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"Culture didn't arise in a vacuum: it had many precursors. One crucial step towards the development of culture was the invention of the nest. Before nests came into being, any experimentation by the young either worked, or led to a quick death." -Pratchett T., Science of Discworld 2: The Globe.

Summary in English

For centuries, animal-built structures, such as nests, captured the fascination of many biologists due to their astounding complexity and diversity across the animal kingdom. For many animals, building a proper nest is fundamental as it provides an environment safe against predators, an adequate means of thermoregulation, and a comfortable place to sleep.

However, nests often undergo profound remodeling by the parents when young are expected, making them the ideal habitat to rear offspring. This fast, dramatic switch in behavior is called preparatory nesting, and is especially evident in pregnant mice. While it is clear from previous work that the hormonal changes of gestation contribute to this adaptation, its neural basis is essentially unknown. In this study, using whole-brain activity mapping in cleared brains, we identified a small population of peptidergic neurons in the Edinger-Westphal nucleus (EW) of the midbrain, as specifically active in the context of preparatory nest-building. We found that these neurons project centrally across the whole brain and express a myriad of neuropeptides, such as Cocaine-and amphetamine-regulated transcript (CART) (EW CART+ ). Using various techniques: genetically targeted lesions, chemogenetics, and optogenetics, we found that these neurons were necessary and sufficient to elicit nest-building behavior. Importantly, we found that the EW CART+ neurons are directly receptive to progesterone, and that its application changes their electrophysiological properties, possibly favoring peptide release at their target sites. Finally, intersecting datasets of activity and efferent projection mapping from the EW CART+ neurons unraveled a complex body of downstream target brain regions, many of which have already been implicated in parental behaviors. This leads us to believe that this nucleus is a major hub involved in parental and preparatory behaviors.

Résumé en Français

Depuis des siècles, les constructions d'origine animale, telles que les nids, ont fasciné de nombreux biologistes, autant par leur complexité que par leur diversité au sein du règne animal. Pour de nombreux animaux, la construction d'un bon nid est fondamental car il offre un environnement sûr contre les prédateurs, un moyen de thermorégulation adéquat et un endroit confortable pour dormir. Cependant, lorsque des petits sont attendus, les parents modifient et améliorent ces constructions pour accueillir et élever leur progéniture dans de bonnes conditions. Ce rapide et spectaculaire changement de comportement est appelé nidification préparatoire et est particulièrement évident chez les souris gestantes. S'il ressort clairement, de travaux antérieurs, que les changements hormonaux au cours de la gestation contribuent à cette adaptation, sa base neuronale est essentiellement inconnue. Dans cette étude, en utilisant la technique de cartographie de l'activité neuronale sur cerveau entier transparisé, nous avons identifié une petite population de neurones peptidergiques localisée dans le noyau d'Edinger-Westphal (EW) du mésencéphale, comme spécifiquement actifs dans le contexte de la construction de nids préparatoires. Nous avons découvert que ces neurones projettent centralement dans une large partie du cerveau et expriment une myriade de neuropeptides, tels que le régulateur à la transcription de cocaïne et d'amphétamines (CART) (EW CART+ ). Par l'intermédiaire de diverses techniques: lésions génétiquement ciblées, chémogénétique et optogénétique, nous avons découvert que ces neurones étaient non seulement nécessaires mais aussi suffisants pour la construction d'un nid. Surtout, nous avons constaté que les neurones EW CART+ sont directement réceptifs à la progestérone et que son application modifie leurs propriétés électrophysiologiques, favorisant probablement la libération de peptides sur leurs sites cibles. Finalement, l'intersection de l'ensemble des données d'activité et de la cartographie de projection efférente des neurones EW CART+ a mis à jour un ensemble complexe de régions cérébrales cibles en aval, qui pour la plupart ont déjà été impliquées dans les comportements parentaux. Ceci nous porte à croire que ce noyau est une plaque tournante majeure impliquée dans les comportements parentaux et préparatoires.

Glossary ABA:

Allen Brain Atlas 

Introduction

Weaving, modeling, spinning, and sculpting: these are not the names of wings at an art museum, but a set of elaborate techniques used by animals to construct wonders. A significant number of animals are prolific architects and demonstrate impressive craftsmanship. Animal-built structures have three primary purposes: some, like spider webs, are used to trap prey, others, like the singing burrows of male mole crickets (Gryllotalpa), are used for communication, but the majority of animal constructions are homes (a.k.a. nests) [START_REF] Hansell | Animal Architecture[END_REF]. Some nests are elegantly simple; others are surprisingly complex and often made of the world's most mundane materials.

1. Chapter 1 -The nest, a multifunctional home

Nest diversity across taxa

Nest building is a taxonomically widespread activity (Fig. 1). Many birds, mammals, reