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SHORT SUMMARY

Social animals exhibit innate tendency to form hierarchies. This social organization increases group
fitness by regulating access to limited resources and by decreasing in-group fighting, but also produces social
gradients in health, whereby lower rank individuals exhibit progressively higher morbidity and mortality
rates. Since social rank proved to be a major determinant of health across the animal kingdom, efforts were
made to uncover the neural circuits supporting hierarchical behaviors. However, little is known about the
brain mechanisms coding for social rank, and which factors and circuits regulate dominance and submissive
behavior. Previous studies in mice have shown that prefrontal cortex (PFC) and cingulate cortex (CG) are
engaged in hierarchical behaviors, and manipulation of PFC populations can trigger or impair dominance.
These observations suggest that PFC/CG might be part of the circuit coding for social rank. Interestingly, the
PFC/CG displays a rich structural and functional connectivity with the hippocampus (HIPP), which has been
causally linked to spatial memory, social memory, and stress-related behaviors in mice. Spatial and social
memory, in the form of the Winner effect, is known to influence social hierarchies, by priming individuals to
be dominant or submissive in future social encounters. In addition, the ability to manage stress responses is
a crucial trait among dominant mice. In this sense, PFC/CG-HIPP circuits emerge as a putative candidate to
explain and support the modulation of hierarchical behaviors by memory and stress. Building upon our
expertise in rodent models, optogenetics, and in vivo electrophysiology, we aimed to characterize the social
coding properties in PFC/CG and how memory shapes that code by means of PFC/CG-HIPP interactions.

The specific aims of this grant were:
1) To characterize social coding in cingulate ensembles during social contests
2) To test the necessity of cingulate-hippocampal projections in memory for social contests

3) To characterize the mechanism by which social-related hippocampal patterns shape cingulate ensembles

in social contests

Chapter 1 — Implementation of a modular headgear for chronic, dual-site, in vivo recordings in freely-
behaving mice. (In fulfillment of Aim 1 to 3 of our proposal)

Since all Aims (1 to 3) required the implantation of optoelectronic devices in freely behaving mice, we started
the project by implementing and optimizing an advanced implantation protocol, which became the
cornerstone of this work and an important technical resource for our in vivo electrophysiology section, with
putative long-term implications in future projects and funding opportunities. In this chapter, we report the
implementation and optimization of the 3-D printed headgear system, which allows chronic in vivo recordings
in freely behaving mice using independently movable silicon probes targeting multiple brain regions. Our
headgear also allows the reliable recovery and reuse of the silicon probes, decreasing costs, and
experimenter effort, causing no observable interference in mouse behaviors. This achievement was
published in:
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. Ferreira-Fernandes E, Laranjo M, Reis T, Canijo B, Ferreira PA, Martins P, Vilarinho J, Tavakoli M, Kunicki C and Pega J (2023)
In vivo recordings in freely behaving mice using independent silicon probes targeting multiple brain regions. Front. Neural
Circuits. 17:1293620

Chapter 2 - Social coding properties in PFC/CG during social contests. (In fulfillment of Aim 1 of our
proposal)

The tube test is a test validated to probe rodent hierarchy, where a dominant mouse forces the subordinate
to retreat out of the tube. To accomplish Aim 1, we intended to perform in vivo recordings in freely-behaving
mice while they performed such task (Task 1). However, the bulky structure of the headgear (see chapter 1)
was incompatible with the tube diameter and sensitive components could be easily damaged during the
dyadic confrontations, prompting us to look for alternatives. Since our ultimate interest in Aim 1 was to
record from the PFC/CG and HIPP simultaneously while animals interacted with dominant and subordinate
mice, we developed the social T-maze. In the social T-maze, the subject mouse could engage in self-passed
social interactions with two conspecifics, which were enclosed in each arm of the T-maze. While similar to a
3-Chamber test, the social T-maze had less empty space, decreasing the exploration of useless areas,
provided a more explicit choice point, to monitor choice and expectation towards social interactions,
facilitated data analysis, and provided additional protection to the electronic material necessary for the
recordings.

To perform the social T-maze, cages of 4 mice were pre-trained in a round-robin version of the tube test until
we could observe a stable hierarchy in the cage for 3 consecutive days. Middle-rank mice were implanted
with the headgear for in vivo recordings, whereas the dominant and subordinate animals were used as
stimulus mice, enclosed in the arms of the social T-maze using a plexiglass barrier with holes for nosepoking.
At the behavioral level, middle-rank mice displayed robust social preference, spending significantly more
time in the social regions of the maze near the stimulus mice, but they did not express significant preference
for the dominant or subordinate individual. At the neuronal level, social interactions significantly increased
the number of cfos positive cells in PFC/CG, suggesting increased neuronal activity, but no differences in cfos
labelling were found when we compared social interactions towards dominant or subordinate stimulus.
Notably, about 21% of the PFC/CG cells recorded displayed social coding, i.e. were modulated by social
interactions, and 50% of those social cells (10.5%) were modulated by the identity of the stimulus mouse
(dominant vs. subordinate), suggesting a putative coding of social rank. Together, these observations provide
correlative evidence supporting a putative role for PFC/CG in coding social and rank-related variables in the
service of dominance behaviors.

e  “Invivo characterization of prefrontal cortical neurons involved in social hierarchies”, Barbara Canijo, MSc in Molecular
and Translational Neuroscience, Faculty of Medicine, University of Coimbra, 2022. Supervisor: Jodo Pega, Ana Cristina
Rego

