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Abstract 

 
The present thesis investigates the role of corticotropin-releasing hormone (CRH) release in 

regulating social interactions and social hierarchy in mice. Specifically, we investigated the function 

of medial prefrontal cortex (mPFC) neurons expressing CRH. Through a combination of 

electrophysiological recordings, chemogenetic and optogenetic manipulations, calcium imaging, 

and gene silencing techniques, we demonstrate that CRH+ neurons in the infralimbic area (ILA) of 

the mPFC project to the rostral lateral septum (rLS) and that liberation of CRH suppresses social 

interactions with familiar mice. This neural circuit is therefore crucial for the familiarization process 

and underlies the social preference for novelty observed in mice, successfully modulating 

interactions between conspecifics. Motivated by these findings, I investigated the function of these 

cells of the mPFC for social hierarchy and showed that mPFCCRH neurons induce retreat during the 

tube test and therefore facilitate social submission (Graphical abstract (I). 
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Resumen 

 
La presente tesis investiga el papel de la liberación de la hormona liberadora de corticotropina (CRH) 

en la regulación de las interacciones sociales y la jerarquía social en ratones. Específicamente, 

estudiamos la función de las neuronas de la corteza prefrontal medial (mPFC) que expresan CRH. A 

través de una combinación de registros electrofisiológicos, manipulaciones quimiogenéticas y 

optogenéticas, técnicas de imagen de calcio y silenciamiento génico, demostramos que las neuronas 

CRH+ en el área infralímbica (ILA) de la mPFC proyectan al septum lateral rostral (rLS) y que la 

liberación de CRH suprime las interacciones sociales con ratones familiares. Por lo tanto, este 

circuito neuronal es crucial para el proceso de familiarización y sustenta la preferencia social por la 

novedad observada en ratones, modulando con éxito las interacciones entre congéneres. 

Motivados por estos hallazgos, investigué la función de estas células de la mPFC en la jerarquía 

social y demostré que las neuronas mPFCCRH inducen retirada durante la prueba del tubo y, por lo 

tanto, facilitan la sumisión social (Resumen gráfico (I).  
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Introduction  

The present thesis encompasses and goes beyond the results presented in our publication 

"Corticotropin-releasing hormone signaling from prefrontal cortex to lateral septum suppresses 

interaction with familiar mice" (1). The motivation of this research was to investigate the neural 

circuits underlying social preference, the inclination to interact with one individual over another, 

which is crucial for successful social interactions. Previous work assigned a key role for CRH in the 

regulation of biological processes including homeostatic and allostatic neuroendocrine 

mechanisms, memory, and social behaviors (2–4) even in non-stressful contexts (5,6). In addition, 

the mPFC is critical (7,8) for decision-making, social cognition (9) and the establishment of social 

hierarchy in mice (10–14).  

In the first chapter, we review the literature on social dominance and hierarchy, including the 

concept of submission using the Scopus data base (15). We also review the neurobiology of CRH 
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and its correlation with behavior. First, we provide an overview of CRH and related peptides, as well 

as the signaling mechanisms that trigger organic responses. This includes the classical role of CRH 

in the hypothalamic-pituitary-adrenal (HPA) axis and its impact on anxiety-like behaviors. Next, we 

focus on neuromodulation of CRH within the central nervous system, where it influences processes 

such as memory and social behaviors, affecting both distress and non-distress contexts (5,16), to 

finally visualize the gene expression in the mouse brain through data from the Allen Brain Atlas (ISH 

data (17).  

The second chapter consists in a summary of the most recent work we published (1). We 

investigated whether CRH release from the mPFC could regulate social interaction and 

demonstrated that neurons from the infralimbic area (ILA) expressing corticotropin-releasing 

hormone (CRH) project to the rostral lateral septum (rLS) and are crucial in modulating social 

interactions between familiar mice. Utilizing a combination of electrophysiological recordings, 

chemogenetic and optogenetic manipulations, calcium imaging, and gene silencing techniques, we 

show that CRH release from ILA to rLS specifically suppresses social interactions with familiar mice. 

This neural circuit is key in regulating the familiarization process—the process by which interaction 

decreases as a novel rodent becomes familiar—and underlies the social novelty preference 

observed in adult mice. This mechanism is summarized in the graphical abstract shown below, 

adapted from our published work (1). Additionally, we showed how an increase in ILACRH neuron 

density during the second postnatal week drives a developmental shift in social preference in young 

mice, favoring novel over familiar conspecifics.  
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The third chapter focuses on the role of mPFCCRH neurons in social hierarchy. Using chemogenetics, 

optogenetics, and in vivo calcium recordings, I demonstrated a clear association between mPFCCRH 

neuronal activity and submissive behaviors during the tube test. Activation of these neurons 

promotes retreat behavior, while their inhibition enhances social hierarchy. These results highlight 

the crucial role of mPFCCRH neurons in regulating social dominance and underscore the importance 

of the mPFC in modulating submissive behaviors. In the fourth chapter, the main conclusions 

emphasize that mPFCCRH neurons are essential for regulating social interactions by promoting social 

avoidance, along with future directions and implications for understanding and treating social 

disorders. 
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Crh-Cre;Ai9 mice   

CHAPTER	I	

CRH+ 
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CHAPTER I. Corticotropin-releasing hormone, gene expression mapping and 
Insights on Social Dominance and Hierarchy. 
 

Review on social dominance and hierarchy, including the concept of submission using 
the tool “Artificial Intelligence Applied to the Improvement of Scientific Reviews” (15) 
 

In order to observe the general trends of the research efforts that have been carried out about 

dominance and social hierarchy, we used the tool “Artificial Intelligence Applied to the 

Improvement of Scientific Reviews” (15), developed by the Institute for research, development and 

innovation in health biotechnology of Elche (IDiBE). Using artificial intelligence applied to language 

processing, this tool analyses Scopus abstracts. In this way, it uses the K-mean technique to 

categorize the results and thus examine the information used in the abstracts, reflecting key 

concepts for exploring this search about dominance and social hierarchy constructs. To this end, we 

performed the search in the Scopus database with the entry (TITLE-ABS-KEY (dominance) AND 

TITLE-ABS-KEY (hierarchy) AND TITLE-ABS-KEY (submission) OR TITLE-ABS-KEY (cortex) OR TITLE-

ABS-KEY (tube)). The results were downloaded in a .csv file, exporting the fields "Citation 

information" and "Abstract & keywords" to process the information. 

The search yielded 330 results including 275 articles, 26 reviews, 18 book chapters, 9 conference 

papers or notes, and 2 short surveys until the year 2024. Following the k-means algorithm, an 

unsupervised clustering algorithm, to find groups of similar abstracts by calculating the distance 

between them to group the closest ones. Then, the Elbow method and the Average Silhouette 

method were used to define the optimal number of clusters, resulting in 5 clusters for the 330 

results (Figure 1A-C).  To evaluate the resulting categorization the tool used the Term Frequency - 

Inverse Document Frequency (TF-IDF) method. TF-IDF is a feature Statistical weighting of Words 

algorithm that calculates the importance of words in each abstract relative to own as well as to all 
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the abstracts in the Scopus results to assign each word in an abstract a score that ranges from zero 

to one.  

The 75 most frequent words for all the abstracts are visualized on a word Cloud and the top 

keywords, based on their TFIDF score, for each cluster (Figure 1E) show the general trends on 

research regarding the Scopus search. Considering that the objective of this search was configured 

under the construct of social dominance and hierarchy, including the concept of submission, the 

TFIDF shows a variety of terms that include the neurobiological bases of these behaviors. Clusters 

0, 2, 3 and 4 included the terms dominance, hierarchy or submission (Figure 1D dashed box), 

additionally these clusters involved the terms social, rank and behavior (Figure 1D asterisk) but just 

in the clusters 0, 2 and 3 appear animal, mice, rat or dog. However, cluster 4 has the highest score 

for the term social. Unlike, cluster 1 where mainly addresses concepts on brain functions and brain 

anatomy, associated with investigation like “Hierarchy of cortical responses underlying binocular” 

(ref) or “A Hierarchical Model of Binocular Rivalry”. 

Based on these results, we analyzed the index keywords of the 248 abstracts corresponding to these 

four clusters (0, 2, 3 and 4) related to social dominance and hierarchy, including the concept of 

submission. The neuroanatomical bases included in these results mention brain regions such as the 

prefrontal cortex (10,18,19), hippocampus and the amygdala (20,21), as well as the hypothalamus 

(22) in 32%, 5%, and 6% respectively. These brain areas are mainly associated with decision-making, 

social cognition and regulation of social behavior, as well as fear, aggression or stress response 

(19,20). Less frequently, brain regions such as the striatum, thalamus and periaqueductal gray (PAG) 

are also included (23). 
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Figure 1. Artificial Intelligence Applied to Scientific Reviews. A. Scatter plot from PCA of the 330 articles collected from the Scopus entry: (TITLE-ABS-KEY 
(dominance) AND TITLE-ABS-KEY (hierarchy) AND TITLE-ABS-KEY (submission) OR TITLE-ABS-KEY (cortex) OR TITLE-ABS-KEY (tube)). Colors represent the items in each of 
the 5 clusters. The black dots represent the centroids of each cluster. B. Pie chart with the percentage distribution of distribution in each cluster. C. Number of abstracts 
on each cluster by using the K-means algorithm. D. Distribution of each cluster per year. E. Middle, Word cloud of the 75 most frequent words. A larger font size indicates 
a higher relative frequency. The arrows show the graph of the score assigned by the Term Frequency - Inverse Document Frequency (TF-IDF) algorithm in each of the 
cluster
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Among the most cited works in this search, the impact of social hierarchy on the health of social 

species stands out (10,24–26). Interestingly, one of the species studied in this context is the dog 

(27,28), exhibiting social structures with hierarchies of dominance and submission, even in non-

domesticated populations (29,30). The interest in understanding these behavioral patterns aims to 

provide knowledge about both dog-dog and dog-human interactions due to their long history of 

cohabitation. Similarly, hierarchical structures are observed in primates, both human and non-

human (14,31,32). However, it has been argued that the concept of dominance is more complex 

than simply social relationships involving competition or agonistic behaviors (33–35) 

Dominance (36,37) can be seen as a learned result of intragroup interactions that configure 

hierarchies of subordination (38). It is common to observe the formation of hierarchies under 

stressful conditions, especially in captivity, where animals in disadvantaged situations often respond 

to competitive situations to configure useful social dynamics in their group (37,39,40). Dominance 

must be distinguished from other factors such as territoriality, particularly for space, or learned 

behavior (40,41). Dominance relationships (based mainly on dyadic interactions) and social 

hierarchy (assigned ranks) are terms that are often blurred (37). While dominance/subordination 

describes a relationship in which one individual submits to another during a conflict and the dynamic 

represents an adaptive compromise, weighing the benefits and costs of submission versus 

resistance (38,41), social hierarchy is the outcome of behavior within a group, useful for categorizing 

and predicting group interactions (37,40). In this way, there are terms to differentiate and 

understand the dynamics in the continuum of social interactions, which fluctuate between passive 

behaviors, such as avoidance, and aggressive actions mostly related to maintaining territorial 

boundaries and securing access to resources (40,41). Thus, agonistic interactions emerge as a term 

within this continuum to describe social interactions linked to fight, not only aggression, but also 

behaviors like threats, displays, retreats, and efforts to confront aggressors (25,42). 
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To understand complex behaviors such as aggression or dominance, researchers have developed a 

comprehensive view of their biological foundations, including autonomous response and their 

evolutionary history regarding functionality (43). The four levels of behavioral analysis are often 

used to analyze this continuum in social interactions. This framework includes ontogeny, 

mechanism (focusing on the physiological or neurological causes), function, and phylogeny (44). 

Additionally, the importance of epigenetics in the development of traits during social interactions, 

which involves the way environmental factors influence gene expression, plays a significant role in 

shaping these behaviors during development (38,45). Advances in pharmacology and molecular 

biology offer new tools, such as drugs targeting specific neural circuits related to social behaviors. 

For example, 5-HT (serotonin) has been shown to alter aggressive behaviors (46,47). Serotonergic 

systems interact with dopamine, GABA, and neuropeptides, providing insights into brain function 

and aggression (34,47). In this way, understanding the dynamics and forms of social hierarchies 

emphasizes both brain regions and pathways (14,22) and physiological indicators in the context of 

social position (5,48) 

Cortisol levels have been a target in the psychological process to understand their relationship with 

social status (48–50). Research on different primate species (36,51–53) reveals variations between 

cortisol levels and social status. Studies show that subdominant males often have higher cortisol 

levels (51–53) in species like squirrel monkeys or mandrills. In contrast, other species (54–57) such 

as white-faced capuchins or chimpanzees display the opposite pattern. This diversity highlights that 

cortisol levels in dominants versus subordinates depend on species-specific social systems and 

whether the hierarchy is unstable (48–50,55) where high cortisol helps manage social interactions 

by promoting vigilance and submissiveness to reduce aggression from higher-status individuals 

(58,59). Subordinate individuals generally experience higher cortisol levels when facing frequent 

stressors and having limited social support (50). This underscores the complex interplay between 

cortisol, social rank (49,55,58). 
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Neurobiology of Corticotropin-releasing hormone (CRH), activation of hypothalamus-
pituitary-adrenal (HPA) axis. 
 
Corticotropin-releasing hormone (CRH), a 41-amino-acid peptide exists in a wide variety of 

mammalian species and is generated by proteolytic cleavage of a 194-amino acid precursor (60). 

CRH operates through receptors, CRHR1 and CRHR2, which are differentially distributed throughout 

the brain. The CRHR1 receptor activates various intracellular pathways by increasing cyclic AMP 

(cAMP). The most studied pathway downstream of CRHR1 is the MAPKs cascade, which plays a 

central role in stress (61–63).  

The signaling mechanism activated by CRH receptors (CRHRs) involves a series of steps facilitated 

by G-protein-coupled receptors (GPCRs). CRHRs, embedded in the cell membrane, bind to CRH, 

leading to a conformational change in the receptor. This active conformation promotes the 

exchange of GDP for GTP on the Gα subunit of the associated heterotrimeric G-protein, which is 

composed of α, β, and γ subunits (64,65). Consequently, the Gα-GTP and Gβγ subunits dissociate 

and propagate different intracellular signaling pathways. These pathways can activate various 

enzymes and second messengers, influencing cellular responses (62). Following receptor 

endocytosis, the Gα subunit hydrolyzes GTP to GDP, leading to the reassembly of the heterotrimeric 

G-protein (66). 

 

In addition to CRH, the neuropeptide family includes urocortin (UCN), which shares 45% sequence 

homology with CRH and is the main agonist of CRHR2. Indeed, UCN shows greater affinity for CRHR2 

receptor subtype than CRH (62,67). UCN, is often associated with reduction in food intake 

(hypophagia) without being associated with toxic effects or conditioned taste aversion, highlighting 

its potential for stronger physiological effects in certain stress-related pathways (68). Both CRH and 

UCN are integral components of the stress response system, with implications in anxiety, depression 

(69), and immune modulation, underlining the complexity of the CRH receptor system and its 

significance in neuroendocrine regulation (68,70). Differentiation between UCN and CRH suggests 
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unique functional roles for each receptor subtype (67,71).  

 

In this thesis, we focus on the role of CRH to regulate social behaviors with the underlying 

assumption that CRH released in different brain areas can modulate different behaviors. It is 

primarily associated with the neuroendocrine and behavioral response to stress, mainly by 

activating the hypothalamic-pituitary-adrenal (HPA) axis (2,4,71,72). When the body experiences 

stress—whether visceral, environmental, or psychological—the hypothalamus releases CRH and 

arginine vasopressin (AVP) by neurons in the paraventricular nucleus (PVN) of the hypothalamus. 

These hormones work together to stimulate the pituitary gland to produce and release 

adrenocorticotropic hormone (ACTH. Bonfiglio et al., 2011; Holsboer & Ising, 2010. ACTH acts on 

the adrenal cortex, stimulating the synthesis and release of glucocorticoids, primarily cortisol in 

primates and corticosterone in rodents. These glucocorticoids mediate functions designed to adapt 

to the demands of stress known as a crucial biological stress response system (74,75). 

Cortisol plays a significant role in medical and psychobiological research due to its involvement in 

various pathological states. Hypercortisolism leads to Cushing’s disease, which often presents with 

psychological disturbances linked to symptoms of major depression (76,77). Conversely, 

hypocortisolism, seen in Addison’s disease (78), is also present in disorders like chronic fatigue 

syndrome (79) and is associated with mood alterations (80–83). Notably, cortisol serves as a 

biomarker for stress in psychobiological research. Investigations show that cortisol levels respond 

to both acute and chronic stressors (84,85) and are strongly correlated with the development and 

functioning of the HPA axis in adults (86). Environmental factors involved in stress exposure include 

loneliness, family conflicts, negative social evaluation, and social status (48,84). Additionally, major 

depression disease has been associated with differences in stress reactivity and cortisol responses 

(87–89). These findings highlight the impact of both somatic diseases and mental health conditions 

(80) on the functioning of the HPA axis (86,90,91). 
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Beyond the HPA axis, role of CRH in Central Nervous System (CNS). 
 

CRH acts as a neuromodulator in the central nervous system, and its dysregulation is linked to 

psychiatric disorders. Also involved in process like memory and social behaviors even in non-distress 

context (4–6,16). An investigation in rats demonstrated that intracerebroventricular (ICV) injection 

of synthetic CRH elicited dose-dependent anxiogenic effects, which were not observed with 

peripheral administration. This suggests that CRH has direct effects on the central nervous system, 

independent of its known role in stimulation of the anterior pituitary gland (92). 

 

Constitutive CRH knockout mice showed a significant glucocorticoid requirement for fetal lung 

maturation, highlighting the crucial role of CRH in fetal development. Remarkably, despite having 

marked glucocorticoid deficiency, these mice exhibited normal growth, fertility, and longevity after 

birth, demonstrating that glucocorticoids are far more essential during fetal life than postnatally 

(93,94). Conversely, in Sim1-Crh-KO mice, which lack CRH expression in the PVH but retain it in other 

brain regions, adrenal atrophy and reduced corticosterone levels were observed, reflecting the 

expected loss of neuroendocrine function associated to CRH. However, Sim1-Crh-KO mice displayed 

anxiolytic behavior even after corticosterone levels were restored, suggesting that the anxiolytic 

effect is independent of glucocorticoid levels (94,95). 

 

Specific approaches through targeted deletions of CRHR1 in different neuronal populations have 

revealed the complex, bidirectional roles of this receptor in behavioral regulation (96–98). For 

instance, a conditional knockout experiment was conducted using a mouse line 

(Crhr1loxP/loxPCamk2a-cre) where the CRHR1 receptor was selectively inactivated postnatally in 

the anterior forebrain and limbic structures, while preserving pituitary function and the integrity of 

the HPA-axis. Behavioral findings showed that these mice displayed significantly reduced anxiety 
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levels compared to control mice, despite the basal activity of their HPA axis remained normal (96). 

Similar to these results, the absence of CRHR1 in forebrain glutamatergic neurons reduces anxiety, 

but this also disrupts neurotransmission in critical regions such as the amygdala and hippocampus, 

which are involved in emotion and memory processing. In contrast, deleting CRHR1 in midbrain 

dopaminergic neurons leads to increased anxiety-like behaviors and reduced dopamine release in 

the prefrontal cortex, an area essential for mood regulation and cognitive function (97). Based on 

these findings, it is suggested that an imbalance between these opposing CRHR1-regulated systems 

could contribute to emotional disorders like depression (96,97,99).  

The synaptic physiology of CRH reveals that it can exert both tonic and phasic effects, modulating 

neurotransmission by either potentiating or inhibiting key neurotransmitters like glutamate, as well 

as neuromodulators like dopamine. These mechanisms further underscore the role of CRH as a key 

mediator in maintaining organismal homeostasis and adaptive behavioral responses (98,100). 

Further research has shown a connection between the CRH system and social behaviors in several 

species, including fish, birds, rodents, and primates (4,101). This suggests that the role of the CRH 

goes beyond stress responses, as it influences behaviors related to social interactions in these 

different species (102). Studies on poor social conditions, such as isolation or defeat, have shown 

activation in the PVN (103,104), CeA (105), cingulate cortex, piriform cortex, or cerebellum (106). 

However, these differences in brain regions seem to differ depending on the species, as well as the 

type of receptor (4) or sex (107). These results should consider that they were mainly examined in 

males, so their effects should consider experimental variations (4,108). 

 

The CRH system is also involved in prosocial behaviors, such as parental care, maternal defense, 

sexual behavior, pair bonding, and social memory (4). For example, in male prairie voles, CRF 

administration facilitates the formation of mate preferences (109,110).  Regarding social memory, 

CRH system plays a complex role in social memory and recognition (4), influencing both social 



 

 25 

interactions and the memory processes (111) through various receptors and conditions (112). 

 

A study in rats demonstrated bidirectional effects of pharmacological manipulation of the CRH 

system(6). First, adult female rats received intracerebroventricular injections of a CRF receptor 

antagonist (d-Phe CRF (12-41)) at varying doses (0.2, 1, or 5 μg). Subsequently, social recognition 

memory was assessed using a delay paradigm, where rats were presented with a familiar juvenile 

rat after a 30-minute delay. The results demonstrated that administration of the CRF receptor 

antagonist dose-dependently impaired social recognition performance. Then, they explored the 

effects of increasing CRF availability on social recognition memory, adult rats were administered 

intracerebroventricular injections of a CRF binding protein ligand inhibitor (r/h CRF (6-33)) at 

different doses (1 or 5 μg). Social recognition memory was then evaluated using a longer delay (120 

minutes) to induce forgetting. The findings revealed that a 1 μg dose of the CRF binding protein 

ligand inhibitor successfully reversed the memory impairment caused by the extended delay. 

However, a higher 5 μg dose exhibited non-specific effects on social investigation, suggesting a 

potential dose-dependent effect on memory processes. Through these two main experiments 

demonstrated that brain CRF systems play a crucial role in social recognition memory in rats, even 

in the absence of stressor exposure (6).  

 

In contrast, another investigation showed that mice overexpressing CRH (CRH-OE) exhibited 

increased social investigation during the first habituation to a juvenile (111). In subsequent 

habituation sessions, CRH-OE mice showed investigative behavior similar to wild-type mice. When 

tested 10 minutes after the last session, both groups preferred the novel juvenile, indicating normal 

short-term memory. However, 24 hours later, only CRH-OE mice retained social memory. This 

implies the CRH system in social recognition but leaves uncertainty as to whether its effects are 

specific to social stimuli or general memory. Further research on Ucn3 knockout (KO) mice revealed 
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slower extinction of social recognition memory but no impairments in object, social odor 

discrimination, or social interaction (112). Additionally, mice lacking CRHR2 also exhibited improved 

social memory, while Ucn2 KO mice had normal social memory, highlighting Ucn3’s role in social 

memory via CRHR2 receptors (112). This intricate regulation aligns with the understanding that the 

central CRH system, beyond its traditional association with the HPA axis, plays a broader role in 

modulating emotional functions receptor (4). These findings highlight the neural mechanisms 

influenced by CRH and prompt further investigation into the circuits involved in social and 

motivated behaviors. Key brain regions, including the PFC, hippocampus, amygdala, and thalamus, 

play a central role in these processes, offering valuable insights for a more comprehensive 

understanding of their functions (113,114). 

 

The role of CRH in the brain, particularly in the PFC, amygdala, and hippocampus, is linked to 

modulating social interactions (115), behavioral responses to challenges (99,116), and executive 

functions (117). However, the circuits involved across the brain remain largely unknown (97,99). 

Remarkably, the mPFC plays a crucial role in regulating social behaviors, decision-making, and 

navigating social status (8,9,11,14). Additionally, the prefrontal cortex has been consistently 

identified as one of the most affected regions in depressive disorders (118,119), where impairments 

in these circuits may contribute to affective dysregulation ((119,120). The role of CRH in the PFC has 

attracted increasing attention, both in its local dynamics (115–117) and in the circuits involved 

(97,99). In this way, modulation by CRH depend on the cell type where it is expressed but also on 

the specific circuit context in these brain regions. The hypothesis about the intracellular pathways 

activated by CRH vary by brain region due to specific ligand-receptor interactions, influencing 

synaptic transmission differently (97,98,100) showing the complex role of in shaping brain 

functions. 
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Spatial and Quantitative Visualization of Crh Gene Expression Across Mouse Brain 
Regions using "Allen Brain Atlas-Driven Visualizations: a web-based gene expression 
energy visualization tool" (17). 
 

In order to visualize the Crh gene expression in the mouse brain, we use the Allen Brain Atlas-Driven 

Visualizations (ABADV. Zaldivar & Krichmar, 2014). The Allen Brain Atlas (ABA) is a publicly accessible 

online resource that integrates gene expression, connectivity, and neuroanatomical data from adult 

and developing mouse, human, and nonhuman primate brains. It offers multiple data types, 

including in situ hybridization (ISH), microarrays, RNA sequencing, reference atlases, projection 

mapping, and MRI. As users, we can explore these datasets through interactive tools such as gene 

search methods, image viewers, 3D anatomical navigation, and cross-dataset searches (121,122). 

The ABA provides extensive data on gene expression and neuroanatomy for human and mouse 

brains (123), but its built-in tools can be limiting in terms of the number of genes and brain 

structures researchers can view simultaneously.  

 

The Allen Brain Atlas-Driven Visualizations is a web-based tool designed to enhance the accessibility 

and analysis of gene expression data from the ABA API and D3 Javascript library (124). ABADV 

addresses this limitation by generating multiple visualizations, including pie charts, bar charts, and 

heat maps, which display expression energy values across various genes and brain structures. This 

allows for straightforward comparisons of gene expression patterns in different brain areas. Each 

visualization links back to the ABA, providing access to detailed experimental summaries. This tool 

facilitates immediate and comprehensive analysis of large datasets (17).  

 

The gene expression energy values from the Allen Brain Atlas API, represents gene expression across 

200 µm voxels in the mouse brain (125,126). This data is derived through a specialized processing 

pipeline developed by the Allen Institute to manage large-scale RNA in situ hybridization (ISH) data. 
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Each experiment image is divided into a 3D grid of 200µm sections, where expression pixels and 

their intensity are measured for each division. Two key metrics are derived from this division: 

expression density, which is the ratio of expressing pixels to total pixels, and expression intensity, 

which is the average intensity of expressing pixels (17,126,127). 

Following the ABADV pipeline (17) we performed the search for the expression of the corticotropin-

releasing hormone gene following as input the genetic symbols and the acronyms of the brain 

structure of Mouse Genome Informatics(128) In this way, we type “Genes (Symbol)” Crh; “Brain 

Structures (Acronym)”TH, MB, CB, STR, HPF, P, PAL, HY, Isocortex, CTXsp, MY, OLF; Color Scheme: 

Atlas; “Probe” Antisense; “Section” Both; “Visualization” All (Figure 2A). 

Results showed three experiments for Crh, Chr1 and Chr2 each. First, the bar charts of expression 

energy and the colors show information about different sub-groups of brain structures to Crh gene 

expression. It means that the height of the bar is proportional to the amount of expression energy 

(Figure 2B). Pie charts demonstrating relative proportions in brain structures for Crh, Chr1 and Chr2 

(Figure 2C: top, middle and bottom). The color intensity of the pie charts shows the expression 

energy relative to each gene, thus appear more transparent or opaque according to the expression 

energy. Furthermore, the width of a pie slice represents the total amount of expression energy. 

Finally, to compare the visualization with Brain Explorer 2 application (122), we consult the same 

query with ABADV (Figure 2A). After downloading each gene into Brain Explorer, we navigated 

through their structural hierarchical panel within the application, turning on all 3D polygonal brain 

structures associated with the ABADV query and turning off the brain structures (Figure 2D). 

According to previous reports (94,129–131) this visualization is consistent with the highest amount 

of expression energy to Crh is observed in olfactory areas (OLF), Isocortex and hypothalamus (HY). 

Furthermore, as expected, there is higher expression of Crhr1 than Crhr2 and their regions 

associated are the cerebellum, olfactory areas and isocortex (Figure 3B. (94). Pie charts (Figure 3C) 
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provide stronger color intensity and wider portion corresponding to expression energy in the 

anterior olfactory nucleus (AON) and paraventricular hypothalamic nucleus (PVH) subregions. 

Interestingly, the greater intensity in the isocortex includes the Anterior Cingulate Area (ACA), 

Agranular Insular Area (AI), Prelimbic Area (PL), Ectorhinal Area (ECT), Gustatory Areas (GU), and 

Orbital Area (ORB. Figure 2C). Based on a study that analyzed the distribution of CRH neurons in 

CRH-IRES-Cre;Ai3 mice using automatic imaging and stereoscopic cell counting, a higher density of 

these neurons was found in specific regions, revealing intricate details about their spatial 

organization in the glomerular (Gl) and external plexiform (EPl) layers of the main olfactory bulb. 

The same study reported that expression in the PVH, as expected, was distributed throughout the 

entire rostro-caudal extent, from the suprachiasmatic nucleus to the rostral portion of the arcuate 

nucleus. Finally, in the cerebral cortex, the distribution included the rostro-caudal extent, primarily 

in layers 2 and 3 of the neocortex, with some presence in deeper layers (4 and 5). These neurons 

exhibited bipolar or multipolar shapes, with bipolar neurons often having dendritic processes 

traversing multiple cortical layers (129).   
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Figure 2. Allen Brain Atlas-Driven Visualizations (ABADV) of Crh gene expression in mouse (mus 

muscullus). 

A. Searching for corticosteroid-releasing gene (Crh, Crhr1, Crhr2) expression through the ABA 

databases. Brain structures: Thalamus (TH), Midbrain (MB), Cerebellum (CB), Striatum (STR), 

Hippocampal formation (HPF), Pons (P), Pallidum (PAL), Hypothalamus (HY), Isocortex (Isocortex), 

Cortical subplate (CTXsp), Medulla (MY), Olfactory areas (OLF) B. Bars represent a different gene 

expression experiment, each bar within a group of bars represents a different brain structure. Left-

up, Crh. Right-up, Crh1. Left-down, Crhr2. Right-down, Crhr1-Crhr2. Bar height denotes the amount 

of expression energy to Crhr1 and Crhr2. C. Pie chart to brain structures in OLF, ISO and HY brain 

structures. Crh-up, Crhr1-middle and Crhr2-dowm. Width of a pie slice represents the total amount 

of expression energy, and the opacity of each slice denotes the amount of expression corresponding 

to brain regions. D. Crh expression in brain structures, colored spheres represent the amount of 

expression in each brain structure, where blue green is low, yellow is medium, and red is high. The 

spheres also represent each 200 µm3 voxel detected in expression. Density observation is above 

0.053. 
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CHAPTER II. Summary of “Corticotropin-releasing hormone signalling from 
prefrontal cortex to lateral septum suppresses interaction with familiar 
mice” (1) research.  
 

Social preference is a fundamental trait in gregarious animals, defined by the tendency to interact 

with one conspecific over another, which is crucial for navigating social environments. In adult 

rodents, this preference is shaped by kinship, strain identity, and sex, leading to increased 

engagement with relatives and opposite-sex individuals. While innate factors play a role, additional 

influences further shape these social choices (132–134), Social preference is not only driven by 

innate factors but is also shaped by social memory, hierarchy, and the affective state of conspecifics, 

influencing how individuals navigate and engage within their social environment. (135,136). Adult 

rodents exhibit a social novelty preference (SNP), favoring interactions with unfamiliar individuals 

over familiar ones. SNP has served as a key behavioral assay to measure of social memory, although 

the underlying neural circuits remain unclear. It is still uncertain whether this preference arises 

purely from the rewarding nature of novel social interactions or if it also involves an active 

suppression of engagement with familiar individuals. We proposed that specific neural circuits may 

drive the avoidance of familiar conspecifics, thereby reinforcing social novelty preference when 

both familiar and novel mice are present. 

Memory-driven preferences, including social novelty preference, develop within specific time 

windows and can evolve throughout the lifespan of altricial animals  (137) For instance, before 

weaning, young mice show a strong preference for their mother over unfamiliar dams, but this 

preference reverses afterward, favoring novel dams. Likewise, rat pups initially prefer their familiar 

siblings during the first two postnatal weeks, then gradually shift their preference toward unfamiliar 

pups (132,138). While the mechanisms driving these developmental transitions are not yet fully 

understood, the lateral septum (LS) —a brain region involved in regulating motivated behaviors, 

including social interactions—plays a crucial role. It is essential for kinship and familiarity preference 



 

 34 

in young rats and contributes to social novelty preference in adult rodents. (132). Additionally, the 

infralimbic area (ILA) of the medial prefrontal cortex (mPFC) plays a key role in decision-making, 

responds to social stimuli, and is essential for social novelty preference. The mPFC connects with 

the lateral septum (LS) to modulate food-seeking behavior, but how these regions process social 

memory cues and coordinate to regulate social interactions remains unclear. 

In humans, CRH is linked to psychiatric disorders characterized by social impairments, including 

depression and social phobia. In rodents, altering the CRH system disrupts social behavior. Since 

CRH is expressed in the infralimbic area (ILA) and its receptor, CRHR1, is present in the lateral 

septum (LS), we propose that CRH signaling from the ILA to the LS plays a role in regulating social 

interactions and influencing social novelty preference. 

Projection from ILACRH to the lateral septum in rostro-dorsal area 
 

To explore the neural mechanisms underlying social novelty preference, we targeted infralimbic 

area (ILA) neurons expressing corticotropin-releasing hormone (CRH). We injected CRH-Cre mice in 

the ILA with a Cre-dependent adeno-associated virus (AAV) encoding membranous GFP and 

synaptophysin tagged with mRuby, enabling visualization of axons and synaptic terminals (Fig. 3A-

B). GFP+ fibers were detected in the rostral-dorsal region of the lateral septum (rdLS), and mRuby-

labeled axon terminals were confirmed (Fig. 3D-E). Retrograde labeling with CtB-488 in the rdLS of 

CRH-Cre mice crossed with a Cre-dependent tdTomato reporter line revealed tdTomato+ cells across 

the rostro-caudal axis of the ILA (Fig. 3F-G). Further verification with a retrograde monosynaptic 

herpes simplex virus expressing GFP showed that 79% of CRH/GFP+ cells were located in the ILA, 

with 66% in layer 2/3 (Fig. S1 A-D). In situ hybridization confirmed that 92% of ILACRH cells expressed 

Gad2 mRNA, identifying them as GABAergic neurons (Fig. S1 E-H). In septal slices from CRH-Cre mice 

injected with Channelrhodopsin, blue light stimulation induced outward currents at +10 mV, but no 

inward currents at -70 mV, and light-evoked IPSCs were blocked by GABAA and GABAB receptor 
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antagonists (Fig. 3 L-N). These findings indicate that ILACRH neurons projecting to rdLS are a specific 

population of GABAergic neurons. 

 

Figure 3. According to Figure 1 in reference (1), ILACRH cells project to rostro-dorsal LS  

(A) Viral Tracing: CRH-Cre mice were injected with AAV constructs in the infralimbic area (ILA) to 
label CRH-expressing neurons and their synaptic terminals with GFP and mRuby.  
(B–E) Immunohistochemistry confirmed labeled projections in the lateral septum (LS). 
(F-K) Retrograde Tracing: Injection of CtB-488 in rdLS of CRH-Cre;Ai9 mice revealed retrogradely 
labeled CRH+ neurons in ILA, showing their distribution across cortical layers. 
(L–N) Electrophysiology: Optogenetic stimulation of Channelrhodopsin-expressing ILACRH axons in 
rdLS evoked inhibitory postsynaptic currents (IPSCs), which were blocked by GABAA/B receptor 
antagonists (SR95 & CGP). 
Reproduced from reference (1), under CC BY 4.0 license. 
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Figure S1. According to Figure S3, related to figure 1 in reference (1), Molecular identity of ILACRH 
cells  
(A-B) Retrograde Labeling: CRH-Cre mice were injected with HSV-GFP in rdLS, revealing CRH+ 
neurons in the infralimbic area (ILA) of the mPFC. 
(C-D) Cell Distribution: GFP+ cells were primarily found in layer 2/3 of the ILA, with significant 
differences across layers and regions. 
(E-F) Neurochemical Identity: Immunohistochemistry confirmed that ILACRH cells are GABAergic. 
(G-H) Gene Expression: In situ hybridization showed that most ILACRH cells express Crh and Gad2 
(GABAergic marker) but not Slc17a7 (glutamatergic marker), confirming their inhibitory nature. 
Reproduced from reference (1), under CC BY 4.0 license. 

ILACRH cells regulate the duration of social interaction with a familiar mouse during SNP. 
 

To understand the behavioral function of ILACRH neurons, we used a chemogenetic approach to 

modulate their activity. Then, injecting Crh-Cre mice in ILA with Cre-dependent AAVs expressing an 

inhibitory DREADD (designer receptor exclusively activated by designer drugs) tagged with mCherry 
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(iDREADD) or mCherry only as a control (Fig. 4A-B). Next, we tested for social novelty preference 

(SNP), we found that silencing ILACRH cells abolished SNP (Fig. 4C). Control groups exhibited a higher 

interaction time with the novel mouse compared to the familiar one, indicating intact SNP (Fig. 4D). 

In contrast, the test group with silenced ILACRH cells explored the novel and familiar mice to the same 

extent, resulting in a decrease in the discrimination index for SNP (Fig. 4E). Following these results, 

we hypothesized that ILACRH cells leverage social memory cues to promote SNP by regulating 

interactions with novel and familiar mice. Observing that during the learning phase of the SNP test, 

test mice explored each novel conspecific to the same extent as control mice, suggesting that 

silencing ILACRH cells does not impair interactions with novel animals (Fig. S2 D-F). This experiment 

shows that ILACRH cells are necessary for social novelty preference. 

Then, to determine whether ILACRH cells support SNP by promoting interactions with novel mice or 

suppressing interactions with familiar ones we conducted the repetitive social presentation test, 

where a novel mouse is presented multiple times to the test mouse (Fig. 4F). Control mice showed 

a progressive decrease in interaction time with repeated presentations, indicating social 

familiarization animals (Fig. 4G-H). However, mice expressing inhibitory DREADD (iDREADD) showed 

no decrease in interaction time, suggesting that ILACRH cells are necessary for social familiarization 

(Fig. 4G). Conversely, over-activating ILACRH cells with excitatory DREADD (eDREADD) slightly 

facilitated the decrease in social interaction, indicating that ILACRH cells can bidirectionally modulate 

interaction time with familiar mice (Fig. 4H). 

Silencing ILACRH cells had no effect on locomotion, anxiety, or feeding-related behaviors, suggesting 

that these neurons are functionally distinct (Fig. S2 A-M). Additionally, we tested ILACRH cells during 

social interactions. Founding that silencing ILACRH cells did not affect sociability (preference for a 

mouse compared to an object. (Fig. S3 A-C) where both groups exhibited a strong preference for 

the mouse.  
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Figure 4. According to Figure 2 in reference (1), ILACRH cells support social novelty preference and 
familiarization 

(A) Targeting ILACRH Neurons for Chemogenetic Manipulation. CRH-Cre mice were injected in the ILA 
with hM4Di (inhibitory DREADD) or mCherry (control) virus.  
(B) Immunohistochemistry confirmed the extent of iDREADD expression in the mPFC. 
(C-E) Social Novelty Preference Test. (C) Mice were exposed to a familiar and a novel mouse.  Control 
(mCherry) mice preferred novel mice over familiar ones. (D) Silencing ILACRH neurons (iDREADD + 
CNO) abolished this preference. (E) Discrimination index confirmed that ILACRH activity is necessary 
for social novelty preference. 
(F-H) Repetitive Social Presentation Test. (F) Mice were repeatedly exposed to the same social 
partner until trial 4. (G) Control mice gradually reduced interaction, indicating familiarization. 
Silencing ILACRH neurons impaired familiarization, with iDREADD-expressing mice maintaining high 
interaction times across trials. (H) Activating ILACRH Neurons enhances familiarization using hM3Dq 
(excitatory DREADD) in ILACRH neurons led to a more rapid reduction in interaction times, supporting 
the role of ILACRH neurons in social adaptation. 
Reproduced from reference (1), under CC BY 4.0 license. 
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Figure S2. As shown in figure S4 (1), Locomotion, anxiety, and feeding behavior are not affected 
by chemogenetic silencing of ILACRH neurons, related to Figure 2.   

(A-D) Open-Field Test. Locomotion and anxiety. Total distance traveled was similar between groups, 
indicating no effect on locomotion. Time spent in the center vs. surround and the center/surround 
ratio showed no differences, suggesting no impact on anxiety-like behavior. 
(E-I) Elevated Plus Maze. Anxiety-Like Behavior. Time spent in open vs. closed arms and closed arm 
preference were unaffected by ILACRH silencing. Number of entries into arms showed no differences, 
further supporting no anxiety-related changes. 
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(J-M) Novelty-Suppressed Feeding Test. Feeding Behavior. Latency to feed, feeding duration, and 
feeding zone entries were similar between groups, indicating no effect on feeding motivation or 
anxiety-related feeding suppression. 

 

Figure S3. According to Figure S3, related to figure 2 in reference (1), Social behavior controls for 
chemogenetic silencing of ILACRH cells 

(A-C) Sociability Test. Preference for a Social Stimulus. Mice spent more time interacting with a 
conspecific mouse than an object (p = 0.01, 0.009), confirming intact sociability despite ILACRH 

silencing. Social preference discrimination index was positive in both groups (p = 0.03, 0.02), with 
no significant difference between them (p = 0.4), showing that sociability remains unchanged. 
(D-F) Social Novelty Preference Test. Learning and Recall Phases. Total interaction time during the 
learning trial was not affected by ILACRH silencing (p = 0.7). However, during the recall trial, ILACRH-
silenced mice spent less time interacting with novel mice (p = 0.0004), indicating an effect on social 
novelty preference but not on social exploration itself. Interaction with each novel mouse during 
learning was unchanged (p = 0.7), confirming that the impairment is specific to recall. 
(G-H) Repetitive Social Presentation Test. Social Recognition. Inhibitory DREADD-expressing mice 
vs. controls: No significant effect across trials (p = 0.39), suggesting no major deficits in social 
recognition. Excitatory DREADD-expressing mice vs. controls: No significant difference between 
groups (p = 0.4), but overall interaction times decreased over repeated trials, as expected. 
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Reproduced from reference (1), under CC BY 4.0 license. 

ILACRH neurons are more actively engaged during interactions with familiar littermates 
 

To determine if ILACRH neurons are more active during familiar social interactions, we conducted 

fiber-photometry recordings in ILACRH cells. This was achieved by injecting CRH-Cre mice with a Cre-

dependent AAV encoding the calcium sensor GCaMP6f and placing an optical ferrule above the ILA 

(Fig. 5A). Subject mice were presented with novel and familiar mice while calcium activity was 

recorded (Fig.  5B-C). When a familiar mouse was presented, there was a significant increase in 

calcium response, whereas a novel mouse led to a slight decrease (Fig. 5D). The peak responses 

were notably higher during familiar mouse interactions (Fig. 5E-F), though event frequency 

remained unchanged (Fig. 5G). These findings indicate that ILACRH neuron activity is more 

pronounced during familiar social encounters than novel ones. To further validate this difference, 

we used fiber-photometry recordings to train linear classifiers to distinguish between interactions 

with novel and familiar mice. Most recording sessions showed decoding performance above chance, 

averaging 68% accuracy. When analyzing pseudo-simultaneous data, decoding accuracy increased 

to 79%, demonstrating that ILACRH neurons encode social familiarity (Fig. 5I). 

Additionally, when mice were exposed to both novel and familiar objects, their neural activity 

remained unchanged from baseline, with no difference between the two object types (Fig. 5J). By 

analyzing peak amplitudes, we calculated discrimination indexes (DI) to assess familiarity 

preference after object and social interactions. The DI for social interactions demonstrated a strong 

preference for familiar social encounters, whereas object interactions showed no such bias (Fig. 3K). 

During repeated social presentations, ILACRH cell recordings revealed an increase in peak amplitude 

as mice became familiar with their social partner (Fig. 5L), while event frequency remained 

consistent (Fig. 5M).  
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To further assess neuronal activity, we examined the expression of the immediate-early gene c-fos. 

CRH-Cre; Ai9 mice were exposed to either a novel or familiar mouse for two minutes (Fig. 5N). As 

expected, mice spent more time interacting with novel mice than with familiar ones (Fig. 5O). 

However, despite the reduced interaction time, ILACRH cells in layer 2/3 showed greater c-fos 

expression following familiar encounters compared to novel ones. Moreover, the activation of these 

ILACRH cells was inversely correlated with the duration of social interaction (Fig. 5P-Q). These findings 

indicate that ILACRH cells are more active during familiar social interactions than novel ones. 

Furthermore, ILACRH cells play a role in limiting social interactions with familiar mice while 

reinforcing social novelty preference (Fig. 5R). This neural circuit also contributes to developmental 

changes in social preference in young mice. 
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Figure 5. According to Figure 3 in reference (1) ILACRH cells respond preferentially to familiar 
mouse presentation 

(A) CRH-Cre mice were injected with AAV2/1 syn.FLEX.GCaMP6f in the ILA and implanted with 
optical ferrules for fiber photometry recording during social interactions. 
(B-C) Example Traces: (B) novel mouse and (C) familiar mouse presentation elicited calcium event 
responses in ILACRH cells during social interaction, with interaction intervals marked above each 
trace. 
(D) Calcium Activity During Social Interactions: peri-stimulus time histograms show increased 
calcium activity during interactions with both novel and familiar mice.  
(E) Area under the curve analysis revealed significant increases in calcium signals during both types 
of interactions compared to baseline (p = 0.001 for both novel and familiar), with higher activity 
during the familiar mouse interaction (p = 0.01 between groups). 
(F) Calcium Signal Amplitude and (G) Frequency: peak amplitude of the calcium signal was higher 
when a familiar mouse was presented after a novel one (p = 0.02). Frequency of calcium events 
during novel and familiar presentations did not differ significantly (p = 0.4). 
(H) Inverted Social Presentation: when the order of presentation was inverted (familiar first, then 
novel), the peak amplitude of the calcium signal increased during the novel mouse presentation (p 
= 0.03).  
(I) Decoding Novelty vs. Familiarity: decoding performance of familiarity vs. novelty from individual 
recordings or pseudo-population data was successful, with average decoding accuracy above 
chance levels. Red dots indicate the average and pseudo-population analysis results, with gray areas 
showing chance levels. 
(J) Amplitude of Z-Scores During Various Presentations: peak amplitude was analyzed during 
different trial conditions, revealing significant differences between familiar mouse presentations 
and object controls (p = 0.03 for familiar). 
(K) Discrimination Indexes for Social Preference: discrimination indexes for familiarity preference 
showed significant preference for social stimuli over objects during mouse presentations (p = 0.01) 
(L-M) Repetitive Social Presentation Test: fiber photometry during repetitive social presentations 
demonstrated changes in calcium event frequency across multiple trials (p = 0.02), suggesting neural 
response adaptation. Frequency of calcium events was consistent throughout trials (p = 0.63 in a 
one-way ANOVA). 
(N-P) After overnight isolation Cre;Ai9 mice were presented with novel or familiar mice c-fos 
Expression in ILA: c-fos labeling in ILA layer 2/3 neurons (yellow arrowheads indicate 



 

 44 

cfos+/tdTomato+ cells) confirmed that ILACRH cells are activated by social interactions with both novel 
and familiar mice.  
(Q) Percentage of ILACRH cells positive for c-fos was higher in Layer 2/3 (p = 0.003) and correlated 
with interaction time with the familiar mouse (R) (p = 0.02). 
Reproduced from reference (1), under CC BY 4.0 license. 
 

The release of CRH in the rLS inhibits social interactions with familiar mice, thereby 
enhancing novelty preference. 
 

Observations of ILACRH cells reveal projections to the rLS, a region expressing CRH type-1 receptors 

(CRHR1) that regulate social interactions. This led us to investigate whether CRH release from ILA to 

rLS is essential for familiarization and social novelty preference (SNP). To test this, we used a Cre-

dependent shRNA targeting Crh, selectively reducing CRH expression in ILACRH neurons (Fig. 6A). 

Mice expressing the anti-Crh shRNA showed a significant decrease in Crh levels, confirming 

successful gene silencing (Fig. 6B). These mice exhibited deficits in familiarization during repeated 

social encounters compared to control mice expressing a scrambled shRNA (Fig. 6C). Furthermore, 

mice with reduced Crh expression in ILACRH neurons failed to show a preference for social novelty in 

recall trials, unlike controls (Fig. 6D). This effect was specific to CRH, as silencing vGAT, a GABA 

transporter, in ILACRH neurons did not disrupt familiarization or social novelty preference (Fig. 6E). 

We confirmed that removing Crh from rLS-projecting cells in the ILA impaired familiarization and 

social novelty preference. CRH release in rLS was higher during familiar social interactions compared 

to novel ones, as demonstrated using a CRH-biosensor (CRF 1.0). In this experiment, WT mice were 

injected in the rLS with an adeno-associated virus (AAV) expressing the CRH biosensor CRF 1.0. An 

optical ferrule was implanted above the injection site to record CRH activity events (Fig. 6F). Then, 

was presented novel and familiar mice to the WT mice in a random order while recording CRH 

activity (Fig. 6G). The results showed that the presentation of a familiar mouse induced responses 

of larger amplitude compared to the presentation of a novel mouse, despite the mice interacting 

less with the familiar mouse (Fig. 6H-I). There was no change in the frequency of CRH activity events 
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between the presentations of novel and familiar mice (Fig. 6J). The discrimination index, based on 

the z-score peak amplitude, showed a significant preference for the response to familiar mice (Fig. 

6K). These findings align with previous calcium recordings of ILACRH cells and demonstrate that CRH 

release in the rLS is higher during familiar social interactions compared to novel social interactions. 

This suggests that CRH release in the rLS plays a crucial role in mediating social interactions with 

familiar mice, promoting social novelty preference. 

We validated that the removal of Crh from ILA cells projecting to the rLS disrupted both 

familiarization and the preference for social novelty. Using the CRH-biosensor (CRF 1.0), we 

observed that CRH release in the rLS was significantly higher during interactions with familiar mice 

compared to novel ones. In this experiment, wild-type (WT) mice were injected with an adeno-

associated virus (AAV) expressing the CRH biosensor CRF 1.0 in the rLS. An optical ferrule was 

implanted above the injection site to record CRH activity during social interactions (Fig. 6F). The 

mice were then presented with either a novel or a familiar mouse in a randomized order while CRH 

activity was recorded (Fig. 6G). The results showed that familiar mouse presentations triggered CRH 

responses with a larger amplitude than those seen with novel mouse presentations, even though 

the mice spent less time interacting with the familiar mouse (Fig. 6H-I). No difference was found in 

the frequency of CRH activity events between the two types of presentations (Fig. 6J). The 

discrimination index, based on peak amplitude z-scores, revealed a clear preference for the CRH 

response to familiar mice (Fig. 6K). These results are consistent with previous calcium recordings 

from ILACRH cells and confirm that CRH release in the rLS is elevated during interactions with familiar 

mice. This indicates that CRH release in the rLS plays a critical role in modulating social interactions 

with familiar mice, supporting the preference for social novelty. 

After this, using optogenetics to silence ILACRH cell terminals in rLS, injecting AAVs expressing 

Archaerhodopsin (Arch) tagged with tdTomato (Arch mice) or tdTomato only as a control (tdT mice. 
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(Fig. 6L). Light from a 561-nm laser was applied continuously during either the learning or recall 

trials of the SNP test. When light was applied during the learning trial, both groups exhibited SNP 

during the recall trial. However, when light was applied during the recall trial, mice ex- pressing Arch 

failed to show a preference for the novel mouse while mice expressing tdTomato only did (Fig. 6N-

N). Besides, during repetitive social presentations stimulation after first trial. Arch mice exposed to 

light failed to familiarization (Fig. 6O). This suggests that CRH release from ILACRH cells in rLS is 

necessary for mediating familiarization and social novelty preference. Combining Arch-mediated 

silencing and CRH recording, we showed that activating Arch decreased the frequency and 

amplitude of CRH-related transients. Importantly, turning on the laser increased social interaction 

with the familiar mouse, indicating that ILACRH fibers regulate the amount of social interaction with 

familiar mice. Overall, the study demonstrates that CRH release from ILACRH cells in rLS during social 

encounters suppresses social interactions with familiar mice to promote social novelty preference, 

highlighting the role of CRH in regulating social behavior and providing insights into the neural 

circuits underlying social interactions. 

Afterward, we used optogenetics to silence ILACRH cell terminals in the rLS by injecting AAVs 

expressing Archaerhodopsin (Arch) tagged with tdTomato (Arch mice) or tdTomato alone as a 

control (tdT mice) (Fig. 6L). A 561-nm laser was applied continuously during either the learning or 

recall phases of the social novelty preference (SNP) test. When light was applied during the learning 

phase, both groups exhibited a preference for the novel mouse during the recall phase. However, 

when light was applied during the recall phase, Arch-expressing mice did not show a preference for 

the novel mouse, whereas the tdT control mice did (Fig. 6N). Additionally, during repetitive social 

presentations, Arch mice exposed to light failed to show proper familiarization after the first trial 

(Fig. 6O). This suggests that CRH release from ILACRH cells in rLS is essential for mediating 

familiarization and social novelty preference. By combining Arch-mediated silencing with CRH 

recording, we demonstrated that activating Arch reduced both the frequency and amplitude of CRH-
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related transients. Notably, turning on the laser increased social interactions with the familiar 

mouse, indicating that ILACRH fibers regulate the level of social interaction with familiar mice. 

