and allowed to recover, after
which they were trained in the modified T-maze while recorded in the mPFC. Spectral analysis
of LFP coherence and power were computed using multitaper Fourier analysis from the
Chronux toolbox (http://www.chronux.org) by using MatLab. Spike sorting was performed
offline using MATLAB based graphical cluster-cutting software, Mclust/Klustakwik-toolbox
(version 3.5, [45]) and phase-locking analysis was computed using the Matlab toolbox CircStats
(http://philippberens.wordpress.com/code/circstats/). To verify recording sites, Nissl-staining
was conducted following the completion of study. See SI Appendix for a detailed description
of experimental and analytic methods.
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