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la. Streszczenie
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1b. Abstract

For many animal specieqeing part of a social structure is key to survival
and reproduction. Functioning within a group allows for more efficient use of environmental
resources and faster response to potential threats. Relationships between individuals that make
up a group devep through a series of social behaviors, such as establishing hierarchies
and forming bonds. Social learning, or the ability to gain information from the behavior
of other individuals, is one of the most essential elements of the social behavioraineperto
of mammals.

The presentedissertation describes the development of experimental protocols
for evaluating social learning in groups of mice tested under-sataral conditions. For
this purpose, the EedAB system was used. The EEAB reflects the mst important
featuresof the mice's natural environment, while allowing fully automated evaluation of social
behavior. The developed protocols were then used to study how information about the location
of rewards in the environment spreads among indivsdua the group and how social
relationships in the group, including the social network, affects resporsssgabnformation
about food. It was discovered that mice have the ability to effectively learn about rewards found
in the environment by othé&miliar individuals based on the scent tratesconspecifickave
behind, without the need for direct contact vgtbupmembers. In addition, it was discovered
that the effectiveness of social learning depends on the social hierarchy
andstructure of the social network. Namely, individuals that are the centers of the network,
show the most intense response to social stimuli associated with reward.iswhate,

a pioneering way to study the abedescribed parameters in a new habitat (irte
environmental transfer of social information) previously populated only by "scout” mice was
also developed.

The creation of theaforementionedexperimental protocols made it possible
to conduct research on the neural mechanisms of social learning. ddved qeart of this
dissertation describes studies on the importance of neuronal plasticity in the prelimbic part
of the prefrontal cortex for the ability to learn socially frgnoupmembers. For this purpose,
specially designed nanoparticles containing PIMTissue Inhibitor of Metalloproteinases 1),
an inhibitor of the enzyme MMP9 (Matrix Metallopeptidase 9) which is key for synaptic
plasticity, were used. MMP9 in the brain is involved in the formation of neural connections

by regulating the maturation afendritic spines. In addition, numerous studies show that,



at the behavioral level, manipulation of MMR&tivity affects learning and memory
consolidation. The nanoparticles used in this study, when injected into the brain, gradually
release their contésy which made it possible to manipulate neuronal plasticity over a long
period of time, and thus observe behavioral effects over many days.

Over the course of the study, it was shown that the ability of mice to transmit
information and learn the locatioof a potential reward based on the odor traces left
in the environment depends on the undisturbed activity of MMP9 protein in the prelimbic part
of the prefrontal cortex. It was discovered that reducing the level of MMP9 protein activity
with its inhibitor TIMP1 decreases rewasgeking motivation in response to socially
transmitted reward information. Moreover, the described manipulation of neuronal plasticity
has been shown to interfere with the animals' abilityuse social informationin novel
environments It also resulted in significant remodeling of the social networks
and, consequently, the-group social interactions.

The findings of the presesd study are a significant contribution to the development
of knowledge about social learning and thlerlying neuronal mechanisms. In patrticular,
the development of new experimental protocols contributes to the versatility of thé&AB;0

the automated system for tracking social behavior develapided Nencki Institute.



2. List ofabbreviations

ADAM - a disintegrin and metalloproteinase
ADHD - attention deficit hyperactivity disorder
Al - artificial intelligence

BSA - bovine serum albumin

CTRL - control

IL 7 infralimbic part ofthe prefrontal cortex
LTP 1 long term potentiation

MM P - matrix metalloproteinases

mPFCi medial part othe prefrontal cortex
NCAM - neural cell adhesion molecule

NPT nanoparticles

PFCi prefrontal cortex

PL T prelimbic part otheprefrontal cortex
PLGA - poly(DL-lactide-co-glycolide

REW/ reward

RFID - radio frequency identification

TIMP - tissue inhibitors of metalloproteinases
UST unconditioned stimulus

vmPFC- ventromedial part of prefrontal cortex
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3. Introduction

3.1 Importance of sociability for evolutionary fithess

Empathy is mostommonly defined as the ability to understand and share emotional
states of another individugHall and Schwartz2019) It has been extensively studied
in animals( P ®Manrzque and Gomila, 2022; Sivaselvachandran et al., 2018; Young et al.,
2018) One of the most influential models of empathy is a Russian doll model proposed
by Preston and De Waé@Preston and Waal, 2002)he model assumes three dimensions
of empathetic responses. The most basic, and at the same time core reaction related to empathy,
i's emotional contagion, the ability to share
(Dugatkin and Driscoll, 2021)n fact, the ability to mimic responses of another individual
is crucially important for social learninfAnderson and Kinnally, 2021; Keysers, 2022)
Moreover, mimicry is a foundation for more complex reactions and resporsesekt level
of complexity is the empathic concelfor affective empathy)defined as the ability
to under st and(ZahmWagler and Razlkyartow, d998) The last and most
advanced aspeat this empathy modes the ability to take perspective of another individual
and thus understand what their emotional state is. In other words, the representation of emotions
can be evoked by the perception of the eoths 6 emoti onal stat e,
an individual insight and leads to understandirdgitit might be like to experience what they
feel (de Waal and Preston, 2017)

Empathy is one of the kayjechanisms enabling animals to obtain information about
changes in their environment based on the social coniitsg able to avoid the potential
dangers and use the opportunities offered by the environment is critical for s(Albets,

2019) Information encoded in behavior of another individual can be ug®fuhderstanding
readinessfor reproductionand social status of other animdldafez and Hafez, 2000)

In addition to providing information about social interaction partner, reading emotional states
of others can also provide informatiabout the threats or rewards without the need for first

hand experiencewhich allows reducing risk and energy expenditure related to direct
exploratontl Danchin et al ., 2 UM livingRnuséeialigraups nettonlya | .
reduces the probability of being a victim of a predatory attack but also herd usually defends
their members if they are in dang@foster and Treherne, 198ahd helps to learn about

the resources in the environmetany-eyes hypothesis points out that one benefits from being
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a part of a group by optimization of the proportion of tirperd on looking for potential
predators or other dangeto the time spent on foragir{@Isson et al., 2015Furthermore,

in line with the Emergence theory, organization of individuals into groups creates new
opportunitiesmpossible taaccesdy the individuals who live alonsuch asetter adaptation

to ecological niches or more efficient management of enwiental resourcg€azzolla Gatti

et al., 2018)

3.2 Increasing complexity of social behaviofrom singlecell
organisms to mammals

Examples of social behavior can be widely observed across the whole Animalia
kingdom. Interestingly, a rich palette of social behavior, including actions as advance
as coopsgtion in foraging, aggregation, and communicatisglso found in recent studies
on microorganisms. Bacteria are able to aggregate and cooperate to build complex structures
called biofims( O6 To ol e e icrohds frgm di@fdrehtOajeas of the biofilm show
different specializations and related gene expreg§losterton, 1995Such structures provide
betterstabilizzd environments, help in nutrient accumulation and provide protection from
antibiotics, toxins or physical damagBecho, 1994) Myxobacteria are another example
of microorganisms that exhibit social aspects of behavior. In response to starvation
or inconvenient environmental conditions yheommunicate chemically and send signals
to initiate aggregation intaovel structure. This reorganization increases feeding efficiency
thanks to improved enzyme aggregation and nutrient distrib(tidhu §Dmrado and Arias,
1995) Additionally, self-organization into the groups decreases the risk related to the hostile
environment and increases the reliability of moving to safe &@anrAydin and Goldman,
2021)

The memier of Annelida phylum(alifornia blackworm, organizewith conspecifics
into the blobshaped structure to survive in cold areas that would be very hard or even
impossible to inhabit by the individual worn{®zkarAydin et al.,, 2021) Importantly,
individual worms were faster in reaching the borders of the cold foragg@sgnation
in the experimental apparatus but most of them failed and did not get there at all.

Further, social behavior is waellocumented in insec(8rian, 2012; Wheeler, 2016)
especially when it comes to its role in kin selection and mutuglismand Michener, 1972)

Most studies in the area are based on ants, bees and tdiretebardt et al., 2016Ants
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are known for the division of labor, observedreue very small groupgRavary et al., 2007)
Specialization in performed tasks improves the nest homeostasis and increases evolutionary
fitness, these positive effects scale up with increasing group size and seencrtiake
especially in the early stage of the nest developitidrith et al., 2018)

Even animals who belong to solitary species may benefit from social contact.
Drosophila melanogaster is a great example of a solitagct that profits from cooperation
with conspecifics. It was shown that flies find favorable feeding areas quicker when they forage
collectively, rather than on their owhihoreau et al., 2018Moreover, reaction to aversive
stimuli is also faster when flies are in a group which may have serious implications
for the ability to avoid dangef8Vasserman and Frye, 2015)

Even more clearly, social behavior plays beneficial role in more evolutionary advanced
animals. Fish use chemical signaling to organize themselves into the groups called shoals.
They synchronize their individual behavior which makes shoals very organized and effective
in avoiding predator@Miller and Gerlai, 2012)Minnows spread the information about danger
(e.g. the predator) via chemical signaling which affectbab®r of the whole group
and increases its chance for surviidagurran and Higham, 1988)rganization into the shoal
does not only help to avoid dangers but also leads to the efieative finding of food
and foraging, equally important from the evolutionary perspef®iteher et al., 1982)

Reptiles are not common models to study social behavior, since they are considered
non-social animals, displaying little to no parental care and poor communi¢Biidinet al.,

2017) In contrast to that opinion, observations and experiments showed that reptiles display
clear evidence for social behavior. Turtle embryos detect vibrations of the siblings
as a social information for earlier hatching upon dangerous environmental conditions
(i.e., flood, which increases their chance to survibmody et al., 2013)Moreover, lizards

from the Egernia genus form large groups and perform behaviors such as kin recognition,
parental care, and cooperation against predators or for buildingdomgsocial relationships
(Doody et al., 2013)

Contrary to studies in reptiles, studying social behavior in birds has a long and well
documented traton (Collias, 1952; Schjelderdibbe, 1935) Studies show that birds use
social behavior to communicaf€odt and Naguib, 2000efend territoriegBrown, 1969)
attract each othgButcher and Rohwer, 1989and even form basiculture (Aplin, 2019)
Benefits from cooperation and group livirege especially clear in migratory birds such
as swans or pelicar(Badzinski, 2005; Brereton et al., 2021pngdistance flights require
complex logistics and cost a lot of energy. Thanks to communication skills birds are able
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to save energy by f(Weamenmkych etral., 2001jMdr@over, birdsma t i o n
usually form characteristic floelkke group structures. Flocking behavior reduces the time
of reactionto potential dangers and is a great-pnéidator abilityGoldman, 1980)Markedly,
for some birds interactions with conspecifics are consideydaetrewarding, while social
isolationhas negative physiological and behavioral eff@Riters et al., 2019)