Overall, these results highlight the crucial role of CRH release from ILACRH cells in the rLS during social 

encounters, as it suppresses interactions with familiar mice to promote social novelty preference, 

providing deeper insight into the neural circuits governing social behavior. 
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Figure 6. According to Figure 4 in reference (1), CRH release from ILA in rdLS suppresses social 
interactions with familiar mice and supports social novelty preference  
(A) Downregulation of Crh Expression in ILA: CRH-Cre mice were injected with AAV2/9 expressing 
shRNA to downregulate Crh or control scrambled shRNA in ILA. In situ hybridization showed reduced 
Crh expression in cells expressing anti-Crh shRNA (yellow arrowhead) and intact expression in cells 
expressing scrambled shRNA (white arrowheads). 
(B) Quantification of Crh Expression: CRH expression was significantly reduced in neurons 
expressing the anti-Crh shRNA compared to scrambled shRNA (p = 0.03). 
(C) Repetitive Social Presentation Test: mice expressing anti-Crh shRNA spent significantly less time 
interacting with familiar mice in later trials compared to scrambled shRNA controls (p = 0.009 in trial 
4). 
(D) Social Novelty Preference Test: Social novelty preference during recall was significantly impaired 
in anti-Crh shRNA-expressing mice for familiar mouse interactions (p = 0.004 for novel vs. familiar). 
(E) Discrimination index analysis confirmed that anti-Crh mice showed reduced preference for social 
novelty (p = 0.03). 
(F) CRF1.0 Expression in rdLS and Optical Ferrule Implantation: CRF1.0 expression was induced in 
rdLS in wild-type mice, with optical ferrules implanted for fiber photometry. 
(G) Social Interaction with Familiar vs. Novel Mice: CRF1.0-expressing mice showed significant 
preference for interaction with novel over familiar mice (p = 0.002). 
(H-I) Fiber Photometry Recording of Social Interaction: fiber photometry recordings during 
interaction with novel or familiar mice showed increased (I) peak amplitude during novel 
presentations (p = 0.008).  
(J) Frequency of calcium events did not differ significantly (p = 0.5). 
(K) Discrimination Index for Familiarity Preference: discrimination index analysis confirmed a 
preference for novelty during social interaction with the novel mouse (p = 0.008). 
(L) ArchT-tdTomato Expression in ILA: CRH-Cre mice were injected with ArchT-tdTomato in ILA to 
enable optogenetic silencing during social interaction experiments. 
(M-N) Social Novelty Preference Test with ArchT: optogenetic silencing during social novelty 
preference test (M) significantly reduced interaction with the novel mouse and impaired novelty 
preference (N) (p = 0.03 for the ArchT group vs. controls). 
(O) Repetitive Social Presentation Test with ArchT: ArchT silencing during repetitive social 
presentation tests significantly decreased interaction times in ArchT-expressing mice compared to 
controls (p < 0.0001). 
Reproduced from reference (1), under CC BY 4.0 license. 

Activation of CRHR1 in the rdLS reduces social interactions with familiar mice and 
promotes social novelty preference. 
 

CRH receptor 1 (CRHR1) is known to regulate social interaction and social novelty preference 

(3,139), prompting us to investigate whether CRHR1 is expressed near the ILACRH cell terminals in 

the rLS. We injected CRHR1-Cre mice with a Cre-dependent AAV expressing GFP and observed 

several neurons in the rdLS (Fig. 7A). By crossing the CRHR1-Cre line with the Ai9 tdTomato reporter, 

we were able to visualize CRHR1+ neurons. Whole-cell patch-clamp recordings from rdLSCRHR1 
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neurons demonstrated that application of stressin-1, a CRHR1 agonist, induced an inward current, 

consistent with previous findings (140), suggesting that CRH release in the rdLS depolarizes CRHR1+ 

neurons. To further explore this, mice were implanted with a cannula in the rdLS and infused with 

either the CRHR1 antagonist antalarmin or DMSO before conducting the social novelty preference 

test. Mice infused with DMSO exhibited normal novelty preference, whereas those infused with 

antalarmin showed no preference for the novel mouse (Fig. 7C-D). There was no difference in total 

exploration time during the learning or recall phases between the groups. 

We then performed chemogenetic silencing of CRHR1+ neurons in the rdLS by injecting CRHR1-Cre 

mice with Cre-dependent AAVs expressing inhibitory DREADD tagged with mCherry, or mCherry 

alone as a control (Fig. 7E). Social novelty preference tests revealed that control groups showed a 

preference for the novel mouse, while the test group did not (Fig. 7F). The discrimination index for 

the test group was not significantly different from 0, unlike the control groups. Total interaction 

times during the learning or recall phases, as well as interaction time with the novel mouse during 

learning, were similar across all groups. The repetitive social presentation test showed no evidence 

of familiarization in the test group, suggesting that CRHR1 activation in the rdLS is crucial for 

familiarization and the preference for social novelty (Fig. 7H). 

To determine whether CRHR1+ neurons in the rdLS were preferentially activated during interactions 

with familiar mice, we presented CRHR1-Cre; Ai9 mice with either novel or familiar mice before 

perfusing them and performing c-fos labeling (Fig. 7I-J). The percentage of rdLSCRHR1 neurons 

expressing c-fos during familiar interactions was three times higher than during novel interactions. 

These findings confirm that rdLSCRHR1 neurons are preferentially activated during familiar encounters 

and play a role in regulating both familiarization and social novelty preference. 
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Figure 7. According to Figure 5 in reference (1) CRHR1+ neurons in rdLS are activated by social 
familiarity and regulate SNP and familiarization  
(A) CRHR1-Cre Mice in rdLS: CRHR1-Cre mice were injected in rdLS with AAV2/5 expressing mGFP 
(green fluorescent protein). Immunohistochemistry confirmed mGFP expression in the rdLS. 
(B) Patch-Clamp Recording from CRHR1-tdTomato Cells: whole-cell patch-clamp recordings were 
performed on CRHR1-tdTomato cells in CRHR1-Cre;Ai9 mice. Stressin-1 (a CRH receptor agonist) 
was applied, resulting in a decrease in the amplitude of the response, confirming activation of 
CRHR1+ neurons by stressin-1 (p = 0.02). 
(C) Antalarmin Treatment in Wild-Type Mice: C57BL/6J wild-type mice were infused with antalarmin 
(CRHR1 antagonist) or control DMSO into rdLS. During the social novelty preference test, 
antalarmin-treated mice showed reduced preference for novel mice, indicating that CRHR1 is 
involved in social novelty preference (p = 0.04 for novel vs. familiar). 
(D) Discrimination Index for Social Novelty Preference: discrimination index for social novelty 
preference was significantly reduced in antalarmin-treated mice (p = 0.01). 
(E) iDREADD Expression in CRHR1-Cre Mice: CRHR1-Cre mice were injected with AAV2/8 
hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) or control mCherry virus in rdLS. Immunohistochemistry 
confirmed expression of iDREADD-mCherry in rdLS. 
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(F) Social Novelty Preference Test with iDREADD and CNO: CNO (designer drug) was administered 
to activate iDREADD in CRHR1+ neurons. iDREADD mice (activated with CNO) spent significantly less 
time interacting with the novel mouse during the social novelty preference test (p = 0.0003, p = 0.01 
for different trials).  
(G) Discrimination Index with iDREADD and CNO: Social novelty preference was significantly 
impaired in iDREADD+CNO group, as shown by the discrimination index (p = 0.009). 
(H) Repetitive Social Presentation Test: iDREADD mice treated with CNO showed significantly 
reduced interaction times during the repetitive social presentation test (p < 0.0001). 
(I) Immunohistochemistry for c-fos in CRHR1+ Neurons: c-fos labeling in CRHR1-tdTomato mice was 
used to identify activated neurons after interaction with familiar or novel mice. c-fos+ CRHR1 
neurons were more abundant in response to novel mouse interactions. 
(J) Percentage of CRHR1+ Neurons Expressing c-fos: The percentage of CRHR1+ neurons expressing 
c-fos was significantly higher following novel mouse interaction (p = 0.007). 
Reproduced from reference (1), under CC BY 4.0 license. 

Activation of CRHR1 in the rLS disinhibits the region, leading to a reduction in social 
interactions with familiar mice. 
 
 
To examine the effects of CRHR1 in the rLS, acute slices from the lateral septum (LS) of wild-type 

mice were treated with the CRHR1 agonist stressin-1 (Fig. 8A-B). This treatment resulted in a 

reduction in the frequency and integrated charge of spontaneous inhibitory post-synaptic currents 

(IPSCs), with a trend toward decreased amplitude as well (Fig. 8C-E). Importantly, this effect was 

observed specifically in the rLS and not in the ventral lateral septum (vLS), consistent with the 

localized expression of CRHR1. To investigate whether CRH release from other regions might also 

influence this effect, we focused on the release of CRH from ILA fibers into the rLS. To do this, we 

expressed channelrhodopsin in ILACRH neurons and prepared rdLS slices (Fig. 8F). Upon light 

stimulation, CRH release from ILA fibers, induced by channelrhodopsin, also led to a decrease in the 

frequency, amplitude, and charge of spontaneous inhibitory events in rLS neurons, similar to the 

effect of stressin-1 application. This disinhibition was confirmed to be CRH-dependent, as it was 

blocked by the CRHR1 antagonist antalarmin (Fig. 8G-J). Overall, these findings suggest that CRH 

release, whether induced pharmacologically or via optogenetic stimulation, reduces inhibitory 

synaptic activity in rLS neurons, emphasizing the specific modulatory role of CRHR1 in this brain 

region. 



 

 52 

The next step was to investigate whether the rLS is disinhibited during social interactions with 

familiar mice and to explore the effects of this disinhibition. Using fiber-photometry, we recorded 

the responses of rLS neurons in wild-type C57BL/6J mice injected with an AAV expressing the 

calcium indicator GCaMP6f (Fig. 8K-L). During interactions with familiar mice, larger amplitude 

transients were observed compared to interactions with novel mice, even though the interaction 

time with familiar mice was shorter (Fig. 8M). The frequency of transients remained unchanged (Fig. 

6N). A significant preference for familiar mice was observed through a discrimination index based 

on peak amplitude (Fig. 8O). Additionally, linear classifiers trained on fiber-photometry data were 

able to differentiate between novel and familiar mice with 59% accuracy for individual sessions and 

81% accuracy for pooled sessions, indicating that rLS neurons encode social familiarity (Fig. 6P).  

 

Further, we examined c-fos expression in the LS following interactions with novel or familiar mice 

(Fig. 8Q). The results showed that the rLS responded more strongly to familiar mice, with c-fos 

expression being upregulated in a specific region of rLS cells near the lateral ventricle. This activation 

was not observed with novel mice (Fig. 8R-S). Both fiber-photometry recordings and c-fos labeling 

revealed that a subset of rLS neurons is preferentially activated during familiar interactions, similar 

to the activation seen in layer 2/3 ILACRH neurons. The activation of rLS neurons was negatively 

correlated with the amount of social interaction, while the activation of layer 2/3 ILACRH cells showed 

a strong positive correlation with rLS neuron activation (Fig. 8T), suggesting a potential regulatory 

relationship between the two. In contrast, the posterior dorsal LS (dLS) and posterior ventral LS (vLS) 

did not show preferential activation or any correlation with the amount of social interaction during 

familiar encounters. 
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Figure 8. As shown in figure 6 (1), CRH signaling from ILA and familiar social interaction disinhibit 
rdLS 
 

(A) Patch-clamp recordings were performed on rdLS neurons, with differential interference contrast 
microscopy images showing the recording setup.  
(B-E) Stressin-1 and IPSCs in rdLS: Application of 300-nM stressin-1 (a CRH receptor agonist) 
significantly reduced inhibitory postsynaptic currents (IPSCs) in rdLS neurons 15 minutes post 
application. Frequency of IPSCs increased (p = 0.003). IPSC area under the curve also increased (p = 
0.02), but IPSC amplitude showed no significant change (p = 0.056). 
(F) CRH-Cre Mice in ILA: CRH-Cre mice were injected with AAV2/9 EF1a.DIO.hChR2(E123T/T159C)-
eYFP in ILA, allowing for light activation of CRH+ neurons in ILA (F). 
(G-I) Effects of Tetanic Light Stimulation on rdLS Neurons: Tetanic light stimulation of CRH+ neurons 
from ILA led to increased spontaneous inhibitory events in rdLS neurons, as seen in frequency, 
amplitude, and charge. The application of 300-nM antalarmin (CRH receptor antagonist) reduced 
the effects of light stimulation on spontaneous inhibitory events (G-I). Frequency and charge were 
significantly affected by antalarmin (p = 0.03, p = 0.0003), while amplitude remained unaffected (p 
= 0.2 and p = 0.9). 
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(J) Electrically Evoked IPSC After Tetanic Light Stimulation: electrically evoked IPSCs in rdLS neurons 
showed similar results to spontaneous inhibitory events when tetanic light stimulation was applied, 
with significant effects on IPSC frequency (p = 0.006) and charge (p = 0.07).  
(K) Fiber Photometry in Wild-Type Mice: Wild-type mice were injected with GCaMP6f in rdLS and 
implanted with an optical ferrule to record calcium activity during social interactions (novel vs. 
familiar mouse). 
(L-N) Social Interaction and Calcium Activity: during the social presentation test, interaction time 
with a familiar mouse was significantly reduced (p = 0.01), and calcium activity in rdLS neurons was 
higher during the presentation of a novel mouse (p = 0.03 for peak amplitude). 
(O) Discrimination Index for Social Familiarity Preference: the discrimination index for social novelty 
preference was calculated based on calcium activity, showing a significant preference for the novel 
mouse (p = 0.0005). 
(P) Decoding Familiarity vs. Novelty: decoding performance showed that rdLS neurons could 
distinguish between novel and familiar social interactions, with results significantly better than 
chance (p < 0.001). 
(Q-T) c-fos Activation in rdLS: CRH-Cre;Ai9 mice were presented with novel or familiar mice to study 
neuronal activation in rdLS. c-fos labeling showed increased activation of rdLS neurons after social 
interaction with a novel mouse. The density of c-fos+ neurons in rdLS was significantly greater after 
social interaction (p = 0.02) (S), and there was a significant correlation between c-fos expression in 
ILA and rdLS after social interactions (T) (p = 0.007). 

CRH release in the rdLS reduce the inhibitory signaling in the rLS, thereby limiting social 
interactions with familiar mice. 
 
 

To examine whether rLS activation during familiar encounters relies on CRH release from ILACRH cells, 

we measured c-fos expression in mice with Crh knockdown in the ILA. Cre-dependent AAVs 

expressing anti-Crh shRNA or a scrambled shRNA control were injected into the ILA (Fig. 9A-C). Mice 

with reduced Crh expression showed increased interaction with familiar mice, suggesting that CRH 

inhibits social novelty interaction (Fig. 9D). Although the loss of Crh did not affect c-fos expression 

in ILACRH cells, it significantly reduced c-fos in the rLS (Fig. 9E-H). To investigate if CRHR1+ neurons in 

the rdLS control disinhibition during familiar encounters, inhibitory DREADD was expressed in 

rdLSCRHR1 neurons (Fig. 9H). Silencing these neurons led to decreased c-fos expression in the rLS and 

an increase in social interaction (Fig. 9I-L), indicating that CRH release from ILACRH cells and 

activation of rdLSCRHR1 neurons suppress social interactions. 

 

Additionally, optogenetic activation of rLS neurons was tested by injecting an AAV expressing 
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Channelrhodopsin (ChR) tagged with mCherry, or mCherry alone, into the rLS of C57BL/6J wild-type 

mice. Mice were then presented with a familiar mouse for 2 minutes while ChR was stimulated using 

a 445 nm laser (1 ms pulse at 20 Hz) (Fig. 9M). This activation resulted in decreased social interaction 

with familiar mice, due to shorter interaction durations, without affecting locomotion (Fig. 9M-P, 

Fig. 9Q). These findings show that rLS activation can reduce social interactions. In conclusion, ILACRH 

cells are activated during interactions with familiar mice, releasing CRH in the rdLS, which causes 

disinhibition and suppresses social interaction, ultimately promoting a preference for social novelty 

when presented with both novel and familiar mice. 
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Figure 9. According to Figure 7 in reference  (1), CRH release from ILA and rdLSCRHR1 neurons 
regulate rdLS disinhibition and social interaction with a familiar mouse.  
(A) CRH-Cre Mice and ShRNA Injection: CRH-Cre mice were injected in ILA with AAV2/9 CMV-DIO-
(mCherry-U6)-shRNA(anti-Crh) or scrambled shRNA to downregulate CRH expression. Mice were 
presented with a familiar mouse before c-fos labeling.  
(B and C) c-fos Labeling in ILA and rdLS: Immunohistochemistry for c-fos in ILA and rdLS showed 
increased c-fos expression following social interaction with a familiar mouse. c-fos+ / tdTomato+ 
cells in ILA and rdLS were observed. Scale bars for ILA and rdLS images were 100 µm and 300 µm, 
respectively. 
(D) Interaction Duration with Familiar Mouse: interaction duration with a familiar mouse was 
significantly reduced in mice expressing anti-Crh compared to the control group (p = 0.001). 
(E) c-fos Expression in ILA and rdLS: Percentage of layer 2/3 ILA CRH+ neurons positive for c-fos 
showed a trend toward increased activity (p = 0.06). 
(F) Density of rdLS neurons positive for c-fos was significantly higher following interaction with a 
familiar mouse (p = 0.002). 
(G) Correlation Between c-fos in ILA and rdLS: a correlation analysis between c-fos+ CRH+ neurons 
in ILA and c-fos+ neurons in rdLS showed a significant relationship in the scrambled group (p = 0.02), 
but no significant relationship in the anti-Crh group (p = 0.4). 
(H-K) CRHR1-Cre Mice with iDREADD in rdLS: CRHR1-Cre mice were injected with AAV2/8 
hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) in rdLS, and presented with a familiar mouse before c-fos 
labeling.(I) Interaction time with the familiar mouse was significantly reduced in the iDREADD group 
(p = 0.03) (J). Immunohistochemistry confirmed mCherry expression in rdLS, and c-fos expression 
was observed in rdLS neurons (K). 
(L) Density of c-fos+ rdLS neurons was significantly higher in control mice compared to the iDREADD 
group (p = 0.002). 
(M-Q) Light Stimulation in Wild-Type Mice: Wild-type mice were injected with AAV2/2 
hSyn1.hChR2(H134R)-mCherry or control mCherry, and an optical fiber was implanted to deliver 
light (450 nm) during a social interaction with a familiar mouse. (O-P) Total and mean interaction 
time with the familiar mouse was significantly reduced in the ChR2 light stimulation group (p = 
0.0005, p = 0.006, and p = 0.01) (Q) Total distance traveled did not differ significantly between 
groups. 
Reproduced from reference (1), under CC BY 4.0 license. 

Increased CRH expression in ILA supports a shift in social preference in young mice. 
 

Previous investigations have sown that unlike to adult's mice, young ones prefer to interact with 

their familiar siblings compared to novel pups (132,139).  Thus, we explore when the shift in social 

preference occurs in mice. The Young C57BL/6J wild-type mice were given a choice to interact with 

familiar siblings or unfamiliar non-siblings from P7 to P21. Initially, they preferred siblings, but this 

preference shifted towards novel mice after P16 (Fig. 10A-B). To examine when ILA neurons begin 

to express CRH and if this contributes to the shift in social preference. CRH-tdTomato+ cells were 

counted at different ages (Fig. 10C-D), showing a strong increase in ILACRH cells from P7 to P21, 
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especially in layer 2/3 of ILA (Fig. 10E-G). Next, to test if the emergence of the ILA to rdLS circuit 

causes the shift in preference, P5 pups were injected with AAVs expressing anti-Crh or scrambled 

shRNAs. Control group preference shifted at P14, while Crh-depleted group continued to prefer 

familiar mice until P20 (Fig. 10I). Overall, the results suggests that increased CRH expression in ILA 

is responsible for the shift in social preference in young mice, as demonstrated by the strong 

decrease in Crh labelling intensity in cells expressing anti-Crh shRNA.  
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Figure 10. According to Figure 8 in reference (1) Increased CRH expression in ILA supports a shift 
in social preference in young mice.  

(A) Social Preference During Development: the percentage of familiar choice was measured during 
development in 19 mice. The figure shows changes in social preference as the mice age. 
(B) Discrimination Index for Familiar Kin: discrimination index for familiar kin was assessed before 
and after post-natal day 16. A significant shift in preference was observed after post-natal day 16 (p 
< 0.0001), indicating a developmental change in social preference. 
(C) CRH-Cre;Ai9 Mouse: CRH-Cre;Ai9 mice were used to examine the expression of CRH and its 
effects during development. 
(D) mPFC Imaging of CRH-Cre;Ai9 Mice: immunohistochemistry images of the medial prefrontal 
cortex (mPFC) in CRH-Cre;Ai9 mice were taken at P7, P15, and P21. The images show changes in 
CRH+ cell expression over time. Scale bars were 500 µm. 
(E) CRH+ Cells in Brain Regions: the number of CRH+ cells in the ILA, PLA (prelimbic area), and ACA 
(anterior cingulate area) was quantified during development (P7, P15, and P21). A significant 
increase in CRH+ cells was observed in the ILA and PLA (p = 0.003 and p = 0.009), but no significant 
change in the ACA (p = 0.8). 
(F) Fold-Increase of CRH+ Cells (P7 to P21): the fold-increase in CRH+ cells between P7 and P21 was 
significant in the ILA (F). P21 values were significantly higher compared to P7 values (p < 0.0001). 
(G) Number of CRH+ Cells per ILA Layer: the number of CRH+ cells in different layers of the ILA was 
analyzed during development. Data from 4 observations per mouse across 3 mice per group were 
used. 
(H) Social Preference in CRH-Cre Mice with CRH Knockdown: CRH-Cre mice were injected in ILA with 
AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) or control shRNA (scrambled) to downregulate 
Crh expression. The percentage of familiar choice during social interaction was measured in 12 pups 
per group. Results showed a significant reduction in preference for the familiar mouse when CRH 
was downregulated (p < 0.0001). 
(I) Discrimination Index with CRH Knockdown: the discrimination index for familiar kin was assessed 
in CRH-Cre mice before and after post-natal day 16. A significant effect was found in social 
preference following CRH downregulation. Statistical analysis with two-way ANOVA showed 
significant effects of virus and age on preference shifts (p < 0.0001). 



 

 59 

Reproduced from reference (1), under CC BY 4.0 license. 

Conclusions 

My contributions to this work included conducting behavioral tests such as food seeking and sibling 

choice, as well as providing constructive input throughout the conceptualization, data collection, 

and analysis stages. As part of the pioneering Cognition and Social Interaction research group at the 

Neuroscience Institute of Alicante, I had the opportunity to delve into basic sciences and the use of 

molecular tools with experimental animals for the first time. This experience enriched my 

psychology background, enhancing my understanding of research methodology and allowing me to 

explore vital phenomena such as social interactions. 

This study elucidates a critical role for ILACRH neurons in regulating social novelty preference in mice. 

By integrating social familiarity cues (140), ILACRH cells are activated by social interactions with 

familiar mice, leading to the release of CRH into the rLS, which suppresses further social interaction 

with the familiar mouse by disinhibiting the LS. As a mouse becomes more familiar, these ILACRH cells 

increasingly regulate the reduction in interaction (Figure 11). 

Figure 11. Circuit diagram promoting social interactions. CRH release during familiar encounters 
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disinhibit rLS neurons, suppressing social interactions with familiar mice and promoting preference 

for social novelty (1). 

In other words, this research investigated whether ILACRH cells are involved in social memory 

formation or in downstream processes like social novelty preference that rely on social memory 

cues. Silencing ILACRH cell terminals in the rdLS during the recall trial, but not during the learning 

trial, disrupts SNP. This suggests that ILACRH cells are not involved in forming social memory. Instead, 

ILACRH neurons seem to integrate social familiarity cues and release CRH to regulate social 

interactions with familiar mice. Knocking down Crh expression in ILA increases interaction with 

familiar mice, further supporting this role. 

Previous theories suggested that social novelty preference is driven by a circuit that promotes 

interactions with novel mice, likely influenced by the rewarding aspects of social novelty. Young 

mice's kin preferences indicate that other circuits may also control social preferences (137,141). 

However, the mechanisms behind the rewarding nature of social cues are not well understood. 

Brain regions like the lateral habenula, nucleus accumbens, dorsal raphe nucleus, and ventral 

tegmental area are known to modulate social rewards, often under the influence of oxytocin. Future 

research should explore how social novelty facilitates interactions with novel mice, with the lateral 

septum (LS) being a key area of interest due to its modulation by dopamine, vasopressin, and 

oxytocin. Studies have shown that different regions within the LS may regulate distinct types of 

social interactions, working together to promote SNP. 

  The regulation of social preference by ILACRH cells is specific to memory-based SNP and does not 

extend to memory-based novel object preference. In the social novelty preference test, mice 

distinguished between novel and familiar siblings based on individual recognition rather than 

general class recognition. It remains unclear whether ILACRH cells influence other social preferences, 

such as those based on sex, strain, kinship, or anxiety. ILACRH cells likely integrate various social cues 
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from multiple brain regions, including the ventral CA1 (vCA1) of the hippocampus, which is known 

to store social memories (140). Rabies tracing shows that ILACRH cells receive inputs from vCA1 

pyramidal neurons, suggesting a role in processing social familiarity information, although this 

connection requires further confirmation. 

Young rats and mice show a strong preference for their mother and siblings during the first weeks 

of life. This study shows that young mice prefer their siblings over age-matched pups until the 

maturation of the CRH circuit, which shifts their behavior to the adult norm of preferring novel social 

interactions. This shift supports behaviors like exploring and interacting with unfamiliar 

conspecifics, which are important for feeding and reproduction. The lateral septum plays a crucial 

role in prioritizing these various motivated behaviors. In contrast, monogamous prairie voles exhibit 

social novelty preference only in short-term tests, but show partner preference in long-term tests, 

potentially due to differences in CRH expression in the mPFC (109,142). These findings highlight the 

role of CRH in regulating social preferences across different rodent species. 

Humans can suffer from social separation anxiety disorder, characterized by an intense fear or 

anxiety about separating from attachment figures, and avoidant personality disorder, where 

individuals avoid interacting with new people, preferring familiar interactions instead. CRH is 

implicated in various anxiety disorders, including social phobia (143,144). The study suggests that, 

like mice, familiarity cues activate the human prefrontal cortex and septal regions, indicating that 

the neural circuit observed in mice might be conserved in humans. 

Future directions 
 
Following the described results on a population of mPFC neurons expressing corticotropin-releasing 

hormone (CRH. Vale et al., 1981), the key role involved in the regulation of many biological 

processes including homeostatic and allostatic neuroendocrine mechanisms, memory, and social 

behaviors (3,4)) even in non-stressful contexts (5,6) and the known role of the mPFC leading in the 
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establishment of social hierarchy in mice (7,10–13), prompted us to test the function of these cells 

for the regulation of social hierarchy.  Thus, the main results of this doctoral project answer the 

questions about how CRH+ neurons in the medial prefrontal cortex facilitate social submission. 