Chapter 3 — Social memory and social coding properties in the PFC/CG of the GPRASP2 conditional

knockout (KO) mouse. (In fulfillment of Aim 2 and 3 of our proposal)

Having characterized social coding in PFC/CG from a correlative perspective, we sought to test the necessity

of PFC/CG-hippocampal projections for such coding (Aim 2, Task 2), and further characterize the changes
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evoked in PFC/CG coding upon inhibition of hippocampal projections (Aim 3, Task 3). For that, we tried to
implement a double viral approach to selectively express inhibitory optogenetic and chemogenetic tools in
hippocampal axons targeting the PFC/CG, which would allow us to specifically inhibit such projections during
behavior and during in vivo recordings in the social T-maze. Unfortunately, the viral strategy did not work
(see Annex 1 — Viral strategy), prompting us to look for alternatives to characterize the social code in PFC/CG
circuits during hippocampal and social memory inhibition.

Parallel work from our lab in autism spectrum disorder (ASD) led us to develop a conditional GPRASP2
(cGPRASP2) KO model, where we selectively blocked GPRASP2 expression in parvalbumin (PV) interneurons.
Notably, cGPRASP2 mice displayed strong deficits in hippocampal-dependent behaviors, including deficits in
social memory and social interactions. Another interesting trait of GPRASP2 animals (Edfawy et al. Nat Comm,
2019) was their tendency for winning the tube test against control mice, thus achieving high dominance
scores. However, they preferred a ‘sit and wait’ strategy, causing control mice to eventually retreat out of
the tube, suggesting that their abnormal social behavior could also affect the formation of dominance
hierarchies. Since cGRPASP2 mice showed hippocampal dysfunction, deficits in social memory, and abnormal
hierarchical behaviors, we used them as a ‘phenocopy’ to replace our double viral strategy, allowing us to
assess socially-modulated PFC/CG neurons during hippocampal and social memory dysfunction (see Annex 2
— The cGPRASP2 mouse model).

For that, we recorded the neuronal activity in PFC/CG circuits of control and cGPRASP2 mice performing the
social T-maze test. For these experiments, we used novel and familiar stimulus animals, allowing us to probe
sociability and social memory using behavioral metrics, and to compare PFC/CG spectral signatures in the
delta, theta, and beta bands. In this chapter, we did not use dominant and subordinate stimulus animals,
since the PFC/CG SUs modulated by social rank in the social T-maze were statistically infrequent using our
recording density (as seen in chapter 2), and we were unable to group-house the implanted animals. Single-
housing raised the question of whether implanted animals would still recognize the dominant or subordinate
conspecific once they were separated from the hierarchy.

Regarding behavioral metrics, control mice displayed significant sociability, without preference for novel or
familiar conspecifics. While ¢cGPRASP2 mice also lacked preference for social novelty or familiarity, the
analysis of their sociability was ultimately inconclusive. Despite these conflicting data from behavioral
analysis, control mice showed significantly increased theta power (8-12 Hz) in PFC/CG circuits during social
experiences in the social T-maze, compared to epochs of exploration in an empty maze. Strikingly, the
cGPRASP2 mice, previously known for their hippocampal and social memory dysfunction (see Annex 2),
lacked this social-related theta signature when they engaged in social interactions. Our results agree with
previous studies showing increased theta power (7-12 Hz) in the PFC of control mice and mice subjected to
chronic social defeat stress, when they interacted with a stimulus conspecific. Other studies also reported
increased theta power (8-10 Hz) in limbic structures (olfactory bulb, piriform cortex and amygdala) in both
rats and mice engaged in social interactions. These and our observations should be integrated with the
classical literature concerning theta rhythms in the rodent HIPP, which suggests the existence of two distinct
theta oscillations: the type 1 theta oscillation (8-12 Hz - high theta), associated with sensory processing and
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voluntary movement; and the type 2 theta oscillation (4-8 Hz - low theta), associated with arousal during
states of immobility and with fear/anxiety-related states. Therefore, the significant increase in high theta
oscillations reported in our work might reflect self-paced, sensory processing during social experiences. In
this sense, we hypothesize that high theta oscillations might be the communication channel whereby social-
related hippocampal patterns shape PFC/CG circuits, allowing prefrontal-hippocampal synchronization in the
service of social memory and hierarchical behavior.

It is worth noting that the inclusion of the cGPRASP2 mice in the project to overcome the problems with the
viral strategy led us to an additional and unexpected finding. Since the cGPRASP2 mouse is a model of ASD
and intellectual disability, the absence of the social-related theta pattern in PFC/CG emerged as a putative
activity biomarker of social dysfunction in our ASD model, further reinforcing the relevance of PFC/CG-HIPP
interactions for ASD pathogenesis.

e  “Dissecting the role of parvalbumin-positive inhibitory neurons in the cellular and behavioral phenotypes associated with
Gprasp2 deletion”, Mariana Laranjo, PhD in Experimental Biology and Biomedicine, UC, 2023. Supervisor: Jodo Peca, Ana
Luisa Cardoso, Mohamed Edfawy

It is expected that besides the above-mentioned outputs, one other manuscript will be prepared
acknowledging the support from BIAL Foundation.

On a personal note, the Pl, Emanuel Ferreira-Fernandes would like to acknowledge the importance of the
critical funding from Fundacdo Bial, at a critical stage of his career, where he was starting his postdoc at the
Center for Neuroscience and Cell Biology. The foundation of our current in vivo electrophysiology division
(from implantation and recording protocols to all data analysis routines) and the training given to the
students were only possible due to this generous support.
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