Mammals are a class of animals considered highly suitable for experimentation
on social behavior and social learning. They have beenmented to possess a wide range
of social abilities, most remarkably, they are able to create groups and societies with complex
networks of relationships. Moreover, their brains have specialized neuronal networks
that support development of social bebayClutton-Brock, 2009; Isler and Van Schaik, 2009;
Ricklefs, 2010; Sk, 2007) Further, mammals are known to express parental care;
for the purpose of reproduction evesolitary mammals show sociability, usually prolonged
to a period of parental care and oftentimes even exceeding that (@&rtidn-Brock, 2016)
Notably, it was shown that social impact of the group increases survival and health conditions
of the offspring(Silk, 2007)

3.3 Laborabry rodentsas a suitable model of mammalian sociability

Rodents due to their common use in laboratory experiments, are one of the most
examined animals in the context of social behavior. They are able to show a wide range
of social behaviordncluding play, territorial behavior, social dominance, sexual behaviors and
parental car¢Provenzano et al., 201P,u Sci an et al ., 2The<nplest Wi r t h
approach for modeling social behavioraalentsunder laboratory conditions is the observation
of the dyadic social interacti onBodlnf2007nt er ac
Kas et al., 2014)However, current discussion in the field points to the fact, that a simple
interaction between two animals may not be enough to observe full complexity of social
behavior(Hofmann et al., 2014; Kondrakiewiezt al ., 2019a; Peters et
2022a; PuSci an .aThus, nével appwdctees to gt@lyirg )social behavior
in rodents, especiallyn mice focus on social grougsd a Cost a Ara%% o and |
Jedrzejewsk&zmeket al., 2019; Kurvers et al., 2014; Peleh etal., 2019:Sci an et al
PuScian and Knapska, 2 0 2.2Both Wild and mlosatory mieet  a |
in seminatural environments form complex social structuméth dominance hierarchies,
individual social strategies, and territorial behavi@ray et al., 2002; Mackintosh, 1970;
Mondrag-n et al ., 1987)
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Notably, social dominance is a wedtudied aspect of social behavior that can
be observed in all mammalKkumaran et al., 2012; Noonan et al., 2014)mice dominance
can be tested in a number of ways. The most common ones are tests of direct physical
aggressive encounters (e.g., residatruder test) and competition for resources (e.g., warm
spot testZhou et al., 2018)The latter is often conseded the most ecologicatalid approach
that at the same time can be effectively applied under labor@aditions(Fulenwider et al.,
2022; M8rquez et al., 2013)

One of the main characteristics of mammalian social \behds parental care
for the offspring. Mice dams protect and feed newbdiso et al., 2019)Furthermore,
disturbances in maternal behavior and social isolation at the early stage of life can cause social
deficits and depressidike behaviors in micéLavendaGrosberg et al., 2022; Panksepp et al.,
1991). Socially isolated rathave altered number of dopamine and serotonin receptors
in the prefrontal cortex and show abnormal behavioral responses to ribagizet al., 2003)

Deficits of social interactions are also related to social stress. Specifically, reduction of social
contact in rats leads to adrenal gland hypertrophy, deprdgssveehaviors, and affects

the expression ofaural cell adhesion molecule (NCAM) protein expressadng neuronal
differentiationin developmentDjordjevic et al., 2012)Interestingly, quality of paternal care
may also affect the proper developmhef offspring. Experiments on degus showed that
absence of paternal care leads to imbalance in excHetioityitory synapses equilibrium

in the cingulate corte§Ovtscharoff et al., 2006)

Further, miceare able to share emotional state of another conspecific and some
researchers argue they are able to display altr(idagil, 2019; Shin, 2022)For example,
exposure to a stressed conspecific triggers stress response in-theatesh observe(®leyza
et al., 2015; Meyza and Knapska, 2Q18j the other hand, the presence of a cage mate reduces
the effects of fear condi t i (&igokawgand Hehnessyh | s
2018). That ability to share emotional state is the base for more complex ernpiztieg
behaviors. Rats have been shown to cooperate and adjust the helping strategy depending
on the actual need$chweinfurth and Taborsky, 2018&jurthermore, rodents are also able
to share positive emotiorfsO| s z y s k i. Interestingly, it was sh@va that appetitive
emotional state can suppress the siver emotional state in the laboratory ré#slkstone
and Brudzynski, 2019)

Researchers argue that we#veloped repertoire of sociability and its similarities
to human behavior make laboratory mice a suitable mimdgdsychiatricdisorders(Zhang
et al., 2022and empathyPark et al., 2022)Additiondly, the variety of available transgenic
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strains and experimental approaches (see the following chapters) allowing to effectively
address questions regardingman disorders of social behavidietser et al., 2020; Sgritta

et al., 2019put laboratory mice in the center of the presented research. Moreover, many tools
and protocols based on genetic manipulativare developed and suaessfully used

in laboratory micen social task$Kondrakiewicz et al., 2019b, 2019a; Winiarski et al., 2022)
Finally, mice can be effectively used for modeling complex group behavioasficimation

of social network{ Pu Sci an an d, Wiiarakpes &.an, prefR 18 the presented

work weshow mice of C57BL/6j strain, which is commonly used to create transgenic models

(Kondrakiewicz et al., 2019a; .PuScian et al

3.4 Channelf sogal information

Social information can be encoded in many different ways and be received via many
sensual modalitieBonnie and Earley, 2007; Isler and Van Schaik, 2009; Moles et al., 2007;
Zerda et al., 2020)Animals from Amphibia class use their vocal apparatus, chemical
attractants and skin coléo communicate. Hyla faber, also known as Blacksmith tree frog,
manifests different types vocalization to communicate distress, territory marking, and sexual
attraction during matingMartins and Haddad, 1988)t is noteworthy,that amphibians
communicate being poisonous to the potential predators, by a characteristic dappled skin color,
which is an examplef between species social communicaioNi | sson Sk°%1 d et

Social deterrent signals are observed also in mammalsgxfample when dogs
are instressful situatiomor enraged they raise their hackles, wridkimse and show teeth
to look more dangerous(Blackshaw, 1991) Visual information is also crucial
for the manifestation and recognition of the signals related to sexual behavior and domination.
For example, penis and scrotum of vervet monkeysred and blue to contrast with the white
fur to signal sexual maturitySnyderMackler et al., 2020)Moreover, studies in humans
showed that visual signals are critical for sexual attraction and stimulate reward system
in the brain(Ponseti et al., 2006)

It is noteworthy, that sexual filmmation is also transferred via other modalities,
for example, deer use characteristic vocal signals during tiMysterud, 2011)Vocalization
is also oftentimes used to demonstrate dominance. African lions use roaring to express their
statts and to scare away potential rivg(Sray et al., 2017)Birds are well known for their

singing which is a notable example of vocallynvoyed social information about territory
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bordersand sexual attractandslirin and Klinck, 2021) Vocalizations are also used by animals

to inform each other about potential predators or dangerous situations. Meerkats developed
different alarm calls communicating different thregtdiHo | | ®n and .Rlaod f or d,
individual emaional state can be communicated via vocalizatibletser et al.,, 2022)
Laboratory rats emit ultrasonic vocalizations of different frequencies when subjected

to appetitive and aversive situatiof@Branchi et al., 2001; Silkstone and Brudzynski, 2019;

Wil l adsen et al .,. 2014; We hr et al ., 2011)

Observation of animals in their natural/quasi natural environment and under
the laboratory conditions showed that the obiagtsystem plays a key role in receiving
and processing socially driven information. Ants code their caste affiliation in a specific social
odor( d 6 Et t or r disteuse olattory, infoRntatiorT fpr social recognition and attraction
(Ward et al., 2020)Also, birds widely use olfactg cues to communicate with the conspecifics
(Maraci et al.,, 2018) Olfactory saial information can be transferred via cues left
in the environment or via direct interaction with another anifbabiec and Olsson, 231
Sullivan et al., 2015)in rodents, social identity is encoded in urine or in skin and scent glands
secretiongSanchezAndrade and Kendrick, 2009; Stopka et al., 2007)

In mice, which were employed in the herein presented experiments, the dominant sense
used for social communication is olfaction. Mice show marked interest in olfactory social
stimuli when tested under Haratory conditions and discriminate between familiar
and unfamiliar oneg Cr awl ey, 2004 ; .Refstingly,nbothe laboraory. |, 20
and field experiments show that to absorb sociakmation mice engage all senses, however,
olfactory processing the most importat Dul ac and Wagner, 2006; Li
et al., 2016) Social odors are useid communicate, mark territory, position oneself in social
hierarchy, and as attractant during mating seéStockley et al., 2013When meeting novel
conspecifics, mice intensely sniff their head and anogenital (&leameshet al., 2013)
Notably, the time of sniffing of novel subjects is much longer than that of the familiar ones
(MesaGresa et al., 2013)Further, disturbance of the olfactory system impairs social
recognition(Tobin et al., 2010)Rodent pups highly prefer odor tfeir mother(Wilson
and Sullivan, 1994)however, this effect is observed also with surregabthers, which
suggests that pups learn to associate social odor with another conspecific highly important
for their survival(McLean and Harley, 2004)

Olfactory information is also important in mouse group communication
andis oftentimes used to mediate social relations{ifetsuo et al., 2015Also, information
about the halth state of an individual is encoded in olfactory cues. For example, mouse females
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prefer parasite free males in mating season and make their decision based on olfactory
examinat i on (Kavaliarsel ak, 2004 Moneavar, esocial scents of a sick mouse

can lead to the avoidance of some parts of the territory by other grougRatesilt et al.,

2008) Basel on all the aforementioned studies, in the our work we used social scents

as the source of pertinent information about the changing environment.