Using chemogenetic, optogenetic and calcium recordings in vivo, we show that mPFCCRH neurons 

promote retreat during the tube test of social hierarchy, therefore promoting social submission. 

Overall, our study contributes to a better understanding of the neural substrates regulating complex 

social behaviors and may suggest novel therapeutic approaches to treat mental health disorders 

associated with impaired social interactions such as social anxiety disorder or avoidant personality 

disorder. 
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CHAPTER	III	
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CHAPTER III. CRH-expressing neurons in the medial prefrontal cortex 
promote social submission. 
 

Introduction 
 
Social hierarchy	 (14,23,145) occurs in most gregarious species (146–150). The rank occupied by 

everyone within a group influences its survival, reproductive success and health (26,48,151,152). 

An animal rank depends on two opposing behavioral traits: social dominance (20,153–155), which 

promotes winning social conflicts when incompatible motivational goals exist among individuals 

and leads to a higher social ranking (156) and social submission, which promotes defeat and leads 

to a lower social ranking. Difference in social ranking is therefore due to the tendency of dominant 

animals to monopolize resources such as food, water, space and mates (135,157,158). Alternatively, 

agonistic interactions between subordinate animals are attenuated to avoid conflict, thus reducing 

intragroup fights which helps maintain the group stability (13,159,160). While many studies have 

investigated the neuronal mechanisms underlying social dominance (10–13,161), only a handful of 

studies have looked at the mechanisms facilitating social submission (18,162,163)  

 

Investigating social hierarchy in mice(164,165) relies on the tube test, which is based on the use of 

space, an ecological relevant resource (166) Although this test was first used to assess dominance 

tendencies between different mouse strains (167), it recently became a key paradigm to assess 

social hierarchy within a group of cage mate male mice (168). Manipulation of mPFC activity or 

thalamic inputs to the mPFC (11,169,170) during the tube test have shown that the mPFC is an 

important neural substrate for the establishment of social hierarchy (11). Thus, synaptic efficacy 

through mediodorsal thalamic input to the dorsal-medial PFC mediates long-lasting changes in 

social dominance status that affect the history of social ranking of the mouse (10,11). Neural 

projections from mPFC to the hypothalamus, amygdala or limbic circuit in general exert top-down 

controls on serotonin and dopamine release, endocrine function and fear response, which 
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influences distinct features of dominance behaviors (10,171). This is part of a larger role for the 

mPFC in the regulation of social behaviors (172) of rodents (8) and humans (18,145), necessary in 

decision-making and the regulation of the social status (8,11). While most studies have focused on 

mPFC pyramidal neurons (11,173,174), a recent study began investigated the contribution of other 

neuronal populations within the highly heterogenous mPFC (9) Thus, vasoactive intestinal peptide-

expressing neurons from the mPFC promote social dominance while parvalbumin-expressing 

interneurons prevent it (12). Furthermore, it has been observed that mPFC astrocytes enhance 

presynaptic neuronal excitation or reduce postsynaptic inhibitory excitation in dominant and 

subordinate mice, respectively (13). How other mPFC neurons contribute to social hierarchy 

remains however unknown. 

 

Here, we focused on a population of mPFC GABAergic neurons expressing the corticotropin-

releasing hormone (CRHVale et al., 1981), a 41-amino acid peptide widely expressed in the brain 

and involved in the regulation of many biological processes including homeostatic and allostatic 

neuroendocrine mechanisms, memory and social behaviors (3,4,48,136,175) even in non-stressful 

contexts (5,6,176). We first used c-Fos immunohistochemistry to demonstrate that mPFCCRH 

neurons are recruited during the tube test compared to social interaction. Then, we used fiber-

photometry to record calcium activity and found that mPFCCRH neurons are active during retreat 

episodes. We then leveraged chemogenetic to silence the mPFCCRH neurons during the tube test 

and observed an increase in social ranking, suggesting mPFCCRH neurons promote social submission. 

Knocking-down CRH or GABAergic transmission recapitulated this effect. Finally, optogenetic 

activation of mPFCCRH neurons lead to an increase in retreat behaviors. Overall, our results 

demonstrate that mPFCCRH neurons facilitate retreat behavior, therefore promoting social 

submission and a lower social ranking.  
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Results 

mPFCCRH cells are recruited during the tube test of social dominance 
 

Crh-Cre mice were crossed with the Cre-dependent TdTomato reporter line Ai9 to generate the Crh-

TdTomato mouse line and visualize CRH+ cells. Following habituation to the cage and training, Crh-

TdTomato male mice interacted with a littermate male mouse under a pencil cup at the end of a 

tube or fought for social dominance with a littermate mouse in the same tube (Fig. 12A). 1 hour 

later, we perfused the mice and processed their brain for immunohistochemistry against c-Fos (Fig. 

1B). Then, we measured the density c-Fos+ cells in mPFC showed an elevated tendency in the tube 

test condition compared to social interaction (Fig. 12C), similar to previous observations (11,25). 

This tendency was originated from all mPFC subregions (Fig. 12D). The density of CRH+ cells 

expressing c-Fos (Fig. 12E) had an increase in the tube test condition compared to social interaction. 

This increase originated from mPFC sub-regions: the anterior cingulate area (ACA), the infra-limbic 

area (ILA) and the pre-limbic area (PL, Fig. 12F). Then, we looked at the ratio of the total CRH+ cells 

expressing c-Fos and we found an increase in the tube test condition compared to social interaction 

(Fig. 12G). We found positive correlation between the duration of social interaction and the number 

of CRH+ cells expressing c-Fos (p = 0.05). While interaction time correlated with CRH+ cells activation 

following tube test, this was not the case following control condition (Fig. 12F). Additionally, we 

used a consistent behavioral protocol with a novel C57BL/6J wild-type male mouse as stimuli in each 

condition (Fig. S1A). In the mPFC, we observed an elevated trend in the number of CRH+ cells during 

the TT condition compared to the SI condition (Fig. S4C-F). Similarly, as in the familiar condition 

(Fig.12), the proportion of CRH+ cells expressing c-Fos was significantly increased in the 

experimental condition compared to the control (Fig. S4G). Furthermore, we found a positive 

correlation between the duration of social interaction and the number of CRH+ cells expressing c-

Fos during the tube test but not in the social interaction condition, suggesting that mPFCCRH cells are 
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specifically recruited during the tube test (Fig. S1H). 

 

 

Figure 12: PFCCRH cells are recruited during tube test. 

A. Left, timeline of behavioral protocol with Crh-Cre mice crossed with a Cre-dependent TdTomato 

reporter line (Crh-TdTomato mice). Right, schematic of social interaction (SI) and tube test (TT) with 

littlemate male mice. B. Immunohistochemistry images of mPFC. Scale bar: 300 μm.  

C. Density of c-Fos+ cells. Nested t test: p = 0.01. D. Density of c-Fos+ cells in ACA, ILA and PL. Nested 

t tests: p = 0.01, 0.02 and 0.007. E. Density of CRH+ cells positive for c-Fos. Nested t tests: p = 0.04.  

F. Density of CRH+ cells positive for c-Fos in ACA, ILA and PL. Nested t tests: p = 0.03, 0.04 and 0.04  

G. Percentage of CRH+ cells positive for c-Fos. Nested t test: p = 0.0005.  H. Percentage of CRH+ cells 

positive for c-Fos vs. interaction time following SI and TT. Pearson’s tests. Each point is one 
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observation.  Two observations per mouse. SI: 6 mice and TT: 5 mice. ACA: anterior cingulate area, 

ILA: infra-limbic area and PLA: peri-limbic area. For the entire figure, bar graphs represent mean ± 

S.E.M. 

 

Figure S4 related to Figure 3: PFCCRH cells are recruited during tube test. 

A. Left, timeline of behavioral protocol with Crh-Cre mice crossed with a Cre-dependent TdTomato 

reporter line (Crh-TdTomato mice). Right, schematic of social interaction (SI) and tube test (TT) 

between novel C57BL/6J wild-type male mouse.  B. Immunohistochemistry images of mPFC. Scale 

bar: 300 μm.  C. Density of c-Fos+ cells. Nested t test: p = 0.08. D. Density of c-Fos+ cells in ACA, ILA 

and PL. Nested t tests: p = 0.1, 0.03 and 0.13. E. Density of CRH+ cells positive for c-Fos. Nested t 

tests: p = 0.41.  F. Density of CRH+ cells positive for c-Fos in ACA, ILA and PL. Nested t tests: p = 0.26, 

0.51 and 0.6. G. Percentage of CRH+ cells positive for c-Fos. Nested t test: p = 0.02.  H. Percentage 
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of CRH+ cells positive for c-Fos vs. interaction time following SI and TT. Pearson’s tests. Each point is 

one observation. Two observations per mouse. SI: 6 mice and TT: 5 mice. ACA: anterior cingulate 

area, ILA: infra-limbic area and PLA: peri-limbic area. For the entire figure, bar graphs represent 

mean ± S.E.M. 

mPFCCRH neurons are activated during retreat behavior 

 

To record mPFCCRH cell activity, we injected the PFC of Crh-Cre mice with a Cre-dependent AAV 

expressing the calcium sensor GCaMP6f and implanted an optic fiber above the injection site one 

week later (Fig. 13A). Mice were habituated to the patch-cord and trained to walk through the tube 

without an opponent. Then, mice were presented against their littermates in the tube test (Fig. 

13B), and we quantified the duration of tube test behavioral parameters: push, resist and retreat 

episodes (Fig. 13C). First, we aligned the fiber-photometry recordings trace to the push, resist and 

retreat episodes in order to build peri-stimulus time histograms (PSTH) and quantified their area 

under the curve as well as the amplitude of the event (Fig. 13D-F). Retreat episodes were associated 

with increased activity while push events were associated with a slight but significant decrease in 

activity (Fig. 13H-I).  In addition, we looked at the frequency and mean amplitude of calcium 

transients during the entire test and found a higher frequency of transients in subordinate mice (the 

mouse that lose their encounter) compared to the dominant mice (Fig. 13G-J) with no difference in 

total test duration (Fig. S5A). Finally, we also looked at the activity when mice walked through the 

tube and found that it is associated with a small decrease in activity (Fig. S5C-E). 

 

As previous work from our lab demonstrated that social familiarity activated ILACRH cell activity (1), 

we ran mice for the tube test against a novel male mouse from a different cage while recording the 

mPFCCRH cells calcium activity (Fig. S6A). We first quantified the duration of each tube test behavior 

(Fig. S6B). and aligned the fiber-photometry recordings trace to the push, resist and retreat episodes 
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to build PSTH (Fig. S5C). Similar to the previous results during familiar encounters (Fig. 13I), mPFCCRH 

cells were active during retreat episodes (Fig. S6D). In addition, we separated the behavioral 

episodes and calcium recordings according to the outcome of the test (winner or loser). As 

expected, the winner mice pushed more and retreated less than looser mice (Fig. S6E). However, 

the duration of push, resist and retreat was similar between winners and losers (Fig. S6F-H). The 

frequency and amplitude of calcium events was also similar (Fig. S6I-J). Finally, we compared the 

PSTHs and found that push episodes were associated with less activity in losers compared to 

winners (Fig. S6K). The response to resist episode was similar (Fig. S6L).  Finally, during retreat 

episode the calcium response of winners were transient while the one of losers was sustained (Fig. 

S6M). Overall, these results show that the CRH+ cell activity in losing mice decreases during the push 

phase compared to winning mice but increases during the retreat phase (Fig. S6N-P). 
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Figure 13: mPFCCRH cells are active during retreat. 

A. Crh-Cre mice injected in mPFC with AAV2/1 Syn.GCaMP6f and implanted with an optical ferrule 

above mPFC. Scale bar: 1 mm B. Experimental timeline and schematic of the behavior. C. Duration 

of each behavior (5 mice). Nested t test: push vs. resist, p = 0.35; push vs. retreat, p = 0.1; resist vs. 

retreat, p = 0.45. Each point is one trial. D-F. Heatmap of z-score aligned at the onset of push (D), 

resist (E) and retreat events (F). Each line is a trial grouped by mouse (green bars on the left, 5 mice). 

G. Frequency of calcium events.  Nested t test: p = 0.02. E. Amplitude of calcium events. Nested t 

test: p = 0.5. Each point is one trial. 4 dominant and 4 subordinate. H. Peri-stimulus time histograms 

of the z-score during each behavior. I. Area under the curve (AUC). One-sample nested t tests 
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compared to 0: p = 0.02, p = 0.3 and p = 0.01. Nested t tests: push vs. resist, p = 0.3; push vs. retreat, 

p = 0.04 and resist vs. retreat, p = 0.01. J. Duration of push, resist and retreat. Nested t tests: p = 

0.03, 0.1, 0.0008. For the entire figure, bar graphs represent mean ± S.E.M. 

 

Figure S5 related to Figure 4: mPFCCRH cells are active during retreat. 

A. Test duration for dominant and subordinate mice. Each point represents one observation. Nested 

t test: p = 0.6. B. Average peak amplitudes during push, resist and retreat events. Each point 

represents one calcium event. One-sample nested t tests compared to 0: p = 0.07, 0.8 and 0.004. C. 

Heatmap of z-score when the mouse walks alone in the tube. Green bars on the left represent 

different mice (4 mice). D. Peri-stimulus time histogram when mice are walking alone through the 

tube (4 mice, mean ± S.E.M). E. Area under the curve during walking. Each point is one observation. 

One-sample nested t test compared to 0: p = 0.001. 
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Figure S6 related to Figure4: mPFCCRH cells of subordinate mice respond more during retreat 
than mPFCCRH cells of dominant mice. 

A. Crh-Cre mice injected in mPFC with AAV2/1 Syn.GCaMP6f and implanted with an optical ferrule 

above mPFC. A novel stimulus mouse from a different cage was presented to the test mouse. The 

outcome of the test determined whether the mouse was dominant or subordinate. B. Duration of 

push, resist and retreat behaviors. C. Peri-stimulus time histogram of z-score signals (6 mice). D. 

Average peak amplitudes during push, resist and retreat events. One-sample nested t tests 

compared to 0: p = 0.3, 0.9, 0.005. E. Distribution of push, resist and retreat behaviors (3 winner 

mice and 3 loser mice). χ2 tests, p = 0.0001. F-H. Duration of push (F), resist (G) and retreat (H) 
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behaviors. Each point is one trial, 3 mice per group. Nested t tests winner vs loser mice: p = 0.8, 0.9 

and 0.4. I. Frequency of calcium events. Nested t test, p = 0.7. J. Peak amplitude of calcium events. 

Nested t test, p = 0.5. K-M. Peri-stimulus time histograms of z-score signals during push (K), resist 

(L), retreat (M). N-P. Peak amplitude of calcium recording during push (N), resist (O) and retreat (P). 

One-sample t tests compared to 0: push p = 0.08 and 0.01 resist p = 0.3 and 0.4 and retreat p = 0.2 

and p < 0.0001. Unpaired t tests between winner vs loser mice: push p = 0.003, resist p = 0.2 and 

retreat p = 0.0002. For the entire figure, bar graphs represent mean ± S.E.M. 

mPFCCRH neurons promote social submission. 
 
We used a chemogenetic silencing approach to test the function of mPFCCRH cells. Every mouse in a 

cage of four Crh-Cre male mice were injected with a Cre-dependent AAVs expressing an inhibitory 

DREADD tagged with mCherry (iDREADD) in PFC (Fig. 14A). We tested each pair of mice every day 

for the tube test until we obtained a stable ranking for 4 consecutive days.  We then proceeded to 

inject the mouse ranked #2 or #3 with Clozapine-N-oxide (CNO) while the other three mice received 

saline and then tested each pair 30 min, 1.30h, 3h, 6h and 24h after injection (Fig. 14B). Injecting 

CNO increase the rank in 6/9 mice and the increase in ranking was maximal 3-6 hours following the 

injection (Fig. 14C-D). Then, we analyzed tube test behaviors before and after CNO injection. 

Because CNO injection changed the average test duration (Fig. 14E), we plotted the percentage of 

time for each behavior rather than absolute duration. We observed an increase in the number of 

pushes and their duration as well as in the proportion of the time pushing back (Fig. 14F-I). Besides, 

the decrease in the proportion of time spent retreating (Fig. 14K), consistent with the fact that CNO 

injection increase the mouse ranking. Saline injections on the other hand did not affect the 

behavioral parameters (Fig. 14L-Q). We also tested the effect of silencing mPFCCRH cells during the 

resident-intruder test of aggression and saw no effect (Fig. S7). Our previous characterization of 

these cells showed that chemogenetic silencing had no impact on locomotion or anxiety (Chapter 
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2, Figure S2 (1)) Overall, our results show that mPFCCRH cells contribute to social submission without 

affecting social aggression. 

 

 

Figure 14: CRH cells are necessary for social submission on rank male mice. 

A. Crh-Cre mice injected in mPFC with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (iDREADD). Below, 

immunohistochemistry image showing viral expression in the mPFC. Scale bar: 30 μM. B. Schematic 
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of the experimental protocol with an example of a stable ranking five days in a row and consecutive 

trials after the injection. C. Rank change following 5 mg/kg CNO or saline injection. Each line 

represents a different mouse that showed change in the rank. D. Average rank change after CNO or 

saline injection of Crh-Cre mice. Two-way ANOVA: F (injection x time)7,260 = 7.5 p < 0.0001, 

F(injection)1,260 = 40.9 p < 0.0001 and F(time)7,260 = 1.8 p = 0.07 followed with Bonferroni multiple 

comparisons post-hoc tests: saline vs. CNO at 0h p = 0.9, 30 min p = 0.9, 1h30 p = 0.05, 3h p < 0.0001, 

6h p < 0.0001 and 24h p = 0.02. E. Test duration before and after CNO injection. Each point 

represents one trial. Paired t test: p = 0.0002 F-K. Tube test behaviors before and after CNO 

injection. Each point is one tube test trial. Number (F) and proportion (G) of pushes initiated. Paired 

t tests: p = 0.02 and p = 0.5. Number (H) and proportion of pushes back (I). Paired t tests: p = 0.3 

and p = 0.02. Percentage of time resisting (J). Paired t test: p = 0.3. Percentage of time retreating 

(K). Paired t test: p = 0.001. L-Q. Tube test behaviors before and after CNO injection. Paired t tests: 

p = 0.3, 0.5, 0.1, 0.3, 0.5 and 0.4. For the entire figure, bar graphs represent mean S.E.M 

 

 



 

 77 

Figure S7 related to Figure 5: mPFCCRH cells do not regulate social aggression. 

A. Top, Crh-Cre mice injected in mPFC with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) or 

AAV2/8 hSyn.DIO.mCherry. Bottom, immunohistochemistry image showing viral expression in the 

mPFC. Scale bar: 100 μM. B. Schematic of the exploration, dominance and attack behaviors during 

resident-intruder test C. Number of mice exhibiting only social exploration (blue), social dominance 

but no aggression (green), or social aggression (at least one biting attack, orange). χ2 tests: p = 0.2. 

D. Latency to explore, p = 0.8. E. Duration of exploration behavior. Unpaired t test: p = 0.1. F. Latency 

to dominance behavior. Unpaired t test:  p = 0.6. G. Duration of dominance behavior. Unpaired t 

test: p = 0.1. H. Latency to attack. Unpaired t test:  p = 0.5. I. Duration of attack. Unpaired t test: p = 

0.8. For the entire graph, each point is one mouse and bar graphs represent mean S.E.M.  

 

mPFCCRH cells promote social submission through the release of GABA and CRH. 
 

mPFCCRH cells express GABA and CRH peptides (Chapter 2, Fig. S1 E-H (1). We previously showed the 

importance of CRH release to LS to suppress social interaction with familiar mice, but the identity 

of the neurotransmitter released from these cells to promote social submission remains unclear. To 

tackle with this question, we leveraged shRNAs to silence the expression of vGAT or Crh and 

therefore impair GABA or CRH release from mPFCCRH cells. Having previously established the 

efficiency of shRNAs (Chapter 2, Fig. 4A-B (1) we used the tube test to measure social hierarchy in 

cages of four Crh-Cre male mice every day until a stable ranking was obtained for 4 consecutive 

days. The mouse ranked #3 was subsequently injected with a Cre-dependent AAV expressing a 

shRNA against vGAT or Crh while mice ranked #1, #2 and #4 were injected with Cre-dependent AAVs 

expressing scramble shRNAs (Fig. 15A- 7A). Two days after the surgery, we resumed the daily testing 

the mice social ranking. 
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shRNA-mediated silencing of vGAT caused all mice to go up in ranking. Two mice moved up to 

second place and maintained their position, while the other eventually even moved up to first place 

(Fig. 15B). The increase in ranking was maximal 4 days after AAV expression, which is consistent 

with the fast expression pattern of shRNA under control of U6 promoters (177) Fig. 15C). We 

analyzed the mice tube test behavioral parameters before and after mice expressed the shRNA 

against vGAT and observed a significant increase in the number and proportion of pushes as well as 

a tendency for a decrease in the proportion of time spent retreating is observed (Fig. 15E-J), 

reminiscent of the chemogenetic silencing results. In contrast, mice injected with the scramble 

shRNA showed a decrease in the proportion of the pushes back with no changes in other parameters 

(Fig. 15J-O). These results indicate GABA release from mPFCCRH cells promotes social submission. 

 

Following shRNA-mediated silencing of Crh, 3 of 5 mice increased their rank while the other remain 

at the same rank (5 cages, Fig. 16B). The increase in ranking was maximal 2 days following AAV 

injection (Fig. 16C). The behavioral parameters before and after revealed an increase in the number 

and the proportion of the pushes initiated accompanied with a decreased tendency in the time 

spent retreating (Fig. 16E-J). In contrast, mice injected with the scramble shRNA did not change 

behavioral (Fig. 16J-O). These results indicate that CRH release from mPFCCRH cells also facilitates 

social submission. 
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Figure 15: GABA release from mPFCCRH neuros promotes social submission. 

A. Experimental protocol. After obtaining a stable ranking, mouse #3 received Crh-Cre mice received 

an injection of AAV2/9 hSyn.FLEX.dsRed-shVGAT in mPFC while mice #1, 2 and 4 received 

AAV2/9hSyn-flex-dsRed-shscrambled. B. Rank change following viral injection. Each line is one 

mouse. C. Average rank changes mice following viral injection. Two-way ANOVA: F (group x time)7,70 

=16.3, p < 0.0001; F(group)1,10 = 22.2, p = 0.0008; F(time)7,70 = 4.1, p = 0.0008 followed with 
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Bonferroni multiple comparisons post-hoc tests comparing anti-vgat to Scrambled at day 1 p = 0.3, 

day 2 p < 0.0001, day 3 p < 0.0001, day 4 p < 0.0001. D. Test duration before and after AVV injection. 

Each point represents one trial. Paired t test: p = 0.6. E-J. Tube test behaviors before and after 

injection of an AAV expressing the anti-vgat shRNA. Each point is one tube test trial. Number (E) 

and duration (F) of pushes initiated. Paired t tests: p = 0.01 and p = 0.01. Number (G) and duration 

of time spent pushing back (H). Paired t tests: p = 0.8 and p = 0.7. Time spent resisting (I). Paired t 

test: p = 0.2. Time spent retreating (J). Paired t test: p = 0.01. J-O. Tube test behaviors before and 

after injection of an AAV expressing a scrambled shRNA. Paired t tests: p = 0.08, 0.0007, 0.2, 0.1, 0.5 

and 0.3. For the entire figure, bar graphs represent mean S.E.M. 
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Figure 16: CRH release from mPFCCRH neuros promotes social submission. 

A. Experimental protocol. After obtaining a stable ranking, mouse #3 received Crh-Cre mice received 

an injection of rAAV-CMV-DIO-(mCherry-U6)-shRNA(CRH)-WPREs in mPFC while mice #1, 2 and 4 

received rAAV-CMV-DIO-(mCherry-U6)-shRNA(scrambled)-WPRE. B. Rank change following viral 

injection. Each line is one mouse.  C. Average rank changes mice following viral injection. Two-way 
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ANOVA: F(virus x time)7,126 = 3.5, p = 0.001; F(group)1,18 = 7.8, p = 0.01; F(Time)7,126 = 0.7, p = 0.6 

followed with Bonferroni multiple comparisons post-hoc tests comparing anti-Crh to Scrambled at 

day 1 p = 0.9, day p = 0.9, day 3 p < 0.0001, day 4 p = 0.06. D. Test duration before and after AVV 

injection. Each point represents one trial. Paired t test: p = 0.2 E-J. Tube test behaviors before and 

after injection of an AAV expressing the anti-Crh shRNA. Each point is one tube test trial. Number 

(E) and duration of pushes initiated (F). Paired t tests: p = 0.03 and p = 0.3. Number (G) and duration 

of time spent pushing back (H). Paired t tests: p = 0.2 and p = 0.8. Time spent resisting (I). Paired t 

test: p = 0.4. Time spent retreating (J). Paired t test: p = 0.04. K-P. Tube test behaviors before and 

after injection of an AAV expressing a scrambled shRNA. Paired t tests: p = 0.8, 0.05, 0.2, 0.8, 0.4 

and 0.7. For the entire figure, bar graphs represent mean S.E.M. 

 

mPFCCRH neurons promote retreat during the tube test  
 
 
How can mPFCCRH cells promote social submission? Fiber-photometry recordings revealed that the 

neurons are active during retreat, so we leveraged optogenetics to stimulate them during the tube 

test. Cages of four Crh-Cre mice received mPFC bilateral injections of a Cre-dependent AAV 

expressing Channelrhodopsin-2 (ChR2) tagged with YFP (Fig. 17A). One week later, an optical ferrule 

was implanted above the injection site and mice were habituated to the patch cord and empty tube. 

Each pair of mice was tested daily until a stable hierarchy formed for four consecutive days.  First, 

one mouse was plugged to the patch-cord with the laser off and tested against the other 3 mice. 

The next day we plugged another mouse and ran it against the others. We repeated this daily until 

all 4 mice from the cage had performed with the laser off. We observed no changes in ranking with 

the laser off and proceeded to apply the 20 Hz stimulation during the entire duration of each tube 

test.  Analysis of the tube test behaviors with or without light indicated that light application had no 

effect on the duration of the test (Fig. 17B), the time spent pushing (Fig. 17C) and the time spent 
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resisting (Fig. 17D). However, turning on the light increased the time spent retreating (Fig. 17E). 

When comparing the effect of laser stimulation between winner or loser mice as determined by 

each encounter (Fig. S8A-C) or across social rank (Fig. S8D-E), we saw that the increase in retreat 

was driven by all mice, independent of their rank or trial outcome. 

 

 

Figure 17: PFCCRH cells promote retreat during tube test. 