3.6 The key role of social learning in adaptation

In the previous chapters | described benefits from living in social groups, and discussed
some examples of social behavior aadnmunication across the phylogenetic tidewever,
in the context of the presented work | will further focus on a specific subset of social behavior
- social learning and its critical role in adaptation. Contact with conspecifics plays a key role
in adaptation to changing environments, helps with information finding and increasesshance
for survival and reproductiofKeller, 2009; Rodriguez Parkitna and Engblom, 2012)

The most widely accepted definition of social learning is the ability to receive
and assimilate sociallgonveyed information, encodedaither behavior of another individual
or the cues it left in the environmefiReed et al., 2010Both those indicators may contain
important information about dangers, rewards and shifting environmental con{lidrsscq
et al., 2016)Social information can be used to avoid, or if impossible, to appropriately prepare
for danger(McLachlan, 2019)

The most robust types of social cues that inform about the potential danger are fresh
carcasses or wounded individuél3all et al., 2005) Interestingly, the behavioral response
to the threat communicated via social channels developed very early in the evolutionary tree.
Forinstance, wounded cnidarians produce an alarming horrather polyps exposed to that
hormone take a defensive and safer stghiosve, 1976) Similarly, damselflies reduce their
activity when they detect injured conspecifi@¢isenden et al., 1997Also bumble bees avoid
spots for foraging with signs of freshly killed conspecifidbbott, 2006) Zebrafish produce
and secrete alarm substances where they find freshly dead congpétiicand Dill, 1990;
Verheggen et al.,, 2010)in the laboratory experiments, guppies learn from harmed
demonstrators where they need to hide to avoidl@ctric shockBrown and Laland, 2003)
Finally, data shows that collective monitoring and reaction to the behavior of nearest

conspecifics increases the efficiency of avoiding predéRags et al., 2013)
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3.7 Social learning about threat

Alarm cues from dead or wounded animals aneery robust type of information.
However, many species are able to detect weaker social signals of distu{BamessNovak
et al ., 2017; Ferrari et . @he most cBninb substdnoe d « o
produced in response to danger is ufikesecker et al., 19990bservation ofvood frogs
shows that urine secretion level can be controlled and adjusted depending on the intensity
of danger(BairosNovak et al., 2017)Production of such signals may be a more precise
and at the same time contextual alternatteesharing social information via direct alarm
signals. Still, production of danger or distunba signals costs energy. Nevertheless, the ability
of an animal to share and learn these signals can increase its chances for survival
in the groupgHamilton, 1964)

The ability to exhibit emotional states and to share emotions of others are crucial factors
in social learning(Krakenberg et al., 2020)Many socal animals are able to adapt
their behavior according to the recognized emotional state of other conspg&ifiraka
et al., 2021; Ferretti and Papaleo, 2019; Knapska et al., 2006a; Meyza et al., 2015)
Interestingly, the effect of the socially evoked emotions can be obsergkdizelylong time
afterthe emotional event has ended. Rats, for example, show ahkeshehaviors even days
after traumatic encounters with a preddfsamec and Shallow, 1993)nimals are also able
t o evaluat e t he intensity of t he ot her c
and colleagues(Andraka et al., 2021)showed that depending on the stress level
of the demonstrator (animal subjected to the aversive experience), observer (animal obtaining
socially conveyed information about what has happened to their conspecific) increases their
explaration or freezes, depending on the intensity of the threat (remote vs. imminent) to which
the demonstrator was subjected. Also interaction with a fearful conspecific improves
subsequent learning of fear and avoidance in rats and Kneg@ska et al., 2010; Nowak et al.,
2013) Moreover, animals are able to associate gained sociaimafimm with environmental
context, which is the key mechanism in social learning. For instance, mice can be conditioned
to be afraidof the contexby the observation of a shocked conspe¢ifaon and Shin, 2011)
Similar observations were made not only in mammals, zebrafish are also able to associate
neutral odor with a potential danger whethor was previously demonstrated together with
a frightened conspecifi©liveira et al., 2014 )Ability to socially learn &out dangerous factors
found in many species from different branches of the phylogenetic tree strongly supports
the notion that it may be useful for surviviagd thriving of individuals.
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3.8 Social learning about rewards

Information about the availakii of rewards in the environment, such as areas plentiful
with food or safe shelters, is as crucial for survival as is being aware of the potential threats
however mechanism of reward learningare much less understood thaimose ofaversive
learning, which was one of the maisearchtheseprocesssin the presentedissertation.
Knowledgeabout the sources of safe food or water is critical especially in novel, unknown
habitats. Thus, recogni zi n gdfindng ergasumgdgtionc s 6 eI
as well as their subsequent health status is a usefulGkilef and Giraldeau, 20Q1pata
shows that social behavior and social recognition are involved in passing information about
the food location and safef¢holeris et al., 2009Mice who had comtct with other mice who
had previously eaten cumftavored pellets prefer consumption of such food type, without
changing their total consumption levéleureiro et al., 2019)Sociallynavigated food seeking
can be observed very early in the development; pup rats use olfactory social cues left by their
mother to find nourishmeriGalef and Heiber, 1976)

Social learning about rewards is widely documented in many species other than rodents.
Observations of bumblebees show that they use social information to find the best place
for foragng (Worden and Papaj, 2005yonsumption of a given food type by a conspecific
increases preference to that food in social was@36 adamo and . Alsbz ada,
a lotof dataonsocial learning about rewards comes from observations of birds. European shags
learn where the best place for huntingysisingsocial cues left by the birds who successfully
caughttheir prey(Evans et al., 2019Ravens also use social information to find better places
toforage They are also able to assess the fAval ue
based on their success in food find{Byignyar and Kotrschal, 2@

Another important set of experiments describing appetitive social learning
was conducted in primatesStudies in macaques showed that the perceived value
of the received reward is dependent on social cofffedi et al., 2012) Similar results were
described in Capuchin monkeys; observation of another mgordaing enhances
the motivation to gain the food arttie competitive behavior between conspecifide Waal,

2012) In monkeys food rewards are a very effective learning factor. Furthermore, in well
trained monkey# is common that subjects exhibit expectation for reward and display stress
reaction wheneward does not occur when expected. Further, it was shown that if the subjective
valueof a reward is lesser than the value of a reward given to another present subject, animals

display frustration and refuse to continue trainfdg Waal and Suchak, 201ome argue,
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that motivation and willingness to pursue rewards is the main reason for developing

cooperative learning and other complex sooieractiongHall and Brosnan, 2017)

3.9 Relationship between the animals as a factor influencing social
learning

One of the most important aspects of social learningh@osing a suitable source
of information( Pu Sc i an eFor tlaipurpose,2afirdals afjentimes rely on kinship
and familiarity with the individual who is the source of information as a good proxy
for its relevancdCruz et al., 200; Kurvers et al., 2014Notably, data suggest that position
in social hierarchy is also a key factor for both, obtaining and transmitting social information
(Hobson, 202Q)Experiments in mice show that subordination induced by repqgstysical
defeat impairs cognitive and learning abiliti€olasZelin et al., 2012)Moreover, socially
defeated rats display lostgrm memory impairmentd/on Frijtag et al., 2002)On the other
hand, subordinate dearice who obtain social information about defensiesponseshow
better acquisition and retention of learned respofi¢agliers et al., 2005Fearconditioned
subordinate rats, show stronger fear responses when they previously interacted with fear
conditioned dominant§Jonesand Monfils, 2016) Further, subordinate mice learn to avoid
social cues left in the environment by the domin@Btairne et al., 2013)

Notably, social hierarchy was shown to be a significant factor in tasks requiring
focusing attention on the behavior of other individuals. Specificatlye@ments in macaques
demonstrate that theubordinate individuals are more likely to follow the gaze of another
monkey than the dominant onéShepherd and Freiwald, 201&imilar observations were
made in humanglones et al., 2010High social status is associated with longer and stronger
attention being focused on the dominant's f@€eulsham et al., 2010Furthermore, people
remember faces of dominants more vividly than those of subordinates, which may suggest
that high social status is considered an indication of noteworthy infammia¢iing possessed
by the individualDalmaso et al., 2014; Gachombakf 2022)

3.10 Social learning from animals of different species

Usually the experiments and observations of social learning are conducted in the same
species subjects. However, there exists evidence that social information can bbethwared
animals of different species. Notably, animals differ in how they perceive the environment
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and in methods they use to gather informaf®aodale et al., 2010; Raine, 2008hus, social
information from animals of other species may contain aspects that cannot be detected
by the means of firdhand experience or even observed in conspecifChittka

and Leadbeater, 2005)

Animals living in close relations with humans (j.pets or farm animals) are great
examples. Horses who observe human handlers opening the feeder are better in learning
that ability, than subjects from the control gro(®shuetz et al., 201.7pogs are very efficient
in recognizing human emotions by observing human face and beltgeidret al., 2020)
Moreover, they are able to use that information to make deci®omgand Cowlishaw, 2007)

Also, information gathered from the arata of a different species who share similar habitat

or prefer the same food can be very valuédBlemereGo nz 81 ez eAsanaiample, 202 0)
hyenas learn to observe characteristic behavior of vultures (circling) indicating the spot

of a dead or wounded prdy A v a r\Vgeher et al., 2013)Social olfactory cues can also

be used to encode information about the terrifdfigchell et al., 2018)Predators commonly

use their olfactory system to collect information about gbeential prey. It is noteworthy

that observations of wild foxes show that they use olfactory information not only

from the conspecifics but also from other species of pred@iores et al., 2016)

3.11 Experimental approaches used to study sleaating

In behavioral neuroscience, behavioral testing technigues can be divided into two broad
groups: classic (traditional) assays, which use single or paired subjects in experimental
environment speciallglesigned for a realization of a given taskd athologicallyrelevant
assays, in which subjects are tested in ecologivalligl experimental environments,
oftentimes in rich social contegondrakiewicz et al., 2019a)mportantly, both approaches
have pros and cons that should be considered in experimental planning.

Classic behavioral techniques are widalyd successfully used in many, even most
recent, publicationgBeery and Shambaugh, 202This type of behavioral experiments due
to its long history of use have many we#itablished testing protoco{€rawley, 1999)
Furthermore, most of them can be conducted at a low cost and within short tim@raomes
and Biala, 2012) Another advantage is the relative ease of combining clashavioeal
experiments with several neuronal manipulation techniques, such as optogenetic stimulation
(Bi et al., 2015andchemogeneticanipulation(Smith et al., 2016)Experimental apparatus
and design usually are quite versal and thus can be used in different animal mddeis
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et al., 2016)What is important, classic behavioral tests oftentimes focus oniseuifsimple
behavioral tasks usually isolated frawider context, which malge considered an advantage
or a disadvantage, depending on the experimental queferiowitz, 1982; Genzel, 2021,
Harda et al., 2022Although relatively easjooking, classic approaches usually require input
of experienced behavioral specialists to design and conduct experimaatsordance with
the stateof-the-art standards. Also, poor cresdoratory standardization of protocols usually

causes problems with replicability tiferesultst Pu Sci an .et al ., 2016)

3.12 Classic assays of social learning

The origins of modern studies on socidarning can be found in the series
of observation experiments conducted by Bandura and collBgadura, 1961)Their results
demonstrate that learning is not only based on directlgerancing reinforcements
and punishments but can also happen via observation of rewarding or punishing experiences
of others(Hollis and Guillette, 2015)

A majority of the classical behavioral techniques used to study social learning under
laboratory conitions use an approach in whighirs(or triplets)of animal subjects are assigned
roles of an observer and a demonstrafonotable example is the social fear conditioning
experiment, where mice or rats are paired and placed on the two sides of thivichge
by a separator. The demonstrator is treated with unconditioned aversive stimulusuyal,

a footshock), while the observer is a waa to the situation. Such experiments have a lot

of variants and modifications but the general ideasisally to observe the process of social
transmission of fea(Jones and Monfils, 2018; Kim et al., 2018yeezing and other fear
related behavioral responsegheobserver animalsdicatethat transfer of irdrmation about

the threat took plac@tsak et al., 2012)it was also shown th#te observemicelearn fear

by the observation of a shocked mouse, without the foeelirect electrical shockleon et al.,

2010) It is noteworthy, that firshand participation in conditioning is not necessary to develop
conditioned fear response. Thus, mice and rats can be aversively conditioned by proxy,
by interacting with an already conditioned subjdones et al., 2018; Nowory&okolowska

et al., 2019)which is a key example of social learning.

Except for aversive social learning, laboratory rodengsadgso well known for their
ability to use socialhshared appetitive information. The most common cldests employed
to studyappetitive social learning is the social transmission of food preference. Designed
by Galef(Galef, 1977) the protocol also uses the demonstratoserver pair®f subjects,
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but in this case the demonstrator eats food containing specific novel odpir{egjust before
the experimental session. In the next stdpe demonstrator andhe observer have
an interaction, during which social information is being transferr@alfactory cues. When
observers are then given a choice between two flavored food sources theytemshose
that of the flavas consumed by the demonstrat@Galef, 2012) Social transmission
of information is also used in tlexperiments based on competition for the reward. In a warm
spot test, a group of subjects, usually mice, are placed on -da@mdpen area where one
small subarea is warmed, which in a given situation is highly rewarding and the tested animals
are motiated to occupy that sp@hou et al., 2018¥o0d rewards are also used in competition
experiments, frequently in the food deprived subjéblerlot et al., 2004) Other types
of reward include sucrog®lillard and Gentsch, 2008y cues from a conspecific afdifferent
sex (Wang et al., 2011)Reward competition tests are very interesting tools for exploring
reward processing, however, their results may be confounded by an important samidl fact
dominance statughou et al., 2018)

The most popular classic test used to study social hierarchy is the tugfeaatest al.,
2019) a very simple and powerful taskwhichmice are tested in pairs. The test can be applied
to larger groups of aniats Then all animals artested with all possible pair combinations
usually in the round robin system. Individuals are placed at the two opposite entrances
to a simple tube, sometimes-ddaped A mouse or rat who pushes out its opponent
is considered theinner(Fan et al., 2019)t was shown that results fraifmetube tests correlate
with results from previously described reward cotitjpm experiments and other widely used
protocols such agerritory urine markingr barberingCosta et al., 2021; Wang et al., 2011)
However, somediscoveries contradict that notigrickamer, 2001) Nevertheless, much
evidence suggests that social structure is a complex phenomenon and the tube test is too simple
to study its sophisticated mechanisms. For example, it was shown that $oerarchy
is dynamically updated and highly depention the previous experien¢ghou et al., 2017)
In that contexthe tube test may be considered a hieraffdryning tool rather than its test.
Furthermore, observation of mice behaviender natural conditions shows that most
commonly they avoid direct confrontation, which is exactly opposite to the tube test situation
( Go p u c k, thys urd@mininy its ethological validity.

3.13 Ethologicallyrelevant assays of social learning
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Novel ecologically validated behavioral tests enabling studies of social learning were
designed to alleviate the main problems of classic behavioral assays. Most importantly, such
experiments are based on natural abilities and preferences of the testald.dfamexample,
even if it is possible to train mice to learn based on visual cues, still training based on olfaction
is more natural and effective Pu Sci an eQver thé lastwo 2ecai€s)scientists
designed a number of assays that fit the requirements of ecological standards in social learning
experiments. It is noteworthyhat social behavior can be tested in the ecologically relevant
environments also in nemammalian specg&g such as zebrafishedHowever, most
of the research in that area focuses on laboratory rodents.

IntelliCage system is a commercially available assay for testing behavior in- group
housed micéEndoet al., 2011; Kiryk et al., 2020y he system comprises afarge homeage
which is also an experimental environm@rtie core element of the IntelliCage are the corners
serving as electronically controlled conditioninginits Corners havepresence sensors
and RFID antennas to recqutesence andehavior ofindividually tagged mice. Furthermore,
each corner enables controlled access to two bdtledo et al., 2011)It was shown that
IntelliCage experiments can be used for experiments on social learning about threats
and rewardglsmail et al., 2017; Smutek et al., 201Burther, there are also several non
commercial approaches that cbha considered ecologicallyalid methods for assessment
of social learning. For example, rodent behavior can be tracked lbasedeo recordings
combined with RFID daten specially preparedome cagéde Chaumont et al., 2019; Ebbesen
and Froemke, 2020; Krynitsky et aR020; Peleh et al., 2019Notably, recent boom
in the development of custemade software supported by the artificial intelligence (Al)
facilitates the analysief group and individual behavior of mice in social interaction tasks
Interesting novel appach to study natural behavior and social abilitiemice isconducting
automated behavioral experiments in the controlled natural hal&tsn et al., 2021;
Bedford et al., 2021)

In theEco-HAB system used in the herein presented studies, groups of mice are placed
in a burrowlike environment, which is in line with their natural tendency to avoid open spaces
and prefer secluded arg@&nnaceur et al., 2006yurthermore, experiments are conducted 24/7
thus testing may take place in the dark phase of thaiddy cycle, which is also natural time
for mice to explore and be activfAndrzejewski et al., 2011)Another important aspect
is the process of habituation. In the classic behavioral tests habituation is problematic due
to its poor standardization and impact of experimen@aohlen et al., 2014; Lewejohann
et al., 2006)It was shown that the effects of improper orwaak habituation especially affect
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anxious strains of laboratory animalsPu Sci an e Rropea kEcological dpir@agh

to the process of habituation focuses on reducing to a minimum the time of contact with
experimenters and letting subjects to freely eslihe habitat before the behavioral tests.

A good indicator of the habituation level is the characteristic decrease of habitat exploration
(Kondrakiewicz et al., 2019aBased on the observation of mouse behavior in theHA®

24-48 h is enough time for the animals to get familiar with the environment as thigers w
activity measured by the system reaches the plgte@w Sc i a n .&Wdelyadiscussed2 0 1 6 )
general problem of the classic testing is the relatively short time of the test usually reduced
to minutes or hours of observati¢@rawley, 2003) Usually the main reason for that is that

the tested behavior is video recorded; such files need a lot of memory to beFstdretmore,
extracting data from video is time consuming, even with novel Al based appsfa&Ge r - s
et al., 2020; Holly et al., 2016The radio frequency identification (RFHbased automated
assays such as E¢bAB seem to be a noteworthy alternative. Data collected this way

is much easier to process astdre(Howerton et al., 2012However, it is important that data
collected by RFID system is much simpler than that which can be extracted from the video
recording and provide only the information about the position of the animal within the system.
Some systems combine RFID positioning with video recording, for example by reducing
the video recordings only to special situations detected by the RFID gy&ah et al., 2019)

It is also worth mentioning thaautomated systems for longitudinal observation provide
the possibility to test subjects expressing fully voluntary behavior and individual preferences
(Matzel et al., 2003)In the studies on social behavior and social learning in particular,
individual preferences seem especially pertinent to consider. Social relations and hierarchy
are based on the unique reactions of the individuals forming the group. The advaneed high
level aralysis of mice group behavior show that they are able to create Hikmasocial
networks( Lopes and K°ni g, 2020; Mi si ogek et al
2022) Additionally, such social networks can be studiechwaituse othe RFID technology

in natural environmer({Bedford et al., 2021)

3.14 Prefrontal cortex and the role of its neuronal circuits in social
learning

Receiving social information engages all senses and requires constant updates
and interpretation(Stowers and Kuo, 2015)nformation of diverse modalities and types

is processedy the specialized brain circuitSeveral brain structures hosting the circuits
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processing social information have been identified. They includeathggdala which
is engaged in processing emotigresceived sociallyas well asn sociallearning(Andraka
et al, 2021; Jeon et al., 2010; Knapska et al., 2Q0Bapression of empathic behavior
is correlated with activation of the insular cor{&ogolla, 2017) Socially-driven motivation
is modulated byheventral tegmentalargaBel | one and L¢scher, 2006 ;
2021; Mameli et al.,, 2011)Some elements of social memory are edloand processed
in specific region®f the hippocampu@kuyama et al., 2016)

Neverthelessthe prefrontal cortex (PFC) seems to be a region where information
of social provenience is compiled and further proceq¥@hnedy and Adolphs, 2012;
M8r quez etTheRFCis a caniplex3 structure, however, in the context of social
learning somef its characteristics are more crucial than others. Specifically, its anatomical
division into the medial prefrontal cortex (mPFC) containing prelimbic (PL) and infralimbic
(IL) parts - structural and functional homologs tife anterior cingulate and ventradial
prefrontal regions in primates playsakeyol€ar | ®n, 2017)

The critical role of the mPFC in processing information during social fear learning
is well-documentedOlsson and Phelps, 200The mPFC is also engaged in social recognition
tasks(Tan et al., 2019)Brain imaging in human studiatsoshows activation of the PFC areas
during social tasks, such as social interaction or retrieving social mer@fmédo andFirth,
2016) In the cases of head damage and resulting injuries of the PFC regions reported
in humans, patients oftentimes report changes in their social behavior. Lesions
of the ventromedial PFC (vmPFC) cause diffi@dtin expressing and understanding emotions
(Mah et al., 2016)Moreover, injuries of the PFC negatively affect recognition of social
dominance and social judgemergi2ellis et al., 2006)In empathyrelated tasks patients
with focal damage to the vmPFC are more avaricious and less empathic than subjects from
the control grougBeadle etal., 2018) Further, they also show impairments in recognition
of emotions as based on observing fgs&dekerckhove et al., 2014)

Studies in other animals support these notions. Macaques who had the PFC lesions have
significant difficultiesin interacting and assimilating back into their social gr@dypers et al.,
1973) The ame type of the brain damage causes impairments in social interactions and play
in laboratory micgSchneider and Kocl2005) Social isolation and poor social environment
at the early stages of the development are also associated with social impairments and structural
changes in the PFC. Mice that have very limited contact with conspecifics display defective

maturationof oligodendrocytes and impaired myelination in neuronal outputs from the PFC
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(Makinodan et al., 2012)Proper socialization in the juvenile period is alswcial
for maturation of the @BEKEéal, 2020y val bumin inte

Recent studies making use of the novel neuronal imaging techniques, penfoostsd
in rodents, provide plenty of results explaining the role of the PFC in processing of social
information and social learning. Lee and colleagues showed that neuronal activity in the mPFC
is highly correlated with distance to another conspeftie et al., 2016 Kumar et al(Kumar
et al., 2014yeported that in chronic social defeat stress experiments firing rate in the PFC
neurons is significantly decreasedich additionally correlates with stress level. Furthermore,
studies in freely moving mice showed that neurons in the PFC react differently to social
and norsocial olfactory stimul{Levy et al., 2019)

The PFC is known for the dynamic processes of neuronal plasticity. For example,
although gender recognition is associated wWithPFC, hypothalamus and medial amygdala,
the refinement of the neuronal connectivity and activity in the PFC is observed much faster
than in those other brain are@éizhar and Levy, 2021)Those findings support the role
of the PFEE as a structure highly adaptable to novel information from changing environments
(Murray et al., 2015; Passecker et al., 20@9)e of the general roles of the PFC in processing
social irformation is the integration of the already possessed knowledgetheéthovel
information about self and othe(®enny et al., 2012)This concept can be very useful
in the interpretationof the emotional processing on behavioral and neuronalslesaldies
in primates showthat activity of neurons in the dorsal anterior cingulate cortex predict
decisions of other conspecifics during cooperation tdslaoush and Williams, 2015)
Scheggia with colleagues showed that social preference for an emotanmmaised individual
disappars whena somatostatirbut not parvalbumhiexpressinginterneurons in the PFC
are silenced (Scheggia et al., 2020Moreover, the observations of the synchronization
of neuronal activity in the PFGf two interacting mice, suggest that PFC is a structure highly
engaged in empatHike behavior and social learnir{{ingsbury et al., 2019)interestingly,
two neuronal populatiorere engaged in that synchronizatithefirst is the population maly
associated with partner és behdehavor MoreawvBri | e t h
dominants seem to have more influecethe synchronization process. This finding could
be crucial to furtheringhe understanding of the mechanisms ofaadominance, especially
in the face of evidence from different species showing the crucial rtie péuronal activity
in the PFC in regulation of hierarcliyvang et al., 2011)

The PFC is a structure that is also highly involved in processing information about
rewards and a key player in neuronal encoding of appetitive lea@armectomicstudies
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show that subjective value of the reward and revmotivated decision making
arerepresented in the PFC and connected strucfu@s e S| ak et al ., 2018;
2012; Murray and Rudebeck, 2018xperiments in primates illustrated how neurons
in the PFC encode relative value of the reward in békerprotocols(PadoaSchioppa and
Assad, 2006)Neuronal activity in the PFC dynaaaily changes in response to different
reward value (PadoaSchioppa, 2009) Furthermore, human studies with atomoxetine,
a drug commonly used in the attention deficit hyperactivity disorder (ADHjrtrent, show
it modulates neuronal activity in the PFC during rewarelsenceand affects reward value
(Suzuki et al., 2019)

Activity in the orbitofrontalcortex which is the important functional and anatomical
part ofthe PFC,is also associated with prediction of futeeentsand expectationfRoesch
and Olson, 2004) However, in gamblindike behavioral experiments, where rats
were subjectedo changing tasks to obtain the reward, neuianthe PFCwere activated
whenthereward was received but not when it was expe(Zedb et al., 2015Most research
on reward processing are based on material rewaglsaftractive foodM8 r quez et al . ,
Tobler et al.,2008) However, social interactions are also considexestwarding factor
(Noritake et al., 2018 Damage in the PFC may result in social anhed@sderash et al., 2000)
Human studies shad that the vmPFC is activated in responsé¢ o t he i ndi vi
attractiveness(Dang et al., 2019) The rewarding aspects of cooperative behaviors are also
processedby the PFC (Luo and Maunsell,2018) In rodents, the roleof the PFC
in social reward was demonstrated in social motivation {éstale et al., 2011)Increase
of excitatory/inhibitory balancein the medial PFC results in decreased motivation
to social contacfYizhar et al., 2011)Electrophysiological experiments performed in freely
moving rats show that neurons in the PFC encode the value of competing for a(kelivagsh
andBilkey, 2012) Manipulations and disruption in that region affect both motivation to social
contact and rewartdased decision makingrRushworth et al., 2007 Those findings strongly
suggest that the PFC plays a key role in soci#tiyen appetitive learning and evaluating
reward value from social cué®Isson et al., 2020)

3.15 Tissue inhibita of matrix metalloproteinases

Tissue inhibitors of metalloproteinases (TIMP) arlamily of endogenous proteins that
affect the synaptic plasticity by inhibiting the enzymatic activity of matrix metalloproteinases
(MMPs) (Dziembowska and Wlodarczyk, 2012YIMPs are the enzymasainly reported
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to remodel the extracellular matrix and regal&bmeostasis between cells time tissues
(Wlodarczyk et al.,, 2011) I n t he brain MMPs6 partiici pat e
maturationGonthieretal.,, 2009 x pr essi on of MMPO6s genes i s n
by various stimulisuch as neuronal activation or presence of growth fadMhsght
and Harding, 2010)Experimentsn mice showed that abnormal activityMMP9, a member
of the MMMs family, is relatedto immaturity of synaptic connections and behavioral
phenotype characteristic for AutisBpectrum DisordefPu Sci an and Knapska, :
Tissue inhibitor of metalloproteinases TINIP1) is widely used in laboratorpractice
asaregulator of MMPs activityVafadari et al., 2016 However it is amultifunctional protein
engaged also inarcinogenesigLugowska et al.2015) angiogenesi¢lkenaka et al., 2003)
and osteogenes(8reckon et al., 1995NeverthelessTIMPL1 rolein the brain is associated
with neuonal development and maturation of synaptic connecii@tyd-yahoui et al., 2009)
reportedi.a., in the hippocampus and cerebelluiRivera et al., 1997; Vaillant et al., 1999)
A large body of studies investigatddl M Praledn neuronal plasticity after brain seizures
or a stroke (Hansson et al., 2011; Pu et al., 20ZPIMP1 expression is ra@ly increased
in the brairs of rats exposedto kainate excitotoxic seizurgRivera et al., 1997)Similar
findingswere observed ithestudies on brain recovery after differgypies of ischemiéRivera
et al., 2002; Wang et al., 1998) infection(Khuth et al., 2001)
One of the most critical targets dflIMP1 is matrix metalloproteinase 9 (MMP9),
the enzyme crucial for dendritic spines maturatioMi c hal uk et al ., 2011
2022b) Herein, TIMP1 is used to inhibibhe activity of MMP9, and thus disrupt the preses
of MMP9-relared neuronal plasticitiNotably, under physiological conditions TIMPlvas
reportedo play a role in synaptic plasticity induced by stimuli inducing long term potentiation
(LTP, Gorkiewicz et al., 2015p proces<grucialfor forming long term memory atmecellular

level.
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4 Research goals

1 Develop novel experimental protocols for testiagpetitive social learning
under semnaturalistic conditions of thEco-HAB system

1 Examine howsocial learningabout potentialreward affects the behavior
of grouphoused mice
Test the role oénvironment familiaritynoveltyin appetitive social learning
Investigate how disruption o$ynaptic plasticity inthe MMP9-dependent
neuronal circuitsn theprdimbic cortexaffecs social learningabout rewards
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5 Materials and Methods

5.1 Subjects

In the presented studies C57BL/6j mice (Figure 1), the most common and well
described strain of laboratory mice are used as experimental subjects. All the subjects
were male and 2 to-Bionthsold at the beginning of the experimental proceduresmals
were treated according to the ethical standards ofEtinepean Union (directive
no.2010/63/UE) and respective Polish regulations. All the experiments weeppme/ed
by the Local Ethics Committee no.lh.Warsaw, Poland. Mice were bred in therAal House
of Nencki Institute of Experimental Biology, Polish Academy of Sciences or Mossakowski
Medical Research Centre, Polish Academy of Sciences. The animals were transferred
to the experimental room at least two weeks before the start of the peseauhabituate
them to the room conditions: humidity, temperature, personnel, scents and the 2h/32h light
dark cycle, shifted by 5 houre comparison to the one implemented in the mouse colony.
During the preexperimental period mice were housed in gof 1215 animals. The cage
(56 cm x 34 cm x 20cm) assured access to water and gdolibitum monitored daily
and refilled once per week during cage cleaning. Cage environment was enriched with paper
tubes, shelters and nesting materials. Befemeh experiment, subjects were monitored

for potential excluding factors such as tooth overgrowth, poor physical coneiiton,

Figure 1. C57BL/6j mouse, source: https://animalab.pl/regsbl6j-jax

5.2 RFID tagging

At least one week before the expeent mice were electronically tagged with glass
coated RFID (radio frequendyased identification) microchips (also called transponders, 9.5
mm - length and 2.2 mm diameter, RFIP Ltd) (Figure 2). During the subsequentH&B
experiments individual RFIBodes were read by the antennas every time the animals passed
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through its corridors, and thus data about a
implantation the RFID microchips were sterilized in 70% ethanol, dried on a paper towel,
loadedinto the syringes. Next they were subcutaneously injected into the subjects anesthetized

with isoflurane (Baxter). After the injection subjects were monitored for breathing and other

basic life functions and placed back in theme cagevhen fully awake. On the next day

the presence and the correct position of th
veri fied. Ri ght before the experiment trans
of the EceHAB tag reader and a list of mmals (tags) tested in a given experiment was created.

In a very rare case of the transponder loss or malfunction animals were reinjected with the new

one in accordance with the previously described procedure. After perfusion (see subsequent
section of Magrials and Methods) microchips were recovered, cleaned in ethanol

for sterilization purposes and stored for further reuse.
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Figure 2. A glass coated RFMEansponder, sourcbttps.//www.researchqate.net/flqure/23na¢md32mm
PassivelntegratedTranspondePIT-Tags_fig6 235052120

5.3 Poly(DL-lactideco-glycolide) nanoparticles containiigMP
metallopeptidase inhibitdr (TIMP1) or Bovine serum albumin
(BSA)

To manipulate neuronal plasticity in the prelimbic cortex (PL) of the tested animals
we usedrIMP metallopeptidase inhibitor 1(TIMP1), delivered in poly(DElactideco-glycolide,
PLGA) nanoparticles (NPs)IMP1 protein used in the experiments was kindly provided
by the laboratory oprof. Leszek Kaczmarek. Specifically, the protein wasacted from
the human kidney 293-@ell line expressingIMP1 with histag, purified on Talon affinity
chromatography and dialyzedt 4 A Cph@phasbiifferes $alinepH 7.5; then the protein

was characterized by Western blot, reverse zymograplaygelatinase assdy.the control
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condition with bovine serum albumin, (BSA, Sigiakdrich). Loading the NPs witAiIMP1-

or BSA was performed in accordance with the protocol published by Chaturvedi et al. (2014).
Namely, NPs were prepared in the proagfssiultiple emulsifications and evaporations (MW

45.000 75.000, copolymer ratio: 50:50, Sigmddrich). 100 mg PLGA was dissolved

in 5 ml dichloromethane and 4ml of dimethyl tartaric acid (Sigtdxich). In the next step,

1 mg of TIMP1 or BSAwas dissokd i n 500 ¢l of Mil i Q water
was mixed with dichloromethane containing PLGA, sonicated and emulsified in 1% polyvinyl
alcohol (on average MW 30.0000.000, SigmdAldrich). Additionally, Fluorescein
isothiocyanat¢ F1 TC) was added to enable | ocalizatio
Subsequently, the solution was stirred at room temperature overnight to evaporate
dichloromethane. Next, the NPs were centrifuged at 10.000 x g, washed three times ®ith Mili
dissolved imphosphatéuffered salind PBS) , and stored in a 15ml f

5.4 Stereotaxic surgeries

Before the start of surgical procedures all tools were sterilized in 70% ethanol. Mice
were transferred to the surgical facilitysmall, clean cages and placed in the ventilated rack
in the preparatory room to minimize the time between leavindgpdhee cageind placement
in the initial anesthesia box.

Mice were anesthetized with isoflurane (Baxter, inhalation started in a snmadlirey
at 5% and was reduced tel5% of isoflurane, during surgery, delivered via mask) and then
placed in a stereotaxic apparatus (Kopf 1 nst
the mice were subcutaneously injected with the analgesicr(itiag Richter, 1:20 in saline,
2.5 ml/kg) and reflexes were checked to enst
from drying we used a moisturizing gel (Carbonerum, Vidisic). Ear bar tips, which were placed
directly in the ear canal were dippedvaseline before use. Next, animals; head was shaved
using a depilatory cream for sensitive skin (Veet) and gtips. The skin was then rinsed with
saline and cut to expose the skull. The small craniotomies over the injection sites were made
with a use othe surgical drill and Nanofil 35G needles were used to bilaterally inject NPs into
the PL (coordinates: AP +1.8 mm, LM-€.92mm,DV-1. 6 7 mm, at 20A angl e
was controlled by the Micro Syringe Pump (World Precision Instruments, 500 otadf t
volume, 100 nl/min). To let the NPs diffuse in the tissue the needle was left in the brain
for an additional 5 min after the injection. Afterwards, the incision was sutured (Dafilon
C0935204) and lubricated with the analgesic lignocainum hydrochloricum (10 mg, Polfa).
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Moreover, the mice received subcutaneous injections of thenflathmatory drug (Tolfedine,
Vetoquinol, 4 mg/kg) and of the widgectrum antibiotic (Baytril 2.5%,d&er, 1:3 in saline,

5 ml/kg). Then animals were placed in the cages previously warmed on a heating pad
and singlyhoused for the next 5 days to allow for full recovery. During the recovery the health

status of mice was monitored by the experimenters.

5.5 Perfusions and subsequent verificatiom tWIP1/BSA injection
sites

After the end of the behavioral testing, mice injected with the NPs rel€ASilRIL or BSA
were anesthetized with intraperitoneal injection of sodium pentobarbital (100 mg/kg, dissolved
in PBS) and transcardially perfused with 80 ml of -codd PBS followed

by 60 ml of 4% paraformal dehyde (PFA) in PB¢
overnight in 4% PFA in PBS (4AC). After 24h,
in PBS for 23 days (4AC) for cryoprotection. Ne xt

into 5 0 -tiok coronal slices. The slices containing the brain region of interest (PL)
were then washed in PBS, placed on the microscope glass slides and fluorescened 6f the

encapsulated in NPs was imaged under the Nikon Eclipse Ni fluorescence microscope.

5.6 ECO-HAB system
5.6.1Apparatus and its workings

EcoHAB (Figure 3 and 4) is a fully automated, open source system for testing social
behavior ingrouphoused mice living under sematuralistic condition§ Pu Sci an .et al
The system comprises 4 polycarbonate compartments (30cm x 30cm x 18cm) connected
with tubeshaped corridors (inner diameter 36mm, outer diameter 40mm), and covered
with stainless steel grid lids. All housing elements can be autoclaved and disinfected
with 70% alcohol. In 2 out of 4 compartments mice have access to food andasldilit(m);
the other 2 compartments have a separated space allowing foreentation of olfactory
stimuli (in a corner, behind a perforated partition) or placement of additional drinking bottles.
Access to all the compartments, olfactory stimuli and additional bottles is unrestricted
and voluntary. To record movement of animalithin the EceHAB system the corridors

are equipped with circular RFID antennas r e(
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the antennas are collected by a dedicated electronic system, which then sends them
to the computer. Results are then furthwealyzed with a use of the pyEcoHAB python library
(https://github.com/Neuroinflab/pyEcoHAB

Experiments were conducted in a thleeel designer rack with 3 &nomous,
individually lit EcooHAB systems placed one above the other. The designer rack was built from
the materials providing acoustic isolation from external sounds. Each level had a separate
ventilation system. Such architecture provided proper aiifieach EceHAB system without
any mixing of the air, potentially carrying scents. Additionally, ft8B electronic master
units were connected to the computers outside the rack, thus reducing contact between

the experimenter and the animal subjectsnoramum.

Figure 3.Eco-HAB system inside, soundproof designer rack floor. Each level contains autonomous, individually

lit and-ventilated EceHAB, enabling simultaneous, highroughput experimentation.
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Figure 4. Schematic of the E¢tAB system. A olfactory stimuli were presented behind the perforated separator,

allowing for extensive sensory exploration but preventing spreading the scents throughout the tefritameB
cages with unlimited access to food and wateir,a8Ctubeshapeccorridor connecting EGBIAB compartments,
D1 RFID antenna

5.6.2Behavioral measures and data processing algorithms

In the presented experiments we assessed the following behavioral aspaty;
approach to social odor, consumption from the preferred bottle

Namely, activity was measured as a total number of visits to all of theHAB
compartments during the texy phase (12h dark phase after stimulus presentation).

Approach to soci al odor was <calcul ated
presented behind the perforated partitions. It was definech ggoportion of visits
to the compartment containing@al olfactory stimulus, to the visits to the compartment
containing norsocial (control) olfactory stimulus during the testing phase (12h dark phase
after stimulus presentation). To control for the individual preferences in spending time
in various partsof the EceHAB territory this proportion was then divided by the same
proportion from the preceding dark phase of the adaptation phase (when no olfactory stimuli

were present in the compartments).
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Consumption from the preferred bottle was measured assper@ on drinking from
the preferred bottle divided by the total time spent on drinking (from both available bottles)
during the 1 hour of the novel environment experiment.

To measure the dynamics of exploration of the presented social odaaoutated
the persistence in odor seeking. It was calculated as the proportion of visits to the compartments
where odors (indicating reward and neutral, or neutral and neutral in the control condition,
please see Figurd) were presented, during the lasthours of the testing phase, divided
by the same proportion from the first 6 hours of the testing phase. This measure shows how
long the tendency to seek for social information persists after it was first presented.

In the experiments performed in the rbenvironment persistence in reward seeking
was calculated as time spent on drinking from the bottle previously containing 10% sucrose
solution, in the second 6h of the testing phase divided by the time spent in the compartment
containing that bottle durg the same period. The value was then divided by the same
proportion from the first 6h of the testing phase.

Both persistence measures were developed
interest in exploring a potential source of the reward, as itegichy the social cues left
by the conspecifics. Moreover, an algorithmic solution similar to that used to calculate
approach to social odor was implemented to account for the potential preference for specific
EcoHAB compartments/drinking bottles, that ght have otherwise confounded
the interpretatiorf the data.

To assess how animals trail one another within theHE&B territory we measured
the number of events when mice followed one another through the corridors of the system.
Specifically, followingwas defined as an event when one mouse (leader) entered a corridor,
another mouse (follower) trailed in it into the corridor, before the leader left the tube, and both

mice left the corridor in the same order and in the same direction (Figure 5).
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Figure5. Schematic of the following event measured in-Bé®. | i A leader mouse enters the corridor tube
(trigger first antenna), Il A follower mouse enters the tube, from the same end and going in the same direction
as a leader mouse; a leader is stithia tube, IlI- both mice leave the corridor on the opposite side of the tube

in the same order they entered ( triggering the second antermepsentation of followings by graph, nodes

represented mice, edges direction and intensity of followings)

To assess the significance of the level of following performed by each mouse in relation
to its position as an element of the social network (group), we calculated PageRank centrality
for the inverted weighted directed graph of followings, in wheelch directed edge carries
a weight equal to the number of respective events. PageRank analyses have been previously
shown useful in identifying leaders within social groups (Wang et al. 2Bb8Yhe purpose
of betweergroup comparisons to control forethindividual variability in locomotor activity
we summed all the following events of each mouse and divided them by its locomotor activity
(total number of its visits to all EddAB compartments) during the analyzed time bin.

For the analysis of withizohort changes in following patterns raw values were used.

To evaluate the tendency of mice to voluntarily spend time together, we measured
in-cohort sociability. For a particular pair of subjects, animal a and animal b, we first calculated
the timesspent by the mice in each of the four compartments during a chosen experimental
time bin: &y, t, tas, tas for animal a, andpf, the, t3, tha for animal b. The total time spent

by the pair together in each of the cages was then calculgtediabs + ;tap2 + tans + taba

39



All times were normalized by the total time of the analyzed time bin, so that each
of the quantities fell between 0 and 1. Theahort sociability was then defined as-t(tar*tb1
+ ta*tb2 + tag*tns + tas*ths), Which is thetotal time spent together minus the time animals would
spend together assuming independent exploration of the apparatus. The measure was calculated
for each pair of the subjects within a testing cohort of animals.

For the details of the implemented algloms please refer to the freely available source

code orhttps://github.com/Neuroinflab/pyEcoHAB

5.7 Assessment of the behavioral response to solfadtory cues
indicating reward presented in a familiar environment

The design of the experiment on socially transmitted information about the reward (cohort
I, n = 13, one mouse was excluded from the experiment due to anatomical dysfunction
that could lave affected its behavior) was performed as follows. The experiment lasted 4 days.
For the first 48 hour animals were undergding adaptation phase, when they freely explored
the EcGHAB system, habituated to the environmental conditions and stabiline@g social
hierarchy. After this period, 2 randomly chosen mice were removed from tHd AR @ystem
and subsequently housed in the individual cages (17 cm x 23 cm x 13 cm) for the next
24h (isolation phase). One of the isolated subjects were givessatcéap water, the other
to a highly rewarding 10% sucrose solution, food was availabléitum. In the control
condition both mice were given tap water. Separated animals stayed on the opposite sides
of the experimental room to eliminate the pos#ipibf information exchange. Furthermore,
the rewarded mouse had access to an additional bottle with tap water. At the beginning
of the next dark phase (testing phase) the samples of bedding from the individual cages
of the isolated subjects were collectadl presented to the rest of the cohort that stayed in Eco
HAB. To avoid spreading of the scent throughout the territory while maintaining unrestricted
access, bedding samples were placed behind the perforated partitions in the opposite cages
of the system (see FiguBeand 4.

The animals were tested twice, in the first, control trial (CTRL) both separated mice
had access to tap water. After the control trial all mice from the cohort (2 isolated subjects
and 10 subjects still housed in theoH4¢AB system) were put together inhme cage
The EceHAB system was cleaned and after 24h the second, reward trial was conducted.

The only difference between the control and reward conditions was that in the latter one
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of the separated mice had acces4@% sucrose solution, while the other to tap water. One
mouse from this cohort was excluded from the experiment due to health problems

with foretooth overgrowth that might have affected its social behavior.

Further, the described protocol was then éethpo perform experiments examining
the effects of manipulating neuronal plasticity in the PL on the response to social olfactory cues
indicating reward. To disrupt neuronal plasticity we injected NPs loaded with control BSA
(cohort I, n=12), or TIMP1(cohort Ill, n=13), to the PL of all experimental subjects, except

the ones that were isolated.

To study the effects ofIMP1 injection to the PL and allow for withisubject analysis,
experiments were performed twice, before and after treatment. The first trial (before treatment)
contained all 3 previously described stages (adaptation, isolation, test). After the experiment
we subjected animals to thEIMP1/BSA NPs injections. After surgery, mice were placed
in the individual cages and taken to the experimental room for 5 days of recovery.

Then animals were put back into the HE¢AB and the experiment was repeated.