A. Schematic of the protocol. Crh-Cre mice injected with AAV2/9EF1a.DIO.hChR2 (E123T/T159C). 

eYFP in mPFC. Scale bar: 500 μm. One mouse is connected to a patch-cord with the laser off and 

tested against three others, repeating daily until all four mice were tested. No changes in ranking 

were observed with the laser off. Subsequently, 20 Hz stimulation is applied during testing, 

following the same procedure, with each mouse connected to a patch-cord and tested against the 

others. B. Test duration. Paired t test, p = 0.1. C-E. Tube test behaviors with or without light. Paired 

t tests: p = 0.009, p = 0.9 and p = 0.05. For the entire figure: each point is one tube test trial (8 mice) 

and bar graphs represent mean S.E.M. 
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Figure S8 related to Figure 8: mPFCCRH cells promote retreat during tube test. 

A-C. Tube test behaviors for winners and losers. Paired t tests: p = 0.02, p = 0.05, p = 0.6, p = 0.6, p 

= 0.2 and p = 0.1. D-F. Tube test behaviors for each social rank. Paired t tests for push: p = 0.1, 0.7, 

0.3 and 1 (D). Paired t tests for resist: p = 0.2, 0.4, 0.1 and 0.4 (E). Paired t tests for retreat:  p = 0.04, 

0.2, 0.04 and 0.2 (F). For the entire figure: each point is one tube test trial (8 mice) and bar graphs 

represent mean S.E.M. 

Discussion 
 
 
We found that mPFCCRH cells exhibit significant activation in dominance-related contexts, 

particularly during bouts in the tube test. Interestingly, these cells show distinct activation patterns 

based on the behavioral parameters throughout the test. CRH+ cells were more active during retreat 

episodes and inhibited during pushing episodes. This is consistent with a reduction, but not 

complete elimination, of retreat behaviors when mPFCCRH cells were silenced through chemogenetic 

methods. This suggests a direct correlation between mPFCCRH activity and submissive behaviors. The 
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same pattern persisted even when the bouts involved novel mice, further supporting the link 

between mPFCCRH activity and submissiveness.  

   

Additionally, inhibiting CRH signaling in the mPFC led to an increase in social hierarchy status, 

characterized by a decrease in retreat time and an increase in pushing episodes. Both reducing 

neuronal transmission and genetically knocking out mPFCCRH expression resulted in an upward shift 

in hierarchy, with the maximum effect on social hierarchy observed two trials after CRH silencing. 

However, the impact on hierarchy changes was 100% when GABA release was impaired, compared 

to 60% (3 out of 5 mice) in genetically modified mPFC shRNA (CRH) mice. In contrast, optogenetic 

stimulation of mPFCCRH cells in ranked mice significantly increased the time spent retreating, an 

effect observed consistently across all mice, regardless of their social rank or outcomes in previous 

encounters.  

  

Overall, these findings demonstrate a clear association between mPFCCRH neuronal activity and 

submissive behaviors during the tube test. The activation of these cells promotes retreat behavior, 

while their inhibition enhances social hierarchy. These results highlight the crucial role of PFCCRH 

neurons in regulating social dominance and underscore the importance of the mPFC in modulating 

submissive behaviors.  
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Material and methods 

Key resources table 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-c-Fos antibody produced in rabbit Abcam #ab190289 

Anti-GFP antibody produced in chicken AVES Labs #GFP-1020  

RRID: AB_10000240 

Anti-GFP polyclonal antibody, Alexa Fluor 488 Thermo-Fisher Scientific #A21311   

Goat anti-rabbit IgG (H+L) secondary antibody, Alexa 

Fluor 568 conjugate 

Thermo-Fisher Scientific #A11011; 

RRID: AB_143157 

Chemicals 

CNO Cayman Chemical #16882 

Experimental models: Organisms/strains 

C57BL/6J Mus musculus Jackson Laboratories RRID: 

IMSR_JAX:000664 

B6(Cg)-Crhtm1(cre)Zjh/J Jackson Laboratories RRID: 

IMSR_JAX:012704 

B6.Cg-Gt (ROSA)26Sortm9(CAG-tdTomato)Hze/J Jackson Laboratories RRID: 

IMSR_JAX:007909 

Recombinant DNA 

AAV2/9 EF1a.DIO.hChR2(E123T/T159C).eYFP Addgene #35505-AAV9 

AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry Addgene #44362-AAV8 

AAV2/8 hSyn.DIO.mCherry Addgene #50459-AAV8 

AAV2/1 syn. FLEX.GCaMP6f.WPRE.SV40 Addgene #100833-AAV1 

AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) Brain VTA #PT-2787 

AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(scrambled) Brain VTA #PT-2788 

AAV2/9 hSyn.FLEX.dsRed-sh vGAT Addgene #67845 
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AAV 2/9 hSyn-flex-dsRed-shscrambled Addgene #71383 

Software 

PRISM 8 GraphPad 8.0.1 

Microsoft Office Word Microsoft  2019 16.56 

Microsoft Office Excel Microsoft 2019 

Inkscape   1.1 

FIDJI GPL v2 2.3.0/1.53f 

Python   3.10.2 

Guppy Lerner Lab 1.1.4 

Leica Application Suite X Leica v3.7.4 

ANY-maze Stoelting Co. 4.99 

Doric Neuroscience Studio Doric 5.4.1.23 

Virus injections 

 
For all injections, animals were anesthetized using isoflurane and given analgesics. A craniotomy 

was performed above the target region and a glass pipette was stereotaxically lowered down the 

desired depth. Injections were performed using a nano-inject II (Drummond Scientific). 23 nL were 

delivered 10 seconds apart until the total amount was reached. The pipette was retracted after 5 

min. With homozygous animals (Crh-Cre mice), the injection of the virus expressing DREADD, shRNA 

(anti-Crh) was in subdominants (third or fourth place) and its control viruses (fluorophore only) in 

dominants (first or second place). Injection coordinates were the following (in mm from Bregma): 

AP: 1.65, ML: ±0.1, DV: -2.6. Injections were done bilaterally with 100 nl injected per site. We 

injected AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (Addgene #44362-AAV8), AAV2/8 hSyn.DIO.mCherry 

(Addgene #50459-AAV8), AAV2/1 syn.FLEX.GCaMP6f.WPRE.SV40 (Addgene #100833-AAV1), 

AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) (VTA brain) and AAV2/9 CMV-DIO-(mCherry-U6)-

shRNA(scrambled) (VTA brain), AAV2/9 hSyn.FLEX.dsRed-shVGAT (Addgene #67845) and AAV 2/9 
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hSyn-flex-dsRed-shscrambled  (Addgene #71383) into the mPFC of Crh-Cre mice. Viruses expressed 

for a minimum of 2 weeks.  

Optical ferrule implants 

 
Animals were anesthetized using isoflurane and given analgesics. The scalp was removed, and we 

applied Vetbond™ (3M™ #7000002814) along the cut. A craniotomy was performed above the 

target region and the optical ferrule was lowered until the desired depth. Superglue was applied to 

hold the lens in position and then dental cement (GC FujiCEM 2) was applied to cover the exposed 

skull and keep the optical ferrule in position. Animals were allowed to recover for at least 2 days 

before being used. For fiber photometry recording of PFCCRH cells in the right hemisphere we 

implanted the optical ferrule (B280-4419-3, Doric) at the following coordinates: AP: 1.65, ML: 0.1, 

DV: -2.4. 

Immunohistochemistry (IHC) 

 
Mice were anesthetized using isoflurane then perfused in the heart with 10 mL saline and their 

brains were quickly extracted and incubated in 4% PFA overnight. After 1 h washing in PBS, 60 μm 

slices were prepared using a Leica VT1000S vibratome (Leica Biosystems).  The slices were incubated 

overnight at 4°C with primary antibodies diluted in PBS with 0.5% Triton-X in PBS. Then, the slices 

were incubated overnight at 4°C with secondary antibodies from Thermo-Fisher Scientific at a 

concentration of 1:500 diluted in PBS with 0.1% Triton-X. Hoechst counterstain was applied 

(Hoechst 33342 at 1:1000 for 30 min in PBS at RT) prior to mounting the slice using fluoromount 

(Sigma-Aldrich). Images were acquired using inverted confocal microscopes (lsm 900, Zeiss and SPII, 

Leica) or an epifluorescent microscope (Thunder, Leica).  
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Figures 1B: For c-Fos labelling, primary incubation was performed overnight at 4°C with anti-c-Fos 

antibody (1:1000, Abcam, #ab190289). Secondary incubation was performed with an anti-rabbit 

antibody conjugated to Alexa 568 (#A11036). 

  

Figures 1B, 3B: For tdTomato or mCherry labelling, primary incubation was performed overnight at 

4°C with an anti-RFP antibody (1:500, Rockland Antibody, 600-401-379). Secondary incubation was 

performed with anti-rabbit antibody conjugated to Alexa 568 (#A11036). 

 

Figures 2A For GFP or GCaMP6f labelling, incubation was performed overnight at 4°C with an anti-

GFP antibody conjugated to Alexa 488 (1:500, Thermo-Fisher Scientific, #A21311). 

Fluorescence quantification in Crh-Cre;Ai9 mice 
 
Images were acquired using an epifluorescent microscope (Thunder, Leica). Images at 8 bits (0 to 

255 intensity units/pixel) were analyzed using the software Image J. For each picture, mPFC was 

divided into regions. We measured the number of CRH+ cells, the number of CRH+ expressing c-Fos 

and then we calculated the ratio of CRH activation. We also counted afterwards the number of cells 

expressing c-Fos. 

Behavioral tests 

 
The observer was blind to the identity of the mice while performing the behavioral experiments and 

later analyses. 

Tube test 

 
The tube test assay was applied as described before (Fan et al., 2019). Previously, the mice were 

habituated and trained to go through the tube. In test days, each pair of mice was released from 

the two ends of a tube (30 cm in length, 3 cm in diameter), meet at the middle, and the mouse that 



 

 90 

retreated first from the tube was appointed as the ‘‘loser.’’ Tube test trials were carried out 

between groups of 4 cage mates using a round robin design. The ranks were determined by total 

numbers of winning on each test day. Only mouse cages with stable ranks for over 4 successive days 

were used for chemogenetic manipulation. The different behavioral states of mice during the test 

trial: push (mouse initiates shoving its head under the opponent), pushback (mouse realizes a 

counter-push after being pushed by the opponent), resistance (hold on to their territory when being 

pushed) and retreat (goes backward after being pushed or voluntarily withdraw). Stillness is when 

the mouse has no movement. Tests were quantified using ANY maze software. 

Social interaction 

 
To perform this test the mice were habituated and trained to go through the tube. In test days, the 

experimental mouse was released from the one end of a tube (30 cm in length, 3 cm in diameter) 

to meet at the stimulus mouse under a pencil cup on the other side of the tube. Once the mice 

interacted and the experimental mouse retreated to leave the tube it was placed in a box for 

subsequent perfusion. 

Resident-Intruder test 

 
The resident–intruder paradigm was used to assess social aggression as previously described (178). 

Experimental male mice were individually housed for a minimum of 1 week. Intruder mice were 

BALB/cJ housed and used for only a single encounter per day. No intruder was used for more than 

three aggressive episodes. Feeding and water apparatuses were removed before habituation to 

allow unimpeded interaction and better recording. Ten-minute presentations of age- and weight-

matched intruders occurred in the home cages of the resident mice after a one-hour habituation to 

the behavioral room. On the encounter where the intruder mouse attacked the resident the trial 

was halted, and this intruder was excluded from the study. 
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CHAPTER	IV	
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CHAPTER IV: conclusion 

Hightlights 
 
 

1. Neural circuit between ILA and rLS modulates the familiarization process, where social 

interaction decreases as a novel rodent becomes familiar and supports social novelty 

preference. 

2. mPFCCRH neurons regulate social hierarchy, balancing submission and dominance during 

tube test encounters. 

3. CRH-expressing neurons in the mPFC promote retreat behavior both novel and familiar 

peers. 

4. mPFCCRH cells regulate social interactions by suppressing confrontation during tube test as 

characteristic of social submission. 

5. CRH signaling in the mPFC interacts with GABAergic signaling, finely tuning social behaviors 

and submission-dominance dynamics. 

6. The findings suggest new research avenues into neural circuits governing social dominance 

and submission, related to engage or avoidance in social contexts. 

Conclusions 
 
The thesis explores the role of the CRH in regulating both familiar and novel social interactions in 

mice, as well as its influence on social hierarchy and submissive behaviors. The main conclusions 

involve: 

1. ILACRH cells regulate interactions with familiar and novel mice, promoting novelty 

preference and suppressing interactions with familiar ones, encouraging engagement with 

new individuals as they become familiar through changes in ILACRH cell activity. 
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2. ILACRH cells influence social novelty preference (SNP), not directly forming social memory 

but using this memory to regulate interactions, especially promoting engagement with 

novel mice during recall, as shown by disrupting their recall-phase activity. 

 

3. ILACRH cells release CRH into the rLS to disinhibit the lateral septum, reducing social 

interactions with familiar mice and enhancing social exploration by suppressing 

engagement with known individuals, promoting novelty-seeking behavior. 

 

4. Reducing CRH expression in ILA increased social interaction with familiar mice, without 

affecting ILA activation, suggesting that ILACRH cells use CRH to process familiarity cues and 

regulate social interactions based on familiarity. 

 

5. As mice mature, their preference shifts from kin-based interactions to social novelty, 

regulated by the CRH circuit, which suppresses kin interactions, promoting exploration and 

socializing with novel conspecifics in line with adult behavioral priorities. 

 

6. Chemogenetic silencing of mPFCCRH neurons during an aggression test showed no change in 

aggression, indicating CRH in mPFC does not regulate aggression in this context, suggesting 

a more specialized role in other social behaviors. 

 

7. During the tube test, mPFCCRH neurons were activated, implicating them in dominance-

related behaviors and social hierarchy, suggesting that these neurons influence spatial 

behavior in assessing social rank. 

 

8. mPFCCRH neurons showed increased activity during retreat episodes (submissive behavior) 
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and decreased activity during pushing (dominant behavior), indicating their association with 

submission rather than familiarity in social interactions. 

 

9. Silencing mPFCCRH neurons reduced retreat behaviors (submissiveness) but did not 

eliminate them, increasing social rank, which reinforces the idea that these neurons 

promote submission during confrontations. 

 

10. ShRNA-induced silencing of CRH or GABA release from mPFCCRH neurons altered social 

hierarchy, increasing dominance behaviors like pushing, highlighting the critical role of 

GABA-CRH interactions in modulating social rank. 

 

11. Optogenetic activation of mPFCCRH neurons consistently increased retreat time across all 

mice, indicating that activation directly promotes submissive behaviors regardless of social 

rank, underscoring the role of these neurons in submission. 

 

12. mPFCCRH neurons regulate the balance between submission and dominance in social 

hierarchies, promoting retreat behaviors (submission) when activated and leading to more 

dominant behaviors when silenced, crucial for understanding social ranking dynamics. 

 
13. ILACRH cells may integrate diverse social cues, including sex, strain, and hierarchy, suggesting 

their role in mediating complex social interactions, with input from the mPFC contributing 

to the regulation of various social behaviors. 

 

Conclusiones 
 
Esta tesis explora el papel de la hormona liberadora de corticotropina (CRH) en la regulación de 
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interacciones sociales tanto con individuos familiares como novedosos en ratones, así como su 

influencia en la jerarquía social y comportamientos de sumisión. Las principales conclusiones son: 

 

1. Las células ILACRH regulan las interacciones con ratones familiares y novedosos, 

promoviendo la preferencia por la novedad y suprimiendo las interacciones con los 

conocidos, fomentando la interacción con nuevos individuos a medida que se vuelven 

familiares mediante cambios en la actividad de las células ILACRH. 

 

2. Las células ILACRH influyen en la preferencia por la novedad social (SNP), no formando 

directamente la memoria social, pero utilizando esta memoria para regular las 

interacciones, especialmente promoviendo el compromiso con ratones nuevos durante la 

fase de recuerdo, como se muestra al interrumpir su actividad en la fase de recuerdo. 

 

3. Las células ILACRH liberan CRH en el rLS para desinhibir el septo lateral, reduciendo las 

interacciones sociales con ratones familiares y mejorando la exploración social al suprimir 

la interacción con individuos conocidos, promoviendo el comportamiento de búsqueda de 

novedad. 

 

4. La reducción de la expresión de CRH en el ILA aumentó la interacción social con ratones 

familiares, sin afectar la activación del ILA, lo que sugiere que las células ILACRH utilizan CRH 

para procesar señales de familiaridad y regular las interacciones sociales basadas en la 

familiaridad. 

 

5. A medida que los ratones maduran, su preferencia cambia de las interacciones basadas en 

el parentesco a la novedad social, regulada por el circuito CRH, que suprime las 
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interacciones con los familiares, promoviendo la exploración y la socialización con 

conspecíficos novedosos. 

 

6. El silenciamiento quimogenético de las neuronas mPFCCRH durante una prueba de agresión 

no mostró cambios en la agresión, lo que indica que el CRH en el mPFC no regula la agresión 

en este contexto, sugiriendo un papel más especializado en otros comportamientos 

sociales. 

 

7. Durante la prueba del tubo, las neuronas mPFCCRH se activaron, implicándolas en 

comportamientos relacionados con la dominancia y la jerarquía social, lo que sugiere que 

estas neuronas influyen en el comportamiento espacial para evaluar el rango social. 

 

8. Las neuronas mPFCCRH mostraron mayor actividad durante los episodios de retirada 

(comportamiento sumiso) y menor actividad durante los empujes (comportamiento 

dominante), lo que indica su asociación con la sumisión más que con la familiaridad en las 

interacciones sociales. 

 

9. El silenciamiento de las neuronas mPFCCRH redujo los comportamientos de retirada 

(sumisión), pero no los eliminó, aumentando el rango social, lo que refuerza la idea de que 

estas neuronas promueven la sumisión durante los enfrentamientos. 

 

10. El silenciamiento inducido por shRNA de la liberación de CRH o GABA de las neuronas 

mPFCCRH alteró la jerarquía social, aumentando los comportamientos de dominancia como 

los empujes, destacando el papel crucial de las interacciones GABA-CRH en la modulación 

del rango social. 
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11. La activación optogenética de las neuronas mPFCCRH aumentó consistentemente el tiempo 

de retirada en todos los ratones, lo que indica que la activación promueve directamente los 

comportamientos sumisos independientemente del rango social, subrayando el papel de 

estas neuronas en la sumisión. 

 

12. Las neuronas mPFCCRH regulan el equilibrio entre sumisión y dominancia en las jerarquías 

sociales, promoviendo comportamientos de retirada (sumisión) cuando se activan y 

conduciendo a comportamientos más dominantes cuando se silencia, lo que es crucial para 

entender las dinámicas del rango social. 

 

13. Las células ILACRH pueden integrar diversas señales sociales, incluyendo sexo, cepa y 

jerarquía, lo que sugiere su papel en la mediación de interacciones sociales complejas, con 

la entrada del mPFC contribuyendo a la regulación de diversos comportamientos sociales. 

 

Future direction 
 
 
Understanding these mechanisms not only advances our knowledge of social behavior in animals 

but may also have implications for understanding and treating social disorders in humans. The study 

provides significant insights into the neural mechanisms underlying the regulation of social 

interactions, promoting successful approaches to exploring conspecifics. mPFCCRH cells play a pivotal 

role in decreasing social interactions with familiar mice and in avoidance behaviors in contexts of 

conflicts. This research enhances our understanding of the neural basis of social behavior and has 

potential implications for studying social behavior disorders where dominance and submissiveness 

have implications for the individual's adaptation.   
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The psychological processes of submission, social interaction, and familiarization are intricately 

intertwined and can be significantly affected by various mental health conditions. Individuals with 

social anxiety disorder (SAD), avoidant personality disorder (APD), and dependent personality 

disorder often exhibit submissive behaviors to avoid social situations, negative evaluations, or the 

need to be independent. These disorders can lead to pervasive patterns of social inhibition, feelings 

of inadequacy, and excessive reliance on others. Such emotional and behavioral characteristics can 

significantly impact an individual's ability to engage in healthy social interactions and form 

meaningful relationships (179,180). 

 

Finally, attachment theory and studies on rodent social behavior both underscore the critical role 

of early relationships in shaping social interactions and preferences, which can have lasting effects 

on mental health. Attachment theory suggests that early experiences with caregivers form 

attachment styles that influence future relationships and behaviors; individuals with insecure 

attachment may struggle with social interactions, often exhibiting submissive behaviors and 

emotional distress. This aligns with findings in young rats and mice, which display a strong 

preference for maternal figures and siblings in early life, indicative of the foundational role of these 

relationships (132,139). As these rodents mature, their preference shifts towards novel social 

interactions, influenced by the maturation of the CRH circuit, which is crucial for regulating 

motivated behaviors (1). This dynamic mirrors how the neural circuits involved in human 

attachment can affect social cognition and emotion regulation. Additionally, the contrast seen in 

prairie voles (142), who prefer long-term partners over novel interactions, emphasizes the 

complexity of social preferences across species, reinforcing the idea that understanding these 

neural and behavioral connections is vital for addressing mental health disorders tied to attachment 

and social interaction challenges. 
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In brief Corticotropin-releasing hormone release from the infra-limbic area of the prefrontal cortex 

to the lateral septum suppresses social interaction with familiar but not novel mice to support the 

social novelty preference exhibited by adult mice. The maturation of this circuit during the first two 

post-natal weeks enables the developmental shift from a preference for littermates in juveniles to 

a preference for novel mice in adults. 

Highlights  

• Release of CRH from PFC to LS suppresses social interaction with familiar mice d 

• Suppression of social interaction with familiar mice supports social novelty preference d 

• Maturation of this circuit induces a shift in social preference in young mice 

 

SUMMARY 

Social preference, the decision to interact with one member of the same species over another, is 

critical to optimize social interactions. Thus, adult rodents favor interacting with novel conspecifics 

over familiar ones, but whether this social preference stems from neural circuits facilitating 

interactions with novel individuals or suppressing interactions with familiar ones remains unknown. 

Here, we identify neurons in the infralimbic area (ILA) of the mouse prefrontal cortex that express 

the neuropeptide corticotropin-releasing hormone (CRH) and project to the dorsal region of the 

rostral lateral septum (rLS). We show how release of CRH during familiar encounters disinhibits rLS 

neurons, thereby suppressing social interactions with familiar mice and contributing to social 

mailto:felxfel@aol.com


 

 113 

novelty preference. We further demonstrate how the maturation of CRH expression in ILA during 

the first 2 post-natal weeks enables the developmental shift from a preference for littermates in 

juveniles to a preference for novel mice in adults. 

 

INTRODUCTION  

Social preference, the decision to interact with one conspecific over another, is a feature displayed 

by gregarious animals, which is critical to navigate their social space.1,2 Adult rodents prefer to 

interact with their kin,3,4 individuals from specific strains,5 and members of the opposite sex.6–9 In 

addition to innate factors (e.g., kin, strain, and sex), social preference is also influenced by social 

memory,10 social hierarchy,9,11,12 and the affective state of the conspecific.13 Thus, adult rodents 

display social novelty preference (SNP), choosing to interact with novel individuals over familiar 

ones.10 For the last two decades, SNP has been used as a proxy to assess social memory,14–16 but the 

neuronal circuits mediating SNP remain elusive. In particular, it is unknown whether SNP is due 

solely to a rewarding signal for novel social interactions17 or also involves the suppression of 

exploration of familiar individuals. We hypothesized the existence of neuronal circuits promoting 

the avoidance of familiar mice and therefore contributing to SNP when novel and familiar mice are 

presented simultaneously. Memory-based preferences, such as SNP, also have a developmental 

window18 and can change during the life of altricial animals. For example, young mice prefer their 

mother to unfamiliar dams until weaning when they begin to prefer unfamiliar dams over their 

mother.19 Similarly, rat pups display a preference for their familiar siblings during the first 2 post-

natal weeks, after which the preference shifts toward novel pups.3,4 Although the mechanisms that 

regulate these developmental shifts remain elusive, the lateral septum (LS), a brain region 

associated with the regulation of motivated behaviors including social interactions,20 is necessary 

for kinship/familiarity preference in young rats3 as well as for SNP in adult rodents.20–22 Moreover, 

the ventral aspect of medial prefrontal cortex (mPFC), the infralimbic area (ILA), is known for its 
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involvement in decision-making, responds to social stimuli23–25 and is also necessary for SNP.26,27 The 

mPFC projects to LS to regulate food-seeking behavior,28 but how these regions integrate social 

memory cues and communicate to regulate social interactions is still unclear. Corticotropin-

releasing hormone (CRH),29 a 41-amino-acid peptide, regulates several processes including 

homeostatic and allostatic neuroendocrine mechanisms, memory,30 and social behaviors in non-

stressful context.31,32 In humans, CRH is implicated in psychiatric disorders associated with social 

deficits such as depression33,34 and social phobia.35 In rodents, systemic manipulations of the CRH 

system impair social interactions.32,36–44 Given that CRH is expressed in ILA45 and CRH receptor 1 

(CRHR1) is expressed in LS,46 we hypothesized that CRH release from ILA to LS is involved in 

regulating social interactions and therefore SNP. We demonstrate through a combination of 

electrophysiological, chemogenetic, optogenetic, calcium recording, and gene silencing techniques 

that the release of CRH from ILA neurons (ILACRH neurons) into the rostral region of LS (rLS) 

suppresses social interaction with familiar mice. This circuit therefore regulates familiarization 

(decrease in interaction as a novel rodent becomes familiar) and contributes to the SNP exhibited 

by adult mice. In addition, we find that the increase in ILACRH neuron density during the second post-

natal week is responsible for a developmental shift in the social preference of young mice from 

familiar to novel conspecifics. 