Despite dualiligence given during and after the surgical procedures, 2 mice from cohort Il
(BSA-experiment) were excluded from the experiment because of the postoperative

complications that could have affected their social behavior

5.8 Assessment of the behaviorabponse to social olfactory cues
indicating reward presented in a novel environment

Experimental protocols similar to those previously described were designed

to test animal s6 response to sociallngvelt ransm
unknown environment. In this set of experiments however, the two opposirglAR0
compartments (the ones that usually contained-uiberforated separators) were modified
to offer access to the additional drinking bottles (1 per each of the dwpartments).
To be able to drink from the bottles animals had to poke into a short (8cm) tube, equipped
with an RFID antenna, registering each anaaldividual tag and drinking time.

Two independent EcBIAB systems were used during this protocol.t8ys were fully
isolated and working on different levels of the designer rack (Figure 3n k& previous
experiments, the mice were put into the 8B system (EceHAB 1) at the beginning

of the dark phase. They were adapting to the environmentdarekt 72 hours (Adaptation
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phase). During this time a second H4AB system (EceHAB II) stayed empty (without
any mice inside). Following the adaptation phase, 2 randomly chosen subjects (scouts)
were moved into a new, unknown EBAB Il environment, inwhich the only drinking bottles
available were the ones with the antennas monitoring drinking behaviomfiltitumaccess
to food in the standard feeders).

In the reward (REW) trial the separated mice had access to tap water
in one compartment and 10@% sucrose solution in the opposite compartment of the-HA®
Il. In the control (CTRL) trial both bottles were filled with tap water. After 24h of the isolation
phase, the two scout mice were removed from theHZB Il and put out of the experimental
room. Both bottles in the EddAB Il were cleaned and refilled with fresh tap water, however
bedding soaked with scents left by the scout mice remained. Then the rest of the cohort, which
until now had inhabited the original E¢tAB |, was transferred tohe EceHAB I
for 12 h starting at the beginning of the dark phase (testing phase).
Three experimental trials were conducted in mice injected with €lithP1 or BSA-loaded
NPs to assess the effects of the neuronal plasticity manipulation on the behavioral response
to social olfactory cues indicating reward presented in a novel environment. Namely,
we performed the following experiments: the control trial | BSAtreated mice (NBBSA-
CTR, cohort IV, n = 12, one mouse had to be excluded from the experiment, and subsequently
from the analysis, because it stopped drinking, indicating health issues), the reward trial
in the BSAtreated mice (NFBSA-REW, cohort Vn = 12), and the reward trial in tAédVIP1-
treated mice (NFIMP1-REW, cohort VI, n= 12, 2 mice died after the surgeries). All mice
(except for the isolated scout animals, who were shpenated) were subjected to injections
of the NPs containing eith@iMP1 or BSA (depending on a given experimental condition)

5 days before the start of the behavioral testing.

5.9 Reward preference test

Cohorts V and VI were subjected to a reward preference test, to measure their
propensity for 10% sucrossmnsumption. To that end, 24h after the 08B experiments
in a novel environment, mice were placed in a cleanHE&B system with tap watefilled
drinking bottles in the opposite compartments, placed as in the preceding experiments. Mice
were subjectetb the standard adaptation phase, followed by the testing phase, when bottles

were removed, washed and refiled: one with tap water, the other with 10% sucrose solution.

42



Consumption from the preferred bottle was calculated as described in the Behavistakbsea

and data processing algorithms section.

5.10Measuring formation anstability of social structure in the E€o
HAB

To observe how social structure was formed and maintained in thelA8system,
and how it was affected by ti@MP1 release in the IPwe tested voluntary behavior of mice
in a series of the longitudinal experiments, in which the animals inhabited tHéAReystem
without any additional changes to the testing environment. First, the mice (cohort\If)n
were tested for 4 days. Ke they were subjected to the stereotaxic injections WikhP 1-
loaded NPs. After recovery the mice were placed back into theHB8osystem and their

behavior was reneasured for another 4 days.

5.11 Social dominance tests

To investigate the el ati onship between ani mal 6s
on the followings measured in E€bAB and social dominance (hierarchy) we tested a new,
naive cohort of mice (cohort VIII, n =12) in the EEAB system and compared the results
with the score$rom the Utube social dominance test. Twtaged experiment was designed.
In the first stage mice were tested in a classicatiE&B environment for 10 days, without

any additional manipulations, to observe formation and dynamic changes of sociatestructu

Following this part, Ltube dominance test was conducted. For that purpose mice were placed
in the individual cages and tested in a round robin system, in all the possible pairwise

combinations. Specifically, the subjects from each tested pair weredpé the entrances,

at the opposite sides of theshaped tube (1m length, 42mm diameter). Then animals

were allowed to interact in the apparatus, until one animal pushed the other out of the tube.

A mouse who pushed the partner out of the tube wasrddct winner of a given bout.

PO :

All pairs were tested and dominance score was measured as a number of wins each mouse

collected during the experiment.

5.12 Statistical analyses
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For statistical analysis GraphPad Prism7 software was used. The normaligtaof d
di stributions was a<$esasen®manibuswmormalty tést @ataBeisAhgto s t |
passed the normality tests westrfoethefindependentr an a
or paired samples, depending on the particular type of the c@opaFor the data sets that
did not pass the criterion of normality required for performing parametric analyses, the Mann
Whitney or Wilcoxon matchegairs signedank tests were used. For the comparisons
of the data with the theoretical value (e.g-amange level) we used one sampl¢est
for parametric data. Correlations between various measures of social dominance were
calculated with a use of the Pearson correlation test. Calculations were performed with the use
of Wolfram Mathematica 13.0. Theeights are given in percent and rounded to the nearest
integer number. The criterion for statistical significance in all performed analysis
was a probability level of p<0.05.
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6 Results

6.1 Scent of a rewarded mouse attracts other mice and changes
the pattern of social interactions

The main goal of the first set of experiments was to test how information about
the potential presence of a reward in the environment changes the exploration and social
behavior ofthetested mice. Briefly, as described in detail in the Material and Metemd®n
5.7, familiar group of animals was housed in the HEt®B system (Figure 6) After
the adaptation period two mice were separated to single cages for 24h. One of them was given
access to reward (10% sucrose solution) and the other to a neutral stimulus (water). Bedding
carrying social scents was collectadd presented in two opposite ends of the-HAB
territory behindthe perforated partitions, so that it did not get sprdaughout the rest
of the habitat. Irthe reward (REW) trial, social information about the reward was introduced
by the scent from a rewarded familiar mouse. To contrdhi®ipresence of social odor, scent
from the noArewarded mouse was also placethe experimental environment. In the control
(CTRL) experiments both isolated animals were given access to the neutral stimulus (water).
The same cohort of mice was subjected to two rounds of experimental procedures, first
to the CTRL and then to REWal.

Interest in the presented stimuli (approach to odor signaling reward) was measured
asaproportion of visits to the EeBlAB compartments wheradors were presented (rewarded
vs neutral in the REW trial and neutral vs neutral in the CTRL tdizigded by the same
proportion from the last adaptation dark phase (to control for the rewaethted individual
preferences for visiting spacéls attraction to the newly presented odors usually decreases
over time to measure how enticing the socialanel information is | assessed the persistence
in its exploration. To that end, the proportion of visits to-B&B compartments containing
the social odors in the second half (6h) of the testing phase was divided by the proportion
of visits from the firsthalf of the testing phase (6h, Persistence in odor seeking). During all
phases of the experiment mice had unrestricted access to all compartments and could freely
explore the Ec¢HAB environment. The activity was measured to control for the possibility
that the observed responses to social information ,ve¢éreast partiallydue to the changes

in locomotor behavior.
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Figure 6. Design of the experiment on social transfer of information conducted in a familiar environment. During
the adaptation phase michad unrestricted access to all HBd6B compartments and habituated

to the experimental environmenh the next step (isolation phase) 2 randomly selected mice were taken out
of the EceHAB and placed in the separai&ges. In the control condition (CTRirst trial) each separated animal

had access to the bottle with water. In the reward condition (REW, seconanealjom the isolated subjects

had access to the bottle with highly rewarding 10% sucrose solution and the other to the bottle with water.
In the final phase of the experiment (Test phase) bedding soaked with social scents were collected from
the individual cages of the separated animals and presented to the rest of the cohort inhabitingHtk@ Eco

and the behavioral response of micéhte stimuli were measured

When bedding from a rewarded mouse was presented in thélABoanimals
displayed a strong preference to its scent in relation to the scent of a mouse having access
to the neutral stimulus, as opposed to the control conditioh @m@nts came from the mice
having access to water) in which they did not prefer any of the presented social scengs (Fig
7A, CTRL vs REWas the same cohort of mice was tested twice, paitest twas used:
t =3.559 p=0.0061, both datasetp assed the DOAgostino & Pears
K2 = 0.5342; p= 0.7656 REW: K2= 2.499 p = 0.2866. Persistence in odor seeking
was significantly higher when mice were tested in the REW trial compared to the CTRL trial
(Figure 7 B, CTRL vs REW pairad t-test: t= 2.335; p = 0.0444, both datasets passed
t he DO6Agostino & Pear so4868npe 0.0847IREW:)K2=t11B8st CTRI
p = 0.453. Importantly, despite the above mentioned differences, during both the CTRL
and REW trials mice showed similar levelaativity (Figure7 C, CTRL vs REWpaired ttest,
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t=1753;p=01134, both datasets passed the DO6Agos

K2=4.916 p=0.856REW: K2=4.729 p=0.094. Approach to odosignaling reward (Figure
7A) and persistence (Figure 7B) is showed as natural logaothihe raw valueso improve
thereadability of resultsstatisti@l testsvereperformedon the nonprocessedlata.
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Figure 7. Sociallytransferrednformation about reward attracts mice.i MApproach to odor signaling reward.
In the REW trial mice displayed a preferetaeards visiting the compartment with social scent indicating reward
in relationto the scent of a mouse having access to the hatitraulus. In the CTRL trial animals were equally
inclined to approach both social scei8§ Persistence in odor seekirlg.the REW trial exploration dhe social
olfactory cues persisted for the whole testing phase, while in the CTRL trial it diedhisver time.

C 1 Locomotor activity during the testing phaskexperiment. In both, REW and CTRL trials mice showed

similar level ofactivity.

Introduction of the social information abdterewardalsoinfluenced social behavior
of the testedanimals. Namely, it changed the intensity with which animals followed one
another through the tubes of the Bd4AB system(Figure 8A)and the level of incohort
sociability Figure 8B. During following episodes one mouse (follower) is closely tracking
andher (leader)lt is noteworthy that following behavior gives access to olfactory cues coming
directly from themouse being followedwhich can be an important source of information.
In-cohort sociability is baseoin the time each pair of mice from ttesstel cohort voluntarily

spends together. Thus, this meassir@notable aspect of social bonding.

Presence of the social cues containing information about the reward significantly
increased the number of followings as compared to the CTRL trialré84,, CTRL vs REW
paired ttest, t=4.746; p=0.0011, both data sets passed the normality test CTRE:(K2638;
p=0.7543 REW: K2=1.795; p=0.4076). However, it did not influence the levelimicohort
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sociability, as there were mhifferences between the CTRL and REW trials (iFeg®, CTRL
vs REW Kolmogorov+Smirnov: D= 0.2; p = 0.3291, both groups passed thed Ago st i no
& Pearson normality test CTRL: K2:222; p= 0.1996 REW: K2= 0.9165; p= 0.6324).

A Followings B In-cohort sociability
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Figure8. Changes isocial behavior in response to introtlan of thesocial cues indicating reward to the testing
environment. A The number of following events normalized to the activity level. Mice followed each other more
frequently when information about the reward waesented irthe environment. Bi In-cohort sociability,

a measure of voluntary social bondjmid not change in response to the presence of social information about

thereward.

6.2 Disrupting synaptic plasticity in the prelimbic cortex impairs
respone tothescent of a rewarded mouse

The next set of experiments was designed to explore the role of the prelimbic part
of the prefrontal cortex in the previously observed effects. The experiments were performed
as the within subject trials, described in the Materials and Methegstion5.7and presented
in Figure Q Specifically, mice were tested two times in accordance with the protocol
in which after the period of adaptation two conspecifics were isolated. As previously, one
of them was eposed to the reward and the other to neutral stimulus. Before the secqnd trial
synaptic plasticity irthe PL part of th&®FC was affected by stereotaxic injectionrd¥1P1-
loaded nanoparticles. After 5 days of recovery mieeave-tested under theame experimental
conditions. Control cohort of mice as tested under the same protocol but injected
with nanoparticlesoadedwith BSA. Thetested behavioraere identical to the ones reported

in the previous section 6.1.
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Figure9. Design of theexperiment on the influence of TIMAnduced disruption of neuronal plasticity in the PL
on social transfer of information in a familiar environment. The behavioral experimentsimédeg to the REW
trial described in Figure.6lowever, this time procedes were conducted before, and then again after the injection

of the nanoparticles loaded with either BSA (vehicleJidP1 into the PL of the tested animals

In both tested groupséhicleandTIMP1) approach tahe odor signaling rewardfter
the surgical injection othe nanoparticles into th€L was not significantly different when
compared to the same obser vat)(bigure L10AcCboth t he n
cohorts veretested twice and results weramoared within subjed@EWvs REWi NP-BSA:
Wilcoxon matchedpairs signed rank test, W-16; p= 0.3125 only thedata from REW trial
passedheD6 Agosti no & P e aREWKE=00562; pradl9123 REWit NPs t
BSA: K2 = 9.168; p= 0.0102; Figure 10B, both cohorts eve tested twice andhe results
were compared within subject REW vs REWP-TIMP1: Paired t test, p 0.3566 t = 0.9666
tested cohortpassedthed Agost i no & P e abaharals REWIKERLI7T7t Yy t es
p=0.4112; REW NP-TIMP1:K2=0.1008, p=0.9509. However, grsistence in od@eeking
significantly decreasedfter injection ofthe nanoparticles loaded withiIMP1. The effect
was absent in theehicle (BSA) condition(Figure 10C, both cohorts exe tested twice
and results were compared within subj&W vs REWi NP-BSA: Paired t test was used,
t = 1.556;p = 0.1637, results passed tbed Agost i no & Peamrbstotnalshor mal
REW: K2 = 3.186, p= 0.2033REW i NP-BSA:K2 = 4.983, p= 0.0828; Figure 10Dboth
cohortswere tested twice and results were compared within sulif&dty vs REWi NP-
TIMP1: Wilcoxon matchegpairs signed rank te$V = -52, p= 0.0186 tested cohort passed
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theD6 Ag o st i n onor&alitl tesh only OIREW T NP-TIMP1 trial, REW:K2= 3.186;
p<0.0001REWT NP-TIMP1: K2 =1.213, p= 0.5452).As previously, approacto the odor
signaling reward (Figure 10A, 10B) and persisteirceodor seeking(Figure 10C, 10D)

areshowed as natural logarithof the raw values.
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Figure 10.Effects of synapticplasticity disruption inthe prelimbic part ofthe prefrontal cortex orbehavior

affected by the socialyransferred information about reward.iApproach to odor signaling reward in control

trial, no difference wasbservecb et we e n

t he

n a pteseng dooerafler surigesihi Appnodch r e

to odor signaling reward in a trial wherenoparticlesvere loaded with TIMPlalsono significant difference

was observed. T Persistence in odareekingn theNP-BSA trial, injection of nanoparticles did not significantly

affectthis behaviorD i Persisteice in odorseekingin NP-TIMP 1 trial, after surgeryhis behaviodecreased

significantly.
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Moreover, dsruption of synaptic plasticity induced bye injection of TIMP1-loaded
nanoparticles significantly decreasid@ number of followings Sucheffect was not observed
in the BSA group (Figure 11Aboth cohortsweretested twice and results were compared
within subject REWvs REW1T NP-BSA: Wilcoxon matchegpairs signed rank testy = O;
p>0.9999 results passed tHi26 A g o st i n onor&ality esonhsim REWiT NP-BSA
trial, REW:K2=7.842; p=0.0198; REW NP-BSA:K2=1.97; p=0.3734;Figure 11Bboth
cohorts veretested twice and results were compared within subject REW vs RENP1:
Wilcoxon matchegpairs signed rank test,#0.0010, W= -66, results passed the normality
testonly in REW trial REW:K2 = 0.8086, p= 0.6675; REWi NP-TIMP1:K2 = 13.14,

p = 0.0014). Notably, n both tested groups mice showed significantly highecoimort

sociability after surgery (Figure 1180th cohortsveretested twice and results were compared

within subject REW vs REW NP-BSA: Kolmogorow+Smirnov D= 0.5; p= 0.0018 both

datasetp a s s ed t h ek PBatsdngharmality tesoREW: K21.348; p= 0.5097 REW

T NP-BSA: K2 = 2.481; p=0.2893 Figure 11D both cohortsveretested twice and results

were compared within subject REW REWi NP-TIMP1: KolmogorowSmirnov D=0.309%

p=0.0104, both datasets pastett e DO Agostino & Pear s0B8028nor mal
p=0.6694 REWi NP-TIMP1: K2=1.333;p=0.5135.

Additionally, locomotor activity was measured to control for its potemtiglience
on the observed changes in sotgarning and other socidkehaviors. The results show that
neither TIMP1, nor vehicle injections changed the actoitihe tested animalghus excluding
the possibility that changed activity was impacting thported effects of social learning
(Figure 12A both cohorts were tested twice and results were compared within subject REW
vs REW1 NP-BSA: Wilcoxon matcheepairs signed rank test, W = 2; p = 0.9488Jy
the REW data passedtbed A g o st i n onor@alitpteseREW: &K= 1.545; p = 0.4619,
REW T NP-BSA:K28.34; p = 0.0155; Figure 12Bpth cohorts were tested twice and results
were compared within subject REW vs REWP-TIMP1: Paired t test, t =0.143; p = 0.8891,
in both trialsdata passed thB 6 A grmm &tPearsonnormality test,REW :K2 = 1.482;
p = 0.4767, REWNP-TIMP1 :K2 = 5.78;p = 0.0556).
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Figure 11 Effects of synaptiplasticitydisruption |ntheprelimb|c part otheprefrontal cortex on social behavior
affected by the sociallyransferred information about reward.iAThere were noltanges in followings after
injection ofthenanoparticles loaded with BSA.iBChanges in followings after injection of nanoparticles loaded
with TIMP17 the level of following decrease@.i Changesn in-cohort sociability after injection dhe BSA-
loaded nanoparticles, distributiomnvas significantlyshifted to the right, indicating higher level of-éehort
sociability in comparison to thiérst trial, D1 Changes in ircohort sociability after ijection of TIMP1-loaded

nanoparticlesas in the control group, ioohort sociability increased.

52



A Activity B Activity

2500 - 2500 -
2000 2000-
2 -
B 1500~ 2 15004
> >
“— —
o (o]
5 1000+ | g 1000+
= =
500 500
0- 0-
KN ey D >
& & &
> &
"ix é\'
&
¢ &

Figure 12. Activity was not affected byhe injectiors of nanoparticles containingither TIMP1 nor BSA
(vehicle) AT Activity of thecontrol(BSA) group B Activity of the TIMP1-treatedgroup

6.3 Social olfactory information helps to find the reward in a novel
environment, which requires an intact prelimbic cortex

Previously describedexperimentswere conducted inthe environment familiar
to thetested miceTo investigate the role of social informatiabhoutthe rewardin thenovel,
unfamiliar environment,anotherset of experimentausing two different ECOHAB systems
was performed (Figure 13) The detailed desigrof the experimentswas described
in the Material and methodsection5.8. Briefly, the experiment staetiwith all animals being
housedn the EceHAB |, where adaptation phase took place (Figure 13HE&B I). During
the adaptation period mice habituated to the environment and learned how to drink from
the bottles whose tips were placed in a short tube equipped with an RFID antenna. This design
allowed for (a) measuring individual drinking behavior of the subjects anon(tihg access
to the bottle to only one animal at the tirfrethe second experimental phase (isolatiarg
mice fromthetested cohortreferred to ascoutswere movedrom EceGHAB | to novelEco
HAB environment (Figure 13 EedAB Il). During that pase scouts expladehe EcoHAB

I, where- as in the EcdHAB | - additional bottles were accessible in the corners ofviloe
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Figure 13. Design of the experiment on the influence of FIMRIced disruption of neuronal plasticity in the PL

on socialtransfer of information in a novel, unfamiliar environment. At first all mice were put in ond¢lB&o

system (EceHAB 1). In the following phase (Isolation) two scout mice were taken out of theHA® I

and moved to the new Edd¢AB Il. In the new apparagiscout animals had access to either two bottles filled

with water (in the control condition, CTRL), or to one bottle with water and one bottle with 10% sucrose solution
(in the reward condition, REW). The bottles were always placed on the opposite bitles territory,

as was during the adaptation phase. In the process of the exploration of the environment and drinking the scouts
have left social scents in the soaked bedding near the tips of the bottles. After the Isolation phase, scouts
were removed fnm the experiment, bottles from E¢tAB Il were washed and refilled with tap water. However,

the bedding with social scents was left untouched. Then, the rest of the cohort from-th&EEtavas moved

to EcoHAB 1l and their behavior in response to socaés left by the scouts was measured.

opposite compartments for 24As aresultof inhabiting the new territory scout animadst

social cuegthe scents spread through ttmempartmentfs On the ext day after isolation phase

the scouts were removed from tlieo-HAB Il and the rest ofhe cohortwas moved from
theEco-HAB | to theEco-HAB II. In theREW trial scouts had accessttee highly rewarding

10% sucrose solution in onéthe presented bikésand water in the other. T@T RL gr oup 6 s

scouts had accetstwo water bottledn this set of experiments nanopartidestaining either
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