 

RESULTS  

ILACRH cells project to the rostro-dorsal lateral septum  

We injected CRH-Cre mice in ILA47 with a Cre-dependent adeno-associated virus (AAV) expressing 

membranous GFP and synaptophysin tagged with mRuby in order to visualize axons and synaptic 

terminals, respectively (Figures 1A and 1B). We observed GFP+ fibers in the rostro-dorsal region of 

the LS (rdLS) (Figures 1C and 1D). A closer examination confirmed the presence of mRuby-labeled 
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axon terminals in this region (Figure 1E). We did not observe fibers going to posterior LS or any 

other brain regions (Figures S1A–S1C). In addition, we did not observe fibers in rdLS following 

injections into nearby mPFC regions (pre-limbic or anterior cingulate area, Figure S1D). Next, we 

injected the retrograde marker CtB-488 in rdLS of CRH-Cre mice crossed with a Cre-dependent 

tdTomato reporter line to visualize CRH+ cells (Figures 1F and 1G). tdTomato+ cells were distributed 

evenly throughout the rostro-caudal axis of ILA (Figure S2). CtB retrogradely labeled ILA neurons 

mostly located in layer 2/3 (Figures 1H and 1J). Some CtB+ cells co-expressed tdTomato (Figure 1I) 

and were mainly found in layer 2/3 of ILA (Figure 1K). We confirmed this result by injecting a Cre-

dependent retrograde monosynaptic herpes simplex virus (HSV) expressing GFP in the rdLS of CRH-

Cre mice (Figure S3A). Consistent with our CtB injections, 79% of CRH/GFP+ cells were located in ILA 

(Figures S3B and S3C). Within ILA, 66% of GFP+ cells were located in layer 2/3 (Figure S3D). Overall, 

these experiments show that CRH+ cells from layer 2/3 of ILA project to rdLS. We labeled sections 

from the same mice for GABA and observed that 89% of GFP+ ILACRH cells are positive for GABA 

(Figure S3E). Furthermore, using markers for excitatory and inhibitory neurons, we found that 92% 

of ILACRH cells expressed the mRNA for glutamic acid decarboxylase 2 (Gad2) while only 3% 

expressed the mRNA for the vesicular glutamate transporter 1 (Slc17a7/vGlut1) (Figures S3G and 

S3H), confirming the identity of these neurons as GABAergic. We also patched rdLS neurons in septal 

slices obtained from CRH-Cre mice injected with a Cre-dependent AAV expressing 

Channelrhodopsin (ChR) in ILA (Figure 1L). Stimulation with blue light elicited a large outward 

current when holding the neurons at +10 mV (Figure 1M). No inward currents were detected at 70 

mV. The light-induced IPSCs were abolished upon application of SR95531 and CGP55845, which 

block GABAA and GABAB receptors, respectively (Figure 1N). Overall, these results show that ILACRH 

neurons projecting to rdLS are a sub-population of GABAergic neurons making functional synapses 

in rLS. 

ILACRH neurons suppress social interactions with familiar mice and support SNP  
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Next, we used a chemogenetic approach to modulate the activity of ILACRH neurons and probe their 

behavioral function. We injected CRH-Cre mice in ILA with Cre-dependent AAVs expressing an 

iDREADD (inhibitory designer receptor exclusively activated by designer drugs) tagged with mCherry 

or mCherry only (Figures 2A and 2B). 3 weeks later, mice were intra-peritoneally injected with the 

DREADD agonist clozapine N-oxide (CNO) prior to conducting the behavioral tests. Since a previous 

study associated CRH+ cells in the pre-limbic area of the mPFC with anxiety,45 we first tested the 

mice in the open field to assess locomotion and anxiety (Figure S4A). Silencing ILACRH cells had no 

effect on the distance traveled, the time spent in the center or the surround, or the ratio of time 

spent in the center vs. surround (Figures S4B–S4D). Next, we examined the effect of silencing in the 

elevated plus maze test of anxiety and found no effect on the number of entries or time spent in 

the open arms relative to the closed ones (Figures S4E–S4I). Finally, since glutamatergic cells in the 

PFC projecting to LS have been reported to be involved in food-seeking behavior,28 we performed 

the anxiety-suppressed feeding behavior test, where a food-deprived mouse must venture into the 

center of an open field in order to eat (Figure S4J). Silencing ILACRH cells had no effect on the latency 

to feed, the time spent feeding, or the number of entries into the food zone (Figures S4K–S4M). 

These controls suggest that ILACRH cells are functionally distinct neurons without a prominent 

function in locomotion, anxiety, or feeding-related behaviors. We next tested whether ILACRH cells 

regulate social interactions. The mPFC is known to regulate sociability, social preference, social 

hierarchy, as well as emotion discrimination,13,26,27 but it remains unclear whether specific sub-

regions or populations control different facets of social interactions. First, we silenced ILACRH cells 

and assessed the sociability of the mice (preference for a mouse compared with an object, Figure 

S5A).14 Both groups exhibited a strong preference for the mouse compared with the object (Figures 

S5B and S5C). Next, we tested whether ILACRH cells regulate SNP (Figure 2C). We injected CNO or 

saline 30 min before the beginning of the test in mice expressing iDREADD or mCherry only. During 

recall, the three control groups exhibited a higher interaction time with the novel compared with 
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the familiar mouse (Figure 2D), which translated into a positive discrimination index (DI) preference 

for the novel mouse (Figure 2E). However, in the test group, in which ILACRH cells were silenced, the 

subject mice explored novel and familiar mice to the same extent (Figure 2D). As a result, the DI for 

SNP was not different from zero (Figure 2E). During learning or recall, the total exploration time of 

the mice was similar across groups (Figures S5D and S5E), suggesting that ILACRH cell silencing does 

not affect the motivation to explore. Overall, this experiment shows that ILACRH cells are necessary 

for SNP.  

 

Figure 1. ILACRH cells project to rostro-dorsal LS 

(A) CRH-Cre mice injected in ILA with AAV2/DJ hSyn.FLEX.mGFP.2A.Synatophysin-mRuby.  
(B–E) Immunohistochemistry images of an ILA (B) and LS (C–E) sections labeled for GFP (B–D) or 
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mRuby (E). Scale bars: 100 mm in (B), 500 mm in (C), and 200 mm in (D) and (E).  
(F) CRH-Cre;Ai9 mice injected in rdLS with CtB-488.   
(G) Image of a coronal brain section containing the injection site. Scale bars, 1 mm.   
(H and I) Images of coronal brain sections containing the mPFC. White arrowheads indicate 
CtB+/CRH+ cells. Scale bars, 400 mm in (H) and 50 mm in (I).  
(J) Distribution of CtB+ cells in ILA (6 mice).  
(K) Percentage of co-labeled tdTomato+ and CtB+ over the total number of CtB+ cells per ILA layer. 8 
observations per mouse, 6 mice per group. Bar graph represents mean ± SEM. Nested one-way 
ANOVA, F4,25 = 13.95, p < 0.0001.  
(L) CRH-Cre mice injected in ILA with AAV2/9 EF1a.DIO.hChR2(E123T/T159C)-eYFP.  
(M) Electrophysiological traces from a rdLS neuron recorded in voltage-clamp configuration at +10 
mV. Blue dot, stimulation of CRH+ fibers expressing Channelrhodopsin using 1-ms pulse of blue light 
to elicit an IPSC before and after application of SR95 and CGP. Scale bars, 100 pA and 100 ms.  
(N) IPSC amplitude before and after SR95 and CGP application (5 cells from 4 mice; paired t test, p 
= 0.04). See also Figures S1, S2, and S3. 

 

How ILACRH cells regulate SNP is however unclear. Are they regulating social memory or rather 

processes that utilize social memory cues such as SNP? Because the mPFC is involved in executive 

functions,27 we hypothesized that ILACRH cells leverage social memory cues to promote SNP by 

regulating social interactions with novel and/or familiar mice. Specifically, do ILACRH cells support 

SNP ‘‘by promoting interactions with the novel mouse or by suppressing interactions with the 

familiar one’’? During the learning phase of the SNP test, test mice explored each novel conspecific 

to the same extent than control mice (Figure S5F), suggesting that silencing ILACRH cells does not 

impair social interactions with novel animals. We therefore tested the role of ILACRH cells during the 

repetitive social interaction test, where a sex- and age-matched novel mouse is presented four 

times to the test mouse (Figure 2F). This test offers the advantage of observing the evolution of 

social interaction with a single novel mouse becoming gradually familiar. Control mice showed a 

progressive decrease in interaction time with repeated presentations of the mouse (Figure 2G). 

When a novel mouse was presented in the final trial, the interaction time jumped back to its initial 

level, demonstrating that the decrease was not due to a loss of engagement in the task. In contrast, 

mice expressing iDREADD showed no decrease in interaction time during the repeated 
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presentations, suggesting that ILACRH cells are necessary for social familiarization (Figure 2G). We 

repeated the experiment with saline instead of CNO, and both groups exhibited a steady decrease 

in interaction (Figure S5G). Next, we asked whether over-activating ILACRH cells could promote social 

familiarization and repeated the repetitive social presentation test with mice expressing an 

excitatory DREADD (eDREADD) in ILACRH neurons. Increasing the activity of ILACRH cells slightly 

facilitated the decrease in social interaction (Figures 2H and S5H), indicating that ILACRH cells can 

bidirectionally modulate the interaction time with familiar mice. Taken together, these experiments 

suggest that ILACRH cells suppress social interactions with familiar mice. To confirm our 

chemogenetic approach, CRH-Cre mice expressing eDREADD or iDREADD in ILA were injected with 

CNO or saline before presenting them with a familiar animal (Figure S6A). We measured the overlap 

between c-fos and mCherry expression in ILA (Figures S6B and S6C). iDREADD-expressing mice given 

CNO exhibited less c-fos/mCherry+ cells compared with the saline control, suggesting ILACRH cells 

silencing. By contrast, eDREADD-expressing mice injected with CNO showed an increased c-

fos/mCherry+ overlap, suggesting ILACRH cell excitation. Finally, we asked whether ILACRH cells 

specifically control social interactions, or does it extend to objects as well? We performed tests of 

novel object recognition, repetitive object presentation, and familiar food preference while 

silencing ILACRH cells and found no effect (Figure S7), indicating that ILACRH neurons specifically 

regulate social preferences.  

ILACRH neurons respond preferentially during familiar social interactions 

If ILACRH cells regulate social interactions with familiar mice, we can expect the cells to be more 

active when the mouse interacts with familiar mice than with novel ones. To test this prediction, we 

performed fiber photometry of ILACRH cell population. We injected the ILA of CRH-Cre mice with a 

Cre-dependent AAV expressing the calcium sensor GCaMP6f and implanted an optical ferrule above 

ILA (Figures 3A and S8A). Subject mice were presented with novel then familiar mice as we recorded 

calcium activity (Figures 3A–3C). First, we calculated the peri-stimulus time histogram using the start 
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of social interaction to synchronize traces (Figure 3D) and found that familiar mouse presentation 

elicited a large increase of the calcium response while presentation of a novel mouse elicited a small 

decrease (Figure 3E). Then, we automatically detected calcium transients throughout the 2-min 

presentations and measured their average amplitude and frequency during each trial. The peaks 

were higher during familiar compared with novel mouse presentation (Figure 3F), but we saw no 

difference in the frequency of events (Figure 3G). We inverted the order of social presentation and 

obtained the same results (Figure 3H). These observations suggest that ILACRH neuron population 

activity is increased during familiar encounters compared with novel ones. 

To confirm whether ILACRH cell activity differs during novel and familiar mouse presentation, we 

trained linear classifiers to discriminate between interactions with a novel or familiar mouse using 

our fiber photometry recordings. We implemented 2 classifiers using either individual recording 

sessions (individual) or a meta-session pooling all sessions (pseudo-simultaneous, Figure 3I).48 For 

each classifier, we also computed chance levels using permutation tests (gray bars). Most individual 

recording sessions yielded a decoding performance above chance with an average 68% accuracy. 

The pseudo-simultaneous data yielded a decoding performance even higher (79%). These results 

show that the ILACRH cell population can code for social familiarity. We also presented novel and 

familiar objects and saw no change in activity compared with baseline (Figure 3J) or between novel 

and familiar object (Figures S8B–S8D). Using the peak amplitudes, we calculated the DIs for 

familiarity preference following object or social presentation (Figure 3K). DIs of social interaction 

showed a strong preference for social familiarity, unlike the one for object interaction. We then 

recorded ILACRH neurons during the repetitive social presentation test and found the peak amplitude 

to increase during familiarization (Figure 3L). The frequency of events however remained stable 

(Figure 3M), similar to what was observed previously (Figure 3G). As a further assay of neuronal 

activity, we measured the expression of the immediate-early gene c-fos. CRH-Cre;Ai9 mice were 

presented with a novel or familiar mouse for 2 min (Figure 3N). As expected, mice interacted more 
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with novel than familiar mice (Figure 3O). Mice were perfused 1 h later and processed for c-fos 

immunohistochemistry in order to count the number of ILACRH neurons expressing c-fos (Figure 3P). 

Despite shorter interactions, ILACRH cells in layer 2/3 exhibited higher c-fos expression following 

encounters with familiar mice compared with novel (Figure 3Q), similar to what was already 

reported for the entire ILA cell population.23 Indeed, the activation of layer 2/3 ILACRH cells 

negatively correlated with the amount of social interaction (Figure 3R). Overall, our experiments 

demonstrate that the ILACRH cell population is more active during interaction with a familiar mouse 

than a novel one. 
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Figure 2. ILACRH cells support social novelty preference and familiarization 

(A) CRH-Cre mice injected in ILA with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) or AAV2/8 
hSyn.DIO.mCherry.  
(B) Left, immunohistochemistry image showing the extent of iDREADD expression. Scale bars, 500 
mm. Right, maximal extent of iDREADD expression across several mPFC sections. 
(C) Schematic of the social novelty preference test. 
(D) Interaction time with novel or familiar mice during recall in mice expressing mCherry (mC) or 
hM4Di (iD) injected with saline or CNO. Each dot is one mouse. Three-way ANOVA: F(novelty x 
injection x virus)1,108 = 3.471, p = 0.02.  Sida´k’s multiple comparison tests novel vs. familiar: p = 
0.04, 0.006, 0.008, and 0.3. 
(E) Discrimination indexes for social novelty preference of the four groups during recall trial. One-
sample t tests vs. 0: p = 0.04, 0.02, 0.006, and 0.2. Two-way ANOVA: F(virus x injection)1,54 = 4.7, p 
= 0.03; F(virus )1,54 = 7.1, p = 0.01; F(injection)1,54 = 1.5, p = 0.2. Tukey’s multiple comparison tests 
compared with the iD +CNO group: p = 0.04, 0.004, and 0.02. 
(F) Schematic of the repetitive social presentation test. 
(G) Normalized interaction times during social presentations (iDREADD-expressing and control mice 
injected with CNO). 8 mice per group. Two-way ANOVA: F(trial1-4 x virus)3,55 = 5.44, p = 0.002; 
F(trial)3,55 = 1.28, p = 0.2; F(virus)3,55 = 26.82, p < 0.0001. Post-hoc  Sida´k’s multiple comparison 
tests between mC and iD groups: trial 2, p = 0.4; trial 3, p = 0.004; and trial 4, p < 0.0001. 
(H) Normalized interaction times during repetitive social presentation test in CRH-Cre mice injected 
in ILA with AAV5 hSyn.DIO.hM3D(Gq)-mCherry or with AAV5 hSyn.DIO.mCherry as a control. 8 mice 
per group. Two-way ANOVA: F(trial1–4 x virus)3,56 = 1.36, p = 0.3; F(trial)3,56 = 33.05, p < 0.0001; 
and F(virus)1,56 = 6.765, p = 0.01. For the entire figure, bar graphs represent mean ± SEM. See also 
Figures S4, S5, S6, and S7. 
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Figure 3. ILACRH cells respond preferentially to familiar mouse presentation 

(A) CRH-Cre mice injected in ILA with AAV2/1 syn.FLEX.GCaMP6f and implanted with an optical 
ferrule over ILA (top). Schematic of the fiber photometry recording experiment (bottom). 
(B and C) Example traces of recording during presentation of a novel (B) or familiar (C) mouse to the 
same test mouse. Interaction bouts intervals are shown above each trace. 
(D) Peri-stimulus time histogram during social interaction with novel or familiar mouse (5 mice). 
(E) Area under the curve during familiar and novel mouse interaction. Each dot is one interaction (5 
mice). One-sample nested t test: familiar vs. 0, p = 0.001, novel vs. 0, p = 0.001. Nested t test 
between groups: p = 0.01. 
(F) Average peak amplitude of the Zscore during social presentations of a novel then familiar mouse. 
For (F)–(K), each dot is a different recording session (5 mice in total). Nested t test between groups: 
p =0.02. 
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(G) Frequency of calcium events during presentation of a novel then familiar mouse. Nested t test: 
p = 0.4. 
(H) Average peak amplitude of the Zscore during inverted presentation of a familiar then a novel 
mouse. 3 mice per groups. 2 observations per mice. Nested t test,p = 0.03. 
(I) Decoding performance for familiarity vs. novelty from individual recordings or pseudo-
simultaneous data. Small black dots on the left are individual recording sessions (5 mice). Red dot 
is the average. Red dot on the right is the result of pseudo-population analysis. Gray areas denote 
chance levels computed using permutation tests. 
(J) Average peak amplitude during each type of presentation (novel then familiar experiments only). 
Nested one-way ANOVA Z score x trials: F4,16 = 2,933, p =0.05. Dunnett’s multiple comparison cage 
vs. novel: p = 0.9, familiar: p = 0.03, novel object: p = 0.7, familiar object: p = 0.7.  
(K) Discrimination indexes for familiarity preference calculated from Z scores during mouse or object 
presentation. One-sample t test: p = 0.004 and 0.9. Nested t test social vs. object: p = 0.01.  
(L) Fiber photometry recording during repetitive social presentation test (10 sessions in 5 mice). 
Nested one-way ANOVA: F3,36 = 3.48, p = 0.02. Dunnett’s multiple comparison tests: T1 vs. T2, p = 
0.2; T1 vs. T3, p = 0.008; T1 vs. T4 p = 0.2.  
(M) Frequency of calcium events during repetitive social presentation test (10 sessions in 5 mice). 
Nested one-way ANOVA Z score x trials: F3,16 = 0.63 N. CRH-Cre;Ai9 mice were presented with 
novel or familiar mice after overnight isolation before being processed for immunohistochemistry. 
(O) Interaction times following 2 min social presentation. Each dot is one mouse. Unpaired t test, p 
= 0.04. 
(P) Immunohistochemistry images of c-fos labeling in ILA layer 2/3. Yellow arrowheads: c-
fos+/tdTomato+ cells. White arrowheads: c-fos+/tdTomato+ cells. Scale bars, 100 mm.  
(Q) Percentage of ILACRH cells positive for c-fos per layer. 4 observations per mouse, 5 mice per 
group. Nested t test: p = 0.003. 
(R) Percentage of layer 2/3 ILACRH cells positive for c-fos vs. interaction time during social interaction 
with novel or familiar mouse. Each dot is one mouse. Pearson’s test, p = 0.02. For the entire figure, 
bar graphs represent mean ± SEM. See also Figure S8. 

CRH release in rLS suppresses social interactions with familiar mice to promote SNP  

How could ILACRH cells suppress social interactions with a familiar mouse? ILACRH cells projects to rLS 

which expresses the CRHR120 and regulates social interactions.20 This led us to ask whether CRH 

release from ILA into rLS is necessary for familiarization. We designed a Cre-dependent short hairpin 

RNA (shRNA) against Crh (see STAR Methods) and expressed it into ILACRH neurons (Figure 4A, top). 

To assess the efficacy of Crh silencing, we quantified Crh and mCherry levels using in situ 

hybridization (Figure 4A, bottom). ILACRH cells expressing the anti-Crh shRNA and mCherry showed 

a 4-fold decrease in the intensity of Crh labeling compared with nearby non-infected CRH+ cells that 

did not express mCherry (Figures 4A and 4B). No change was detected in cells expressing the 



 

 125 

scrambled shRNA (Figures 4A and 4B). These results indicate that our strategy to reduce Crh level 

in ILACRH neurons is both specific and efficient. Next, we tested CRH-Cre mice expressing scrambled 

or antiCrh shRNAs during repetitive social presentations. Mice expressing the anti-Crh shRNA in 

ILACRH cells showed very little familiarization unlike mice expressing the scrambled shRNA (Figure 

4C). Then, we tested the mice for SNP. Mice expressing anti-Crh shRNA showed no preference 

during the recall trial (Figure 4D) and the DI of this group was null (Figure 4E). Total exploration 

during learning or recall trials was not different between groups (Figures S9A and S9B). Given that 

ILACRH neurons co-express GABA (Figures S3E and S3F), we repeated the same experiments using a 

shRNA against vesicular GABA transporter (vGAT) mRNA (Figures S9C and S9D),49 which had been 

used previously to knock down vGAT expression in hypothalamic CRH+ neurons.50 Unlike knocking 

down Crh, knocking down vGAT expression in ILACRH cells failed to impair familiarization or SNP 

(Figures S9E–S9H). Even though we did not observe ILACRH projections in any region other than rdLS 

(Figure S1C), we sought to validate our previous results using a retrograde targeting approach. We 

injected a monosynaptic retrograde virus expressing Cre in rdLS (HSVCre) and the Cre-dependent 

viruses expressing the anti-Crh shRNA or the scrambled shRNA in the ILA of wild-type (WT) mice 

(Figure S9I). Removing Crh from rdLS-projecting cells in ILA impaired familiarization and SNP (Figures 

S9J–S9N), similar to our previous results. We then asked whether CRH release from ILACRH in rLS cells 

was necessary to mediate familiarization and SNP. First, we sought to confirm that CRH release in 

LS occurs preferentially during familiar social interaction and leveraged the recently developed CRH-

biosensor CRF1.0.51 WT mice were injected in rdLS with an AAV expressing CRF1.0, and an optical 

ferrule was implanted above it (Figure 4F). We presented novel and familiar mice in a random order 

meanwhile recording CRH activity events (Figure 4H). Presentation of a familiar mouse induced 

responses of larger amplitude compared with the presentation of a novel mouse (Figure 4I), despite 

the mice interacting less (Figure 4G). There was no change in the frequency of events (Figure 4J). 

The DI based on Z score peak amplitude (see STAR Methods) showed a significant preference for 
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the response for familiar mice (Figure 4K). This experiment fits with our calcium recordings of ILACRH 

cells and demonstrates that CRH release in rLS is higher during familiar social interactions compared 

with novel social interactions. Next, we used optogenetics to silence ILACRH cell terminals in rdLS. 

CRH-Cre mice were injected in ILA with Cre-dependent AAVs expressing Archaerhodopsin (Arch) 

tagged with tdTomato (Arch mice) or tdTomato only as a control (tdT mice), and an optical ferrule 

was implanted above rdLS (Figure 4L). Light from a 561-nm laser was applied continuously during 

either the learning or recall trials of the SNP test. When light was applied during the learning trial, 

both groups exhibited SNP during the recall trial. However, when light was applied during the recall 

trial, mice expressing Arch failed to show a preference for the novel mouse while mice expressing 

tdTomato only did (Figures 4M and 4N). All groups showed the same extent of total interaction 

during learning and recall (Figures S9O and S9P). We also tested the mice during repetitive social 

presentations and applied the light stimulation during trials 2–4 or no light. Arch mice exposed to 

light failed to familiarize to the novel mouse unlike tdT mice exposed to light or Arch mice with no 

light (Figure 4O). We tested the efficiency of our terminal silencing approach combining Arch-

mediated silencing and CRH recording. CRHCre mice were injected with a Cre-dependent virus 

expressing Arch in the ILA and a virus expressing the biosensor CRF1.0 in rdLS (Figures S10A and 

S10B). Two optical ferrules were implanted above rdLS. Then, we exposed the mice to a familiar 

mouse for 3 sessions of 2 min separated by 10 min intervals. The 561 nm laser was turned on only 

during the middle presentation in order to stimulate Arch in ILACRH terminals in rdLS (Figure S10C). 

Activating Arch efficiently decreased the frequency of CRH-related transients (Figure S10D). The 

amplitude of the transients followed a similar trend (Figure S10E). Importantly, turning on the laser 

increased the amount of social interaction with the familiar mouse, suggesting that ILACRH fibers 

regulate the amount of social interaction with familiar mice (Figure S10F). Taken together, these 

experiments show that CRH release from ILACRH cells in rdLS during social encounters suppress social 

interactions with familiar mice to promote SNP. 
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Figure 4. CRH release from ILA in rdLS suppresses social interactions with familiar mice and 
supports social novelty preference 

(A) CRH-Cre mice injected in ILA with AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) to 
downregulate Crh or control AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(scrambled) (top). In situ 
hybridization images of ILA slices expressing the scrambled shRNA (right) or the shRNA against Crh 
(left) labeled for mCherry and Crh. White arrows denote CRH+ neurons that do not express the 
virus. Yellow arrowhead denotes CRH+ cells expressing the anti-Crh shRNA, with reduced level of 
Crh. White arrowheads denote CRH+ neurons expressing the scrambled shRNA, with intact Crh level. 
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Scale bars, 50 mm. 

(B) Quantification of Crh expression. In each slice neurons were classified as to whether they were 
uninfected or infected with virus based on mCherry expression (each dot is a different neuron, 3 
mice per group). Nested one-way ANOVA F3,8 = 6.41, p = 0.016. Tukey’s multiple comparison test 
between anti-Crh groups, p = 0.03. 
(C) Normalized interaction time during the repetitive social presentation test in mice expressing 
scrambled or anti-Crh shRNAs. 4 mice per group. Two-way ANOVA: F(trial x virus)3,24 = 4.4, p = 
0.01; F(trial)3,24 = 9.6, p = 0.0002; F(virus)1,24 = 21.9, p < 0.0001. Tukey’s multiple comparison test 
between scrambled and anti-Crh groups: trial 2, p = 0.8; trial 3, p = 0.2; trial 4, p = 0.009. 
(D) Interaction time with familiar or novel mouse during the recall trial of the social novelty 
preference test in mice expressing scrambled or anti-Crh shRNAs. Each dot is one mouse. Two-way 
ANOVA F(novelty x virus)1,28 = 11.53, p = 0.002.  Sida´k’s multiple comparison tests novel vs. 
familiar: p = 0.004 and 0.3. 
(E) Discrimination indexes for social novelty preference during recall trial. One-sample t test vs 0: p 
= 0.009 and 0.6. Unpaired t test: p = 0.03. 
(F) Top, C57BL/6J wild-type mice injected in rdLS with AAV2/9 Syn.CRF1.0 and implanted with an 
optical ferrule above rdLS. Bottom, immunohistochemistry image showing CRF1.0 expression in 
rdLS and the optical ferrule implanted above the injection site. Scale bars, 300 mm. 
(G) Bar graph showing the interaction time with novel and familiar mice (8 mice). Paired t test, p = 
0.002. 
(H) Trace of a representative fiber photometry recording during interaction with a familiar mouse 
or a novel mouse. Interaction bouts are shown above each trace. 
(I) Average peak amplitude of the Z score during presentation of a novel or familiar mouse (8 mice). 
Paired t test: p = 0.008. 
(J) Frequency of events during presentation of a novel or a familiar mouse. Paired t test: p = 0.5. 
(K) Discrimination index for social familiarity preference calculated from Z scores. One-sample t test: 
p = 0.008. 
(L) CRH-Cre mice injected in ILA with AAV2/2 CAG.FLEX.ArchT-tdTomato or control AAV2/2 
CAG.FLEX.tdTomato. Optical ferrule implant is above rdLS. Scale bars, 500 mm. 
(M) Interaction time with familiar (blue) or novel (red) mouse during the recall trial of the social 
novelty preference test in the same mice. Laser was on during the learning or recall trial. Each dot 
is a mouse. Three-way ANOVA F(novelty x light x virus)1,62 = 14,44, p = 0.007.  Sida´k’s multiple 
comparison tests novel vs. familiar: p = 0.03, 0.004, <0.0001, and 0.8. 
(N) Discrimination index for social novelty preference during recall trial of the social novelty 
preference test. One-sample t test: p = 0.04, 0.007, 0.0007, and 0.4. Two-way ANOVA: F(virus x 
light)1,31 = 6.232, p = 0.01; F(light)1,31 = 1.578, p = 0.2; F(virus)1,31 = 5.701, p = 0.02.  Sida´k’s 
multiple comparison tests: p = 0.09, 0.04, and 0.003. 
(O) Normalized interaction time during the repetitive social presentation test. The laser was on 
during trials 1 to 4 of the Arch-light and mC-light groups (4 and 3 mice, respectively). Laser was not 
on for the Arch-no light group (4 mice). Two-way ANOVA: F(trial1-4 x virus)6,32 = 5.84, p = 0.0003; 
F(trial)3,32 = 14.35, p < 0.0001; F(group)2,32 = 49.32, p < 0.0001. For the entire figure, bar graphs 
represent mean ± SEM. See also Figure S9 and S10. 
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CRHR1 activation in rdLS suppresses social interaction with familiar mice and support SNP 

Since CRHR1 regulates social interaction and SNP,20,32,42 we looked whether it was expressed in the 

vicinity of the ILACRH cells terminals in LS. We injected CRHR1-Cre mice (courtesy of Jan Deussing)52 

with a Cre-dependent AAV expressing GFP and labeled several neurons in rdLS (Figure 5A), the same 

region targeted by terminals of ILACRH cells (Figures 1C and 1D). Then, we crossed the CRHR1-Cre 

line with the Ai9 tdTomato reporter in order to visualize CRHR1+ neurons, prepared acute LS slices 

and obtained whole-cell patch-clamp recordings from rdLSCRHR1 neurons clamped at 60 mV. 

Application of 300 nM stressin-1, a CRHR1 agonist, induced an inward current (Figure 5B), similar to 

previous results.53 This experiment suggests that CRH release in rdLS depolarizes CRHR1+ neurons. 

Then, we implanted WT mice with a cannula in rdLS and infused them with the CRHR1 antagonist 

antalarmin diluted in DMSO54 or DMSO only before running them for the SNP test (Figure 5C). Mice 

infused with DMSO exhibited normal preference for the novel mouse whereas mice infused with 

antalarmin showed no novelty preference (Figures 5C and 5D). Total exploration time during 

learning or recall was not different between groups (Figures S11A and S11B). Next, we performed 

chemogenetic silencing of CRHR1+ neurons in rdLS. We injected CRHR1-Cre mice with a Cre-

dependent AAVs expressing iDREADD tagged with mCherry or mCherry only (Figure 5E). Then, we 

tested the mice for SNP and observed a preference for the novel mouse in the 3 control groups but 

not in the test group (Figure 5F). Consequently, the DI of the test group was not different from 0 

unlike the ones of the control groups (Figure 5G). The total interaction times during learning or 

recall or the interaction time with each novel mouse during learning were similar across all groups 

(Figures S11C– S11E). We also ran the mice for the repetitive social presentation test and observed 

no familiarization in the test group (Figure 5H). Overall, these experiment shows that activation of 

the CRHR1 receptor in rdLS is necessary for familiarization and SNP. Then, we tested whether 

CRHR1+ neurons in rdLS were preferentially activated during familiar encounters compared with 

novel ones. We presented CRHR1-Cre;Ai9 mice with either novel or familiar mice before perfusing 
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them and labeling for c-fos (Figure 5I). The percentage of rdLSCRHR1 neurons expressing c-fos 

during familiar interaction was 3-fold higher than the one during novel interaction (Figure 5J). 

Overall, these experiments demonstrate that rdLSCRHR1 neurons are preferentially recruited 

during familiar encounters in order to regulate familiarization and SNP. 

 

 

Figure 5. CRHR1+ neurons in rdLS are activated by social familiarity and regulate SNP and 
familiarization 
(A) CRHR1-Cre mice injected in rdLS with AAV2/5 hSyn.DIO.mGFP. Scale bars: 300 mm in (left) and 
50 mm in (right). 
(B) Whole-cell patch-clamp recording of CRHR1-tdTomato cells in rdLS of CRHR1-Cre; Ai9 mice (top). 
Voltage-clamp trace during bath application of 300 nM 
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stressin-1 (middle). Scale bars: 100 pA and 2 min. Bar graph showing the amplitude of the decrease 
(bottom). 6 observations from 3 mice. One-sample t test, p = 0.02. 
(C) C57BL/6J wild-type mice infused in rdLS with 2 mg of antalarmin dissolved in 0.6 mL of DMSO or 
DMSO as a control (top). Interaction time with familiar (blue) or 
novel (red) mouse during the recall trial of the social novelty preference test in mice infused with 
antalarmin or DMSO (bottom). Each dot is a mouse. Two-way ANOVA F (novelty x injection)1,36 = 
7.699, p = 0.009.  Sida´k’s multiple comparison tests novel vs. familiar: p = 0.04 and 0.3. 
(D) Discrimination index for social novelty preference during recall trial. One-sample t test: p = 0.003 
and p = 0.2. Unpaired t test: p = 0.01. 
(E) CRHR1-Cre mice injected in rdLS with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) or 
AAV2/8 hSyn.DIO.mCherry (top). Immunohistochemistry pictures of iD-mCherry expression in rdLS. 
Scale bars, 300 mm (bottom). 
(F) Interaction time with novel (red) or familiar (blue) mouse during the recall trial of the social 
novelty preference test in mice expressing mCherry (mC) or hM4Di 
(iD) and injected with saline or CNO. Each dot is a mouse. Three-way ANOVA F (novelty x injection 
x virus)1,60 = 4.137, p = 0.04.  Sida´k’s multiple comparison tests novel vs. familiar: p = 0.0003, 
0.001, 0.01, and 0.4. 
(G) Discrimination indexes for social novelty preference during recall trial. One-sample t test: p = 
0.02, 0.009, 0.001, and 0.3. Two-way ANOVA: F (virus x injection)1, 30 = 4.3, p = 0.04; F(virus )1, 30 
= 7.654, p= 0.009; F(injection)1, 30 = 4.263, p= 0.05. Tukey’s multiple comparison tests compared 
with the iD +CNO group: p = 0.009, 0.02, and 0.01. (H) Normalized interaction times during repetitive 
social presentations. 7–8 mice per group. Two-way ANOVA, F(trial1-4 x virus)9,104 = 6.612, p < 
0.0001; F(trial)3,104 = 28.05, p < 0.0001; F(virus)3,104 = 52.74, p < 0.0001. 
(I) Immunohistochemistry pictures against c-fos of CRHR1-tdTomato mouse rdLS of following 
interaction with a familiar or novel mice. Scale bars, 50 mm. 
(J) Percentage of CRHR1+ neurons expressing c-fos. 2 observations per mice, 3 and 4 mice per group. 
Nested t test, p = 0.007.  
See also Figure S11. 

CRHR1 activation disinhibits rLS to suppress social interactions with familiar mice  

What is the effect of CRHR1 activation in rLS? We prepared acute LS slices from WT mice and 

recorded spontaneous inhibitory post-synaptic currents (IPSCs) from rdLS cells in whole-cell 

configuration before applying the CRHR1 agonist stressin-1 (300 nM) (Figures 6A and 6B).53 

Stressin-1 application for 15 min decreased the frequency and integrated charge of spontaneous 

IPSCs (Figures 6B, 6C, and 6E). IPSC amplitude also exhibited a trend toward a decrease (Figure 6D). 

This effect was not seen when rLS neurons were recorded for 15 min without application of the 

agonist (Figure S12A). In addition, application of stressin-1 while recording from ventral LS (vLS) 

neurons in posterior LS slices had no effect (Figure S12B), suggesting that the agonist effect was not 
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generalized to the entire LS and consistent with the pattern of CRHR1 expression (Figure 5A).20 

Taken together, these results suggests that CRH release disinhibits rLS neurons. Next, we thought 

of eliciting CRH release in rdLS from ILA fibers since CRH could originate from other regions. We 

expressed ChR in ILACRH neurons and prepared rdLS slices (Figure 6F). We obtained whole-cell 

recordings of rdLS neurons and recorded spontaneous inhibitory events (sIPSC) before and after 

applying a tetanic light stimulation. Light stimulation induced a decrease in sIPSC frequency, 

amplitude and charge (Figures 6G–6I), similar to stressin-1 application. In addition, we applied a 

local electrical stimulation to induce a large IPSC, the amplitude of which was also decreased 

following tetanic light stimulation (Figure 6J). We repeated these recordings with 300-nM 

antalarmin in the bath to confirm that the decrease in inhibition following light stimulation was 

CRHR1 dependent. Indeed, antalarmin application blocked the decrease in frequency, amplitude, 

charge, and electrical stimulation, thereby blocking the disinhibition (Figures 6G–6J). Taken 

together, these results demonstrate that CRH release from ILA disinhibits rLS neurons. Is rLS 

disinhibited during social interactions with familiar mice and what is the effect of this disinhibition? 

To answer these questions, we recorded the calcium activity from rLS neuron population using fiber 

photometry. WT mice were injected in rLS with an AAV expressing GCaMP6f and an optical ferrule 

was implanted above it (Figures 6K and S13A–S13C). We presented novel and familiar mice and 

measured the interaction time, average peak amplitude, and peak frequency (Figures 6L–6N). 

Similar to our recordings of ILACRH neurons, presentation of a familiar mouse induced transients of 

larger amplitude compared with the presentation of a novel mouse (Figure 6M), despite the mice 

interacting less (Figure 6L). There was no change in the frequency of transients however (Figure 6N). 

The DI based on the peak amplitude (see STAR Methods) showed a significant preference in 

response to a familiar mouse (Figure 6O). To determine further whether rLS activity alone can 

differentiate between novel and familiar mouse presentation, we trained linear classifiers to 

discriminate between interactions with a novel or familiar mouse based on our fiber photometry 
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recordings. We implemented 2 classifiers using either individual recording sessions (individual) or 

creating a meta-session pooling all sessions (pseudo-simultaneous, Figure 6P). For each classifier, 

we also computed chance levels using permutation tests (gray bars). Most individual recording 

session yielded a decoding performance above chance with an average of 59% accuracy while the 

pseudosimultaneous data yielded a decoding performance even higher (81%). This shows that rLS 

neuron population can encode for social familiarity. We also measure rLS activity during the 

repetitive social presentation test and observed that the peak amplitude of calcium events 

increased from trial 1 to trial 3 when familiarization is taking place (Figures S13D and S13E). Similar 

to the percentage of c-fos+ L2/3 ILACRH cells (Figure 3R), the calcium activity anti-correlated with the 

amount of social interaction (Figure S13F). Which LS neurons are activated by familiar presentation? 

We examined c-fos expression in LS following novel or familiar social encounters (Figure 6Q) in the 

same cohort of mice than the one used to look at c-fos expression in ILA (Figure 3N). rLS responded 

preferentially to familiar mouse presentation (Figures 6R and 6S), similar to layer 2/3 ILACRH neurons 

(Figure 3Q). Interestingly, familiar presentation specifically upregulated c-fos in a spatially defined 

band of rLS cells bordering the lateral ventricle (Figure 6R, right) while exposure to a novel mouse 

failed to activate the same population (Figure 6R, left). Taken together, the fiber photometry 

recordings and c-fos labeling demonstrate that a population of rLS neurons is activated 

preferentially during a familiar encounter compared with a novel one. Similar to L2/3 ILACRH 

neurons, activation of rLS neurons tended to correlate negatively with the amount of social 

interaction (Figure S14A). Noteworthy, activation of layer 2/3 ILACRH cells plotted against rdLS 

activation demonstrated a strong positive correlation, suggesting that one population might control 

the other (Figure 6T). We also quantified c-fos expression in posterior dLS and posterior vLS and 

observed no preferential response to familiar presentation compared with novel nor correlation 

with the amount of interaction (Figures S14B–S14G). 
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Figure 6. CRH signaling from ILA and familiar social interaction disinhibit rdLS 

(A) Differential interference contrast microscopy image of rdLS during patch-clamp recording. Scale 
bars, 500 mm. 
(B) Example traces of IPSCs before or 15 min after application of 300-nM stressin-1. 
(C) Frequency of IPSCs. Paired t test, p = 0.003. 
(D) Amplitude of IPSCs. Paired t test, p = 0.056. 
(E) IPSCs area under the curve. For (C)–(E), points are cells recorded from separate slices in 6 mice. 
Paired t test, p = 0.02. 
(F) CRH-Cre mice injected with AAV2/9 EF1a.DIO.hChR2(E123T/T159C)-eYFP in ILA. 
(G–I) Frequency (G), amplitude (H), and charge (I) of rdLS neuron spontaneous inhibitory events 
before and after tetanic light stimulation with or without 300-nM antalarmin in the bath. Each 
observation is from a different cell in separate brain slices obtained from 6 mice and 5 mice, 
respectively. Paired t test: p = 0.03, 0.2, 0.0003, 0.2, 0.03, and 0.9. 
(J) Electrically evoked IPSCof rdLS neuron spontaneous inhibitory events before and after tetanic 
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light stimulation with or without 300-nM antalarmin in the ACSF. Paired t test: p = 0.006 and 0.07. 
(K) C57BL/6J wild-type mice injected in rdLS with AAV2/1 Syn.GCaMP6f and implanted with an 
optical ferrule above rdLS. Implanted mice were presented with novel then familiar mice. 
(L) Interaction time during social presentation (9 recording sessions in 5 mice). Nested t test, p = 
0.01. 
(M) Average peak amplitude of the Z score during presentation of a novel or familiar mouse. Nested 
t test: p = 0.03. 
(N) Frequency of events during presentation of a novel or a familiar mouse. Nested t test: p = 0.8. 
(O) Discrimination index for social familiarity preference calculated from Z scores. One-sample t 
test: p = 0.0005. 
(P) Decoding performance for familiarity vs. novelty from individual recordings or pseudo-
simultaneous data. Small black dots on the left are the results from each individual recording 
sessions, large red dot is the average. Red dot on the right is the result of pseudo-population 
analysis. Gray areas denote chance level. Two-tailed permutation tests, p < 0.001 and p < 0.001. 
(Q) CRH-Cre;Ai9 mice presented with novel or familiar mice before c-fos labeling. 
(R) Immunohistochemistry images of c-fos labeling in rdLS following social presentation with a novel 
or familiar mouse (cf. Figure 3N). Scale bars, 500 mm. 
(S) Density of rdLS cells positive for c-fos. 2 observations per mouse, 5 mice per group. Nested t test, 
p = 0.02. 
(T) Percentage of layer 2/3 ILACRH cells positive for c-fos (cf. Figure 3) vs. density of rdLS cells positive 
for c-fos following social interactions. Each dot is one mouse. Pearson’s test, p = 0.007. 
See also Figures S12, S13, and S14. 

CRH release in rdLS disinhibits rLS to suppress social interactions with familiar mice  

Does the activation of rLS during familiar encounters depends on CRH release from ILACRH cells? We 

tested this hypothesis by measuring c-fos expression in mice where Crh was knocked down in ILA, 

similar to the approach used previously to disrupt memory retrieval.55 CRH-Cre mice were injected 

in ILA with Cre-dependent AAVs expressing anti-Crh shRNA or a scrambled shRNA control, as 

described above. Mice were then presented with a familiar littermate and sections containing the 

ILA, and rLS were labeled for c-fos (Figures 7A–7C). Importantly, mice expressing the anti-Crh shRNA 

interacted more with a familiar mouse than control mice, suggesting that Crh reduces social 

interaction with a familiar mouse (Figure 7D). Loss of Crh did not alter c-fos expression in layer 2/3 

ILACRH cells (Figure 7E) but reduced the density of c-fos expression in rLS (Figure 7F). As previously, 

control mice exhibited a correlation between c-fos levels in layer 2/3 ILACRH and rLS neurons but 

mice depleted of Crh in ILA did not (Figure 7G). We next tested whether rdLSCRHR1 cells control the 
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disinhibition of rdLS following familiar social encounter. We expressed iDREADD in rdLSCRHR1 

neurons and injected the mice with CNO before presenting them with a familiar mouse (Figures 7H 

and 7I). We then perfused the mice and labeled rLS slices against c-fos and mCherry (Figures 7J and 

7K). Silencing rdLSCRHR1 neurons decreased the density of c-fos-labeled cells in rdLS (Figure 7L) 

while increasing the amount of social interaction (Figure 7I). Taken together, these experiments 

demonstrate that CRH release from ILA and activation of rdLSCRHR1 neurons during familiar 

encounters disinhibits a specific population of rLS cells bordering the lateral ventricles and suppress 

social interactions with a familiar mouse. Our findings suggest that rLS disinhibition suppresses 

social interactions. To explore this further, we examined the effects of optogenetic activation of rLS 

neurons. We injected an AAV expressing ChR tagged with mCherry or mCherry only in rLS of WT 

mice and implanted an optical ferrule above it (Figures 7M and 7N). We then presented a familiar 

mouse for 2 min while stimulating ChR using a 445-nm laser (1-ms stimulation at 20 Hz) and 

measured the interaction time as well as the mean duration of each interaction bout. As an 

additional control, we measured behavior in ChR-expressing mice without laser stimulation. 

Activation of rLS neurons decreased the amount of social interaction with familiar mice (Figure 7O) 

due to shorter interaction bouts each time the mice met (Figure 7P) but without affecting 

locomotion (Figure 7Q). This experiment demonstrates that rLS is able to decrease social 

interactions with familiar mice. Altogether our study shows that ILACRH cells are activated during 

familiar mouse encounters, leading to release of CRH in rdLS and causing its disinhibition. 

Disinhibition of rLS in turn suppresses social interaction, which leads to the decrease in social 

interaction observed during familiarization. Finally, inhibition of social interaction with familiar mice 

indirectly promotes SNP when novel and familiar mice are presented simultaneously. 
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Figure 7. CRH release from ILA and rdLSCRHR1 neurons regulate rdLS disinhibition and social 
interaction with a familiar mouse 

(A) CRH-Cre mice injected in ILA with AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) or AAV2/9 
CMV-DIO-(mCherry-U6)-shRNA(scrambled) presented with a familiar mouse before c-fos labeling. 
(B and C) Immunohistochemistry images of c-fos labeling in ILA (B) and rdLS (C). Yellow arrowheads: 
c-fos+ / tdTomato+ cells. White arrowheads: c-fos+ /tdTomato+ cells. Scale bars, 100 and 300 mm. 
(D) Duration of interaction during familiar presentation. Each dot is one mouse. Unpaired t test, p = 
0.001. 
(E) Percentage of layer 2/3 ILACRH cells positive for c-fos in layer 2/3 of ILA. 3 to 4 observations per 
mouse, 9 mice per group. Nested t test, p = 0.06. 
(F) Density of rdLS cells positive for c-fos. 2 observations per mouse, 9 mice per group. Nested t test, 
p = 0.002. 
(G) Percentage of layer 2/3 ILACRH cells positive for c-fos vs. density of rdLS cells positive for c-fos 
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following social interaction with a familiar mouse. Each dot is one mouse. Pearson’s tests: Anti-Crh, 
p = 0.4; scrambled, p = 0.02. 
(H) CRHR1-Cre mice injected in rdLS with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (iDREADD) or 
AAV2/8 hSyn.DIO.mCherry presented with a familiar mouse before c-fos labeling. 
(I) Interaction time with familiar mouse. Each dot is one mouse. Unpaired t test, p = 0.03. 
(J) Immunohistochemistry picture of mCherry expression in rdLS. Scale bars, 400 mm. 
(K) Immunohistochemistry pictures of c-fos expression in rdLS. Scale bars, 400 mm. 
(L) Density of rdLS cells positive for c-fos. 2 observations per mouse, 5 and 6 mice per group. Nested 
t test, p = 0.002. 
(M) C57BL/6J wild-type mice were injected with AA2/2 hSyn1.hChR2(H134R)-mCherry or AA2/2 
hSyn1.mCherry as control and an optical fiber was implanted above the injection site. Mice were 
then presented to a familiar mouse for 2 min meanwhile 450 nm light or no light was applied (20 
Hz, 1 ms). 
(N) Immunohistochemistry picture of viral injection. Scale bars, 1 mm. 
(O) Total interaction time with familiar mouse. Each do is one mouse. One-way ANOVA: F3,32 = 
7.01, p < 0.0001. Dunnett’s multiple comparison tests: p = 0.0005, 0.006, and 0.01. 
(P) Average duration of each bout of social interaction. One-way ANOVA: F3,31 = 10.62, p < 0.0001. 
Dunnett’s multiple comparison tests: p = 0.0001, 0.0001, and 0.003. 
(Q) Total distance traveled. For the entire figure, bar graphs represent mean ± SEM. 

Increased CRH expression in ILA supports a shift in social preference in young mice  

In contrast to adults, young rodents prefer to interact with their familiar siblings compared with 

novel pups.3,4,56 We tested when the shift in social preference occurs in mice by giving young WT 

mice the choice to interact with their familiar siblings or with unfamiliar non-siblings every day from 

post-natal days 7 to 21 (P7 to P21). Between P7 and P15, mice preferred to interact with their 

siblings (Figure 8A), and social preference was strongly skewed toward familiarity (Figure 8B). Social 

preference then gradually shifted toward novel mice (Figure 8A) with a clear preference for novel 

mice after P16 (Figure 8B). Both PFC and LS have been shown to control SNP and the LS is also 

involved in the preference young rats display for their own (familiar) kin compared with non-kin.3 

We then asked when ILA neurons begin to express CRH and whether the emergence of the ILA to 

rdLS circuit described above contributes to the shift in social preference. We counted CRH-

tdTomato+ cells at P7, P15, and P21 in CRH-Cre;Ai9 mice (Figures 8C and 8D) and observed a strong 

increase in the density of ILACRH cells from P7 to P21 (Figure 8E). Interestingly, the increase was the 

strongest in ILA compared with other prefrontal regions (Figure 8F). Within ILA, the increase of CRH+ 
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cells proceeded mostly from an increase in CRH+ cells located in layer 2/3 (Figure 8G), which is the 

layer containing ILACRH cells projecting to rdLS (Figures 1K and S3D). Comparing the number of ILACRH 

cells per section with the retrogradely labeled ones (Figure S3D) suggests that at least 60% of these 

cells project to rdLS. Closer inspection of CRH+ cells in PLA and ACA revealed less or no increase in 

layer 2/3 (Figures S15A and S15B). In situ hybridization against Crh in WT mice demonstrated a 

similar increase in Crh+ neuron density in mPFC in general and PLA and ILA in particular (Figures 

S15C–S15F). Overall, these experiments demonstrate that the strengthening of the ILACRH to rdLS 

circuit correlates with the shift from social familiarity to SNP in young pups. We next probed 

whether the maturation of the ILACRH cells to LS circuit causes the shift in social preference. P5 pups 

were injected with AAVs expressing the anti-Crh or the scrambled shRNAs. We reasoned the AAVs 

would be taken up by many ILA neurons so that, as soon as Crh expression begins, so would the Cre 

expression and therefore shRNA expression under the control of the fast-expressing U6 promoter.57 

2 days after the injection, we began testing the injected pups for social preference and observed a 

shift in preference at P14 in the control group (Figure 8H), similar to our previous experiment on 

WT mice (Figure 8A). The test group lacking Crh in ILA however continued to exhibit familiar 

preference until P21 when the mice had to be weaned, and the experiment interrupted (Figure 8H). 

Consistently, the choice index for the control group inverted before and after P16, reflecting the 

shift in social preference while the index for the Crh-depleted group remained oriented toward 

familiar choices (Figure 8I). We performed in situ hybridization against Crh and mCherry at the end 

of the behavioral testing (P21) in order to verify the efficacy of the shRNA-mediated Crh depletion 

technique in young pups (Figure S15G). Similar to our results in adults (Figure 4B), cells expressing 

the anti-Crh shRNA exhibited a strong decrease in Crh labeling intensity (Figure S15H). Overall, these 

experiments suggest that increased CRH expression in ILA during the second and third post-natal 

weeks is responsible for the shift in social preference displayed by young mice. 
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Figure 8. Increased CRH expression in ILA supports a shift in social preference in young mice 

(A) Percentage of familiar choice during development, 19 mice. 
(B) Discrimination index for familiar kin before and after post-natal day 16. Each dot is one mouse. 
Unpaired t test, p < 0.0001. 
(C) CRH-Cre;Ai9 mouse. 
(D) mPFC images of CRH-Cre;Ai9 mice at P7, P15, or P21. Scale bars, 500 mm. 
(E) Number of CRH+ cells in ILA, PLA, and ACA during development. 4 observations per mouse, 3 
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mice per group. Nested one-way ANOVA tests comparing CRH+ cells along post-natal day: F(ILA)2,6 
= 18.64, p = 0.003; F(PL)2,6 = 11.47, p = 0.009; F(ACA)2,6 = 0.22, p = 0.8. 
(F) Fold-increase of CHR+ cells between P7 and P21. P21 values compared with the average P7 value. 
Nested one-way ANOVAF2,6 = 52.51, p = 0.0002. Post-hoc Tukey’s multiple comparison tests: p = 
0.001 and p < 0.0001. 
(G) Number of CRH+ cells per ILA layers during development. 4 observations per mouse, 3 mice per 
group. 
(H) Percentage of familiar choice during development in CRH-Cre mice injected in ILA with AAV2/9 
CMV-DIO-(mCherry-U6)-shRNA(anti-Crh) to downregulate Crh or control AAV2/9 CMV-DIO-
(mCherry-U6)-shRNA(scrambled) (12 pups per group). Chi-squared test: p < 0.0001. 
(I) Discrimination index for familiar kin before and after post-natal day 16. Each dot represents a 
mouse. Two-way ANOVA: F(virus x age)1,44 = 15,45, p = 0.0003; F(virus)1,44 = 34,54, p < 0.0001; 
and F(virus)1,44 = 14,73, p = 0.6 and p < 0.0001. Tukey’s multiple comparison test: p < 0.0001. For 
the entire figure, bar graphs represent mean ± SEM. 
See also Figure S15. 

DISCUSSION  

We show that ILACRH cells respond to social interaction with familiar over novel mice and release 

CRH into rLS in order to suppress social interactions with familiar mice through LS disinhibition. 

During familiarization, increasingly responsive ILACRH cells control the decrease in interaction as a 

novel mouse becomes familiar. When given the choice between a familiar and a novel mouse, this 

circuit suppresses social interaction with the familiar mouse to support SNP. We asked previously 

whether ILACRH cells control social memory or rather downstream processes, including SNP, that 

utilize social memory cues. Silencing ILACRH cell terminals to rdLS during the recall trial but not during 

the learning trial disrupts SNP (Figures 4L and 4M), suggesting that ILACRH cells do not contribute to 

social memory formation. This is in line with previous work showing that the CRH-binding protein is 

critical for the recall but not for the learning phase of social recognition.32 Knocking down Crh 

expression in ILA increases social interactions with familiar mice (Figures 4C and 7D) while keeping 

c-fos expression in ILA intact (Figure 7E), suggesting that ILACRH neurons integrate social familiarity 

cues before releasing CRH in order to regulate social interaction with familiar mice. Previous 

hypotheses about the mechanisms underlying SNP supposed the existence of a circuit promoting 

social interactions with novel mice, probably under control of the rewarding properties of social 
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novelty. In addition, the kin preference toward mothers or siblings displayed by young mice19,56 

supposes the existence of other circuits controlling social preferences. Very little is known however 

about the mechanisms supporting the rewarding properties of social cues. The lateral habenula, 

nucleus accumbens, dorsal raphe nucleus, and ventral tegmental area modulate social reward,58–

62 some of them under the control of oxytocin.58–60 Subsequent studies should aim to characterize 

how social novelty can facilitate interactions with novel mice. The LS, which is heavily modulated by 

dopamine, vasopressin, and oxytocin,20 is likely to also integrate inputs facilitating interactions with 

novel mice in order to promote SNP. Interestingly, Liu et al.63 showed that silencing dLS neurons 

(located posterior to rLS) suppresses social approach and facilitates avoidance with novel but not 

familiar mice. This confirms the importance of LS to modulate social interactions and suggests that 

different LS regions can regulate different types of social interactions and may work together to 

promote SNP. How specific is the regulation of social preference by ILACRH cells? We demonstrate 

that ILACRH cells control memory-based SNP but not memory-based novel object preference. Since 

the three stimulus mice used during our SNP test are siblings from the same cage (and thus also 

from the same strain, same age, and same sex), mice must discriminate between novel and familiar 

individuals based on the idiosyncratic identity of each individual, that is, based on true individual 

recognition and not a more general class recognition. Whether ILACRH cells control other social 

preferences such as preferences based on sex, strain, kinship, or anxiety (mice prefer to interact 

with non-stressed mice)13 remains to be determined. The associative nature of the mPFC and our 

rabies tracing experiment (data not shown) suggest that ILACRH cells integrate information from 

many brain regions which are likely to provide various social cues about the nature and identity of 

the stimulus mice. In this framework, we suppose that social cues of negative valence activate 

excitatory neurons projecting to ILACRH cells. For example, social memories of previous encounters 

are known to be stored in the pyramidal neurons of the ventral CA1 (vCA1) region of the 

hippocampus64 and vCA1 projection to mPFC is necessary for behaviors relying on social memory 
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such as SNP.65,66 Consistently, rabies tracing demonstrates that ILACRH cells receive direct inputs from 

vCA1 pyramidal neurons (data not shown). However, whether the vCA1 neurons projecting to ILACRH 

cells carry social familiarly information remains to be confirmed. Unlike adults, young rats and mice 

display kin preference for mother and siblings during the first weeks of life.3,19 Here, we show how 

young mice reliably display social preference toward their siblings vs. age-matched pups until 

maturation of the CRH circuit triggers a shift in preference toward the normotopic adult behavior. 

Indeed, while defenseless pups need to rely on the safety of their nest and company of their siblings, 

older and more able young mice will benefit from leaving their kin and venture out of the nest in 

order to sample resources (feeding behavior) and interact with novel conspecifics (reproductive 

behavior).67 Overall, orchestrating a wide range of sometimes antagonistic motivated behaviors 

including safety, feeding, novel social interactions, and mating is essential and the LS has been 

proposed to play a key role in setting up priorities between motivated behaviors.68 Unlike mice, 

monogamous prairie voles exhibit SNP only during short-term tests, but partner preference can be 

observed during long-term tests.69,70 This difference in social preference might be due to the fact 

that the prairie vole mPFC does not express CRH.71 Furthermore, CRH intra-cerebroventricular 

injections in prairie voles prior to short-term tests induces preference for a familiar vole over a novel 

one.72 These experiments demonstrate the role of CRH in regulating social preferences in several 

rodent species and suggest that differences in mPFC CRH systems can be responsible for novelty or 

partner preference. Humans can suffer from social separation anxiety disorder, which manifests 

itself as an ‘‘unusually strong fear or anxiety to separating from people they feel a strong attachment 

to.’’73 Patients present unusual distress at the discussion or experience of being parted from their 

attachment figure and a refusal to leave the attachment figure. Similarly, patients affected with 

avoidant personality disorder are unwilling to interact with novel individuals because of fear of 

being rejected and favor interacting with familiar ones.73 In addition, CRH has been involved in 

various anxiety disorders, including social phobia.35,74 Similar to our findings, familiarity cues 
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activate the human PFC75,76 and septal77 regions, supporting the idea that the circuit we described 

in the mouse is conserved in humans. A potential cause for social anxiety disorders such as 

separation anxiety disorder or avoidant personality disorder could then be that patients exhibit low 

CRH level in the PFC, preventing them from seeking social novelty. 

Limitations of the study  

The exact demarcations of the rodent PFC are subjected to debate, including the demarcations of 

its sub-regions such as the ILA are unclear.78 In this study, we used the Paxinos atlas (4th edition) to 

delineate separations between brain regions.47 Furthermore, even though shRNA-mediated 

silencing of vGAT decreased the intensity of vGAT labeling by 2-fold, we cannot exclude the 

possibility that enough vGAT remained to mediate some GABAergic transmission and perhaps 

participate in familiarization and SNP as well. 
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B6-Crhr1tm4(cre)Jde Jackson Laboratories RRID:MGI:6281608 

B6.Cg-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/J Jackson Laboratories RRID:IMSR_JAX:007909 

Recombinant DNA     

AAV2/DJ 
hSyn.FLEX.mGFP.2A.Synatophysin-
mRuby 

Stanford vector core Addgene #1930 / Addgene 
#71760 

AAV2/9 
EF1a.DIO.hChR2(E123T/T159C).eYFP 

Massachusetts General 
Hospital #35505-AAV9 

HSV hEF1a.LSIL.GFP (HT) Massachusetts General 
Hospital #RN406 

HSV hEF1a-Cre (HT) Massachusetts General 
Hospital #RN242 

Software     
AxoGraph AxoGraph Ref. 51 
PRISM 9 Graphpad #V-124 
Microsoft Office Word Microsoft 2019 
Microsoft Office Excel Microsoft 2019 



 

 155 

Adobe Illustrator Adobe 2020 v24.1 
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Python Lerner Lab 3.10.2 

 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the lead contact, Felix Leroy (felxfel@aol.com). 

Material availability 

Plasmids generated in this study are available upon request to the lead contact and will be deposited 
to Addgene. 

Data and code availability 

All data reported in this paper will be shared by the lead contact upon request. The code used to 
create the classifiers analysis of the fiber-photometry data is available at  
https://github.com/ramonnogueira/decode_familiarity. Any additional information required to 
reanalyze the data reported in this paper is available from the lead contact upon request. 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

All animal procedures were performed in accordance with the regulations of the UMH-CSIC IACUCs. 
We used P5 to 16-week-old C57BL6/J wild-type (Jackson Laboratories, #000664) mice as well as 
mice of the same age range from the following transgenic mouse lines: CRH-Cre mice (Jackson 
Laboratories, #012704) and CRHR1-Cre mice (courtesy of Jan Deussing). CHR-Cre were crossed to 
the Ai9 tdTomato Cre-reporter mice (Jackson Laboratories, #007909) in order to visualize CRH+ 
neurons. All transgenic mice were on the C57BL6/J background. During social interaction tests, 
stimulus mice were C57BL6/J wild-type mice of the same gender and age than the test mouse. We 
observed no difference related to sex and the results were pooled together. Table S1 summarizes 
the number of male and female mice used in each behavioral experiment. 

METHOD DETAILS 

Anti-Crh shRNA design and in vitro validation 

Three different shRNAs that target Crh (shRNA1: GCCCTTGAATTTCTTGCAGCC; shRNA2: 
GCATGGGTGAAGAATACTTCC; shRNA3: GGAAACTGATGGAGATTATCG) were cloned into the PX552 
plasmid (Addgene #60958) to make rAAV-U6-shRNA1,2,3(CRH)-CMV-EGFP-SV40-polyA (Brain VTA 
#PT-2784, #PT-2785 and #PT-2786). In addition, a scrambled shRNA control was cloned into the 
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same plasmid to make rAAV-U6-shRNA(scrambled)-CMV-EGFP-SV40-polyA (Brain VTA #PT-0916). 
To overexpress CRH mRNA, the sequence for mouse CRH was cloned into a plasmid to construct 
rAAV-CMV-CRH-P2A-EGFP-WPRE-hGH-polyA (Brain VTA #PT-2827). For validation, HEK293T cells 
were transfected, in triplicate, with one of the 3 plasmids containing anti-Crh shRNAs or the 
scrambled shRNA construct along with the overexpression plasmid for Crh (CMV-CRH-GFP). The 
cells were collected 48hr post-transfection and RNA was purified (MiniBEST Universal RNA 
Extraction Kit; Takara,9767) and subjected to RT-PCR (One Step SYBR PrimeScript RT-PCR 
Kit II; Takara,RR086A) using primers for CRH (F: CCCCGCAGCCCTTGAATTTCTTG; R: GGGCGTG 
GAGTTGGGGGACAG) and GAPDH (F: GCAAATTCCATGGCACCGTCAAGG; R: 
CGCCAGCATCGCCCCACTTG) as a control. The RT-PCR results revealed that all three of the anti-Crh 
shRNAs showed robust decreases of Crh mRNA relative to the scrambled shRNA control. The anti-
Crh shRNA-2 showed the highest knockdown efficiency and was selected for in vivo knockdown 
experiments. The anti-Crh shRNA-2 and the scrambled shRNA were cloned into a Cre-dependent 
plasmid80 to make rAAV-CMV-DIO-(mCherry-U6)- shRNA(anti-Crh)-WPRE-hGH-polyA (Brain VTA, 
#PT-2787) and rAAV-CMV-DIO-(mCherry-U6)-shRNA(scrambled)-WPRE-hGH-polyA (Brain VTA, #PT-
2788) which were subsequently packaged into AAV9. 

Virus injections 

For all injections, animals were anesthetized using isoflurane and given analgesics. A craniotomy 
was performed above the target region and a glass pipette was stereotaxically lowered down the 
desired depth. Injections were performed using a nano-inject II (Drummond Scientific). 23 nL were 
delivered 10 s apart until the total amount was reached. The pipette was retracted after 5 min. With 
homozygous animals (C57BL/6J wild-type or CRH-Cre mice), injection of the virus injection 
expressing DREADD, ArchT, shRNA(anti-Crh) and their control viruses (fluorophore only) was 
randomized within each cage. 

AAVs injections in ILA 

Injection coordinates were the following (in mm from Bregma): AP: 1.65, ML: ±0.1, DV: -2.6. 
Injections were done bilaterally with 100nl injected per site. We injected AAV2/DJ 
hSyn.FLEX.mGFP.2A.Synatophysin-mRuby (Addgene #71760 prepared by the Stanford University 
vector core #1930), AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry (Addgene #44362-AAV8), AAV2/8 
hSyn.DIO.mCherry (Addgene #50459-AAV8), AAV2/5-hSyn-DIO-hM3D(Gq)-mCherry (Addgene, 
#44361-AAV5), AAV2/5 hsyn.DIO.mCherry (Addgene #50459- AAV5), AAV2/1 
syn.FLEX.GCaMP6f.WPRE.SV40 (Addgene #100833-AAV1), AAV2/9 CMV-DIO-(mCherry-U6)-
shRNA(anti-Crh) (VTA brain), AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(scrambled) (VTA brain), 
AAV2/9 hSyn.FLEX.dsRed-shRNA(Vgat) (Addgene #67845), AAV 2/9 hSyn-flex-dsRed-
shRNA(scrambled) (Addgene #71383), AAV2/2 CAG.FLEX.ArchT-tdTomato (Addgene #28305 
prepared by the University of North Carolina vector core) and AAV2/2 CAG.FLEX.tdTomato 
(Addgene #28306 prepared by the University of North Carolina vector core) into the ILA of CRH-Cre 
mice. Viruses expressed for a minimum of 2 weeks. 

ACA and PLA anterograde tracing injections 
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We injected AAV2/DJ hSyn.FLEX.mGFP.2A.Synatophysin-mRuby(Stanford vector core #1930 / 
Addgene #71760A) in ACA and PLA of CRH-Cre mice. Injections were done unilaterally with 100 nl 
injected per site. Injection coordinates were the following (in mm from Bregma): PLA: 1.65, ML: 
±0.1, DV: -1.4 and ACA 1.65, ML: ±0.1, DV: -0.6. Viruses expressed for a minimum of 2 weeks. 

AAV injections in rdLS 

Unless specified otherwise, viruses were injected at the following coordinates in mm from Bregma: 
AP: 0.9, ML: ±0.2, DV: -2.8. We injected bilaterally 100 nL of HSV hEF1a.LSIL.mCherry, (Rachel Neve, 
Massachusetts General Hospital #RN406) into the rdLS of CRH-Cre mice. We injected 100 nL of 
AAV2/5 DIO.mGFP (University of North Carolina, #AV4310i) unilaterally into CRHR1-Cre mice. We 
injected unilaterally 200 nL of AAV2/1 syn.GCaMP6f.WPRE.SV40 (University of Pennsylvania, #AV-
1-PV2822) or AAV2/9 syn.CRF1.051 into C57BL/6J WT mice. We injected bilaterally 100 nL of AA2/2 
hSyn1.hChR2(H134R)-mCherry.WPRE (University of Zurich #V-124) or AA2/2 hSyn1.mCherry.WPRE 
(Addgene #114472-AAV2) into C57BL/6J WT mice. We injected bilaterally 100 nL of AAV2/8 
hSyn.DIO.hM4D(Gi)-mCherry (Addgene #44362) or AAV2/8 hSyn.DIO.mCherry (Addgene #50459) 
into the rdLS of CRHR1-Cre mice. All viruses expressed for a minimum of 2 weeks. 

Dual injection in rdLS and ILA 

We injected C57BL/6 mice with 200 nL of HSV hEF1a.Cre in rdLS (coordinates in mm from Bregma: 
AP: 0.9, ML: 0, DV: -2.8). We also injected bilaterally 100 nL of AAV2/9 CMV-DIO-(mCherry-U6)-
shRNA(anti-Crh) or AAV2/9 CMV-DIO-(mCherry-U6)-shRNA(scrambled) in ILA (coordinates in mm 
from Bregma): AP: 1.65, ML: ±0.1, DV: -2.6). We waited 3 weeks for viral expression. 

Optical ferrule implants 

Animals were anesthetized using isoflurane and given analgesics. The scalp was removed and we 
applied Vetbond (3M#7000002814) along the cut. A craniotomy was performed above the target 
region and the optical ferrule was lowered until the desired depth. Superglue was applied to hold 
the lens in position and then dental cement (GC FujiCEM 2) was applied to cover the exposed skull 
and keep the optical ferrule in position. Animal were allowed to recovered for 5 days before being 
used. 

For fiberphotometry recording of ILACRH cells in the right hemisphere we implanted the optical 
ferrule (B280-4419-3, Doric) at the following coordinates: AP: 1.65, ML: 0.1, DV: -2.4. 

For fiberphotometry recording of rdLS cells we implanted the optical ferrule at the following 
coordinates: AP: 0.9, ML: 0, DV: -2.65. 

For silencing of ILACRH cells fibers in rdLS cells we implanted optical ferrules (Thorlab # FT200UMT 
and # CFLC230-10) bilaterally at the following coordinates: AP: 0.9, ML: ±0, DV: -2.65. 

For excitation rdLS cells we implanted the optical ferrule (Thorlab # FT200UMT and # CFLC230-10) 
at the following coordinates: AP: 0.9, ML: 0, DV: -2.65 
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Cannula guide implantation and micro-infusion 

The mouse scalp was removed and scored before a hole was drilled (AP +0.9, ML ±0). A cannula 
guide extending 2.4 mm below the pedestal (Plastics One #C315G 2-G11-SPC) was lowered slowly 
and kept in place using superglue. The skull was then covered with dental cement (GC FujiCEM 2) 
and dummy cannulas (Plastics One #C315DC-SPC) were inserted into the guides. The mice were re- 
turned to their home cages and left to recover for at least 1 week. For rdLS infusion, mice were 
placed under light isoflurane anes- thesia (2%) and the dummy cannula was removed. A cannula 
(Plastics One #C315I-SPC) projecting 2.5 mm from the tip of the cannula guide was mounted. 0.6 
mL of a solution containing 2 mg of antalarmin dissolved in DMSO or DMSO (Sigma-Aldrich # D8418) 
only were infused over 5 min using the Fusion 200 syringe pusher (Chemix Inc.) mounted with a 2-
ml syringe (Hamilton #88511). The cannula was removed 2 min after the end of the micro-infusion. 
Mice typically recovered fully from the light anesthesia within 5 min. Mice were returned to their 
home cages 20 min before the test began. 

Immunohistochemistry (IHC) 

Mice were anesthetized using isoflurane then perfused in the heart with 10 mL saline and their 
brains were quickly extracted and incubated in 4% PFA overnight. After 1 h washing in PBS, 60 mm 
slices were prepared using a Leica VT1000S vibratome (Leica Biosystems). Unless indicated 
otherwise, slices were permeabilized for 2h in PBS with 0.5% Triton-X100 (T9284, Sigma-Aldrich) in 
PBS before being incubated overnight at 4 C with primary antibodies diluted in PBS with 0.5% 
Triton-X in PBS. The slices were washed in PBS for 1 h then incubated overnight at 4C with secondary 
antibodies from Thermo-Fisher Scientific at a concentration of 1:500 diluted in PBS with 0.1% Triton-
X. Hoechst counterstain was applied (Hoechst 33342 at 1:1000 for 30 min in PBS at RT) prior to 
mounting the slice using fluoromount (Sigma-Aldrich). Images were acquired using inverted 
confocal microscopes (lsm 900, Zeiss and SPII, Leica) or an epifluorescent microscope (Thunder, 
Leica). For post-hoc immunocytochemistry after patch-clamp recordings, slices were fixed for 1 h in 
PBS with 4% PFA and streptavidin was applied during secondary incubation. 

Figures 1B–1E: For mRuby and GFP labelling, primary incubation was performed overnight at 4C 
with rabbit anti-RFP (1:500, Rockland Antibody, #600-401-379) and chicken anti-GFP (1:1000, Aves, 
#GFP-1020) antibodies. Secondary incubation was performed with anti-rabbit antibody conjugated 
to Alexa 568 (#A11036) and anti-chicken antibody conjugated to 488 (#A11039). 

Figures 1M, S1, S4, S11, and S14: For YFP, GFP,GCaMP or CRF1.0 labelling, incubation was performed 
overnight at 4 C with anti-GFP antibody conjugated to Alexa 488 (1:500, Thermo-Fisher Scientific 
#A21311). No immunohistochemistry was performed against mCherry. 

Figure S3E: For GABA labelling, incubation was performed during 2 days at 4C with an anti-GABA 
antibody (1:200, Abcam, #ab17413). Secondary incubation was performed with anti-guinea-pig 
antibody conjugated to Alexa 647 (#A21450). No immunohistochemistry was performed against 
GFP. 

Figures 2B and 5E: For mCherry labelling, primary incubation was performed overnight at 4 C with 
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an anti-RFP antibody (1:500, Rockland Antibody, #600-401-379). Secondary incubation was 
performed with anti-rabbit antibody conjugated to Alexa 568 (#A11036). 

Figures 3P, 7B, 7G, S14B, and S14E: For c-fos labelling, primary incubation was performed overnight 
at 4C with anti-c-fos antibody (1:1000, Abcam, #ab190289). Secondary incubation was performed 
with an anti-rabbit antibody conjugated to Alexa 568 (#A11036). 

Figures 5I, 7F, and S6A: For c-fos labelling, primary incubation was performed overnight at 4 C with 
an anti-c-fos antibody (1:1000, Abcam, #ab190289). Secondary incubation was performed with anti-
rabbit antibody conjugated to Alexa 647 (#A32733). No immunohistochemistry was performed 
against mCherry or tdTomato. 

Figures 4L, 7R, and S9I: For tdTomato or mCherry labelling, primary incubation was performed 
overnight at 4 C with an anti-RFP antibody (1:500, Rockland Antibody, 600-401-379). Secondary 
incubation was performed with anti-rabbit antibody conjugated to Alexa 568 (#A11036). 

Figure S10B: For tdTomato and CRF1.0 labelling, primary incubation was performed overnight at 4 
C with an anti-RFP antibody (1:500, Rockland Antibody, 600-401-379). Secondary incubation was 
performed with anti-rabbit antibody conjugated to Alexa 568 (#A11036) and anti-GFP antibody 
conjugated to Alexa 488 (1:500, Thermo-Fisher Scientific #A21311). 

Figures 5A, S8A, S13B, and S13C: For GFP or GCaMP6f labelling, incubation was performed overnight 
at 4C with an anti-GFP antibody conjugated to Alexa 488 (1:500, Thermo-Fisher Scientific, #A21311). 

Figures 7I and 7J: For c-fos and mCherry labelling, primary incubation was performed overnight at 
4C with an anti-c-fos antibody (1:1000, Abcam, #ab190289) and anti-mCherry antibody (1:1000, 
Biorbyt, #orb153320). Secondary incubation was performed with anti-rabbit antibody conjugated 
to Alexa 647 (#A32733) and anti-goat secondary antibody conjugated to Alexa 568 (#A11057). 

Fluorescence quantification in CRH-Cre mice injected in the PFC with AAV2/DJ 

hSyn.FLEX.mGFP.2A.Synatophysin-mRuby 

Images were acquired using an epifluorescent microscope (Thunder, Leica). Images at 8 bits (0 to 
255 intensity units/pixel) were analyzed using the software Image J. For each picture, we measure 
the mean fluorescence value of the background and then sub- tracted it from the mean fluorescence 
value of the region of interest (ROI). Fluorescence intensity = (Mean fluorescence of ROI – Mean 
fluorescence of the background). 

In situ hybridization (ISH) 

Mice were anesthetized using isoflurane then decapitated and their brain quickly extracted. Brains 
were then immersed in dry-ice cold Butan X for 6 s before being stored at -80 C. 16 mm-thick 
slices were prepared using a Leica cryostat (CM3050 S, Leica Biosystems) and mounted on 
Superfrost Plus microscope slides (12-550-15, FisherBrand). For Crh and mCherry labelling (Figure 
4A), we processed the slices using the RNAscope Multiplex Fluorescent Detection kit v1 (ACD Bio, 
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#320851) with the probes for Crh in C1 (#316091), mCherry in C2 (#431201-C2). We applied 
Protease IV for 30 s and used the Amp4 Alt-A color module. The first version of the kit was 
discontinued and we performed the Crh only labelling (Figure S15C) using the RNAscope Multiplex 
Fluorescent Detection kit v2 (#323110) with Crh in C1 (#316091) with 30 s of Protease IV for and 
used the TSA Vivid Dye 520 at 1:750. We also performed Vgat/dsRed (Figure S9C) labelling using the 
RNAscope Multiplex Fluorescent Detection kit v2 (ACD Bio, #323110) vGATin C1 (#319191) and 
dsRed in C2 (#481361-C2) with 2 min of Protease IV. Weused fluorescent dyes TSA Vivid Dye 520 at 
1:750 for vGAT and TSA Vivid Dye 650 at 1:750 for dsRed. DAPI was apply for 30 s prior to mounting 
using fluoromount. Images were acquired using a confocal microscope (SPII, Leica). 

In vitro electrophysiological recordings 

We prepared coronal brain slices from 8- to 12-week-old C57BL6/J mice. Animals were killed under 
isoflurane anesthesia by perfusion into the right ventricle of ice-cold solution containing the 
following (in mM): 125 NaCl, 2.5 KCl, 22.5 glucose, 25 NaHCO3,1.25NaH2PO4,3Na 
Pyruvate,1Ascorbic acid,2CaCl2 and 1 MgCl2). ACSF was saturated with 95% O2 and 5% 
CO2,pH7.4.Brainswere cut into 400 mm slices with a vibratome (VT1200S, Leica) in the same ice-
cold dissection solution. Slices were then transferred to an incubation chamber containing the same 
ACSF solution. The chamber was kept at 34C for 30min and then at room temperature for at least 1 
h before recording. All experiments were performed at room temperature. Slices were mounted in 
the recording chamber under a microscope. Recordings were acquired using the Multiclamp700B 
amplifier (Molecular Device), data acquisition interface ITC-18 (Instrutech) and the Axograph 
software. We targeted CA2 PNs based somatic location and size in both deep and superficial layer. 
Whole-cell recordings were obtained from LS neurons in voltage-clampmode at -70mV patch 
pipette (3–5 MU) containing the following (in mM): 135 Cs-gluconate, 5 KCl, 0.2 EGTA-Na, 10 HEPES, 
2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine, and 5 mM biocytin, pH 7.2 (280–290 mOsm). The liquid 
junction potential was 1.2 mV and was left uncorrected. Inhibitory currents were recorded in 
voltage-clamp configuration at +10 mV. We recorded rdLS neurons in septal slices from CRH-Cre 
mice expressing channelrhodopsin and applied 2 mMSR95531 (Tocris, # 1262) and 1 mMCGP55845 
(Tocris, #1248) to block GABAA and GABAB receptors, respectively while monitoring the light 
induced IPSCs in rdLS neurons. We also applied a tetanic light stimulation (3 times 100 pulses of 1 
ms at 100 Hz) with or without 300 nM antalarmin (Tocris, #2778) present in the bath. 

We also recorded LS neurons from WT mice. After 10 min of stable baseline recording, stressin-1 
(300 nM, Tocris # 1608) was applied following a 1:1000 dilution from stock solution into the ACSF. 
We used the Axograph software for data acquisition, and Excel (Microsoft) and PRISM (Graphpad) 
for data analysis. 

Behavioral tests 

Based on our experience conducting similar social behavior experiments, we used group size of 10-
15 animals. Animals that had viral expression outside of ILA or rdLS were excluded from analysis. 
This criterion was pre-established since we wanted to investigate the role of local neurons. The 
observer was blind to the identity of the mice while performing the behavioral experiments and the 
subsequent analyses. 



 

 161 

Acknowledgments 
Reconocimientos 

 

 

A mi madre, padre, 

Natalia, Laura, Oscar y a Camilo. 

 

 

 

Hoy reconozco que la decisión de dividir mi corazón entre los Andes y el Mediterráneo me ha 

enseñado a vivir en gratitud. 

Gracias, Felix, por ser una guía en este camino, por tus extraordinarias habilidades mayéuticas y 

por brindarme el espacio para gestar mis propias ideas. Gracias, Noe, por ser la mejor y más 

cercana referente en la construcción de ciencia, sin olvidar el gran amor del que todos formamos 

parte. 

Agradezco a mis padres por su incondicionalidad; a mis hermanas, inspiradoras mujeres brillantes; 

y a los “Frijoles”, por darle tanto sazón como humor a la vida. Gracias Camilo por navegar tantos 

kilómetros, emociones y pensamientos en este camino cambiante, sabiendo ser luz y serenidad. 

Finalmente, pero no menos importante: gracias a mí. 

 

 

 

…cuando no sabemos medir lo importante,  

le damos importancia a lo que medimos.  

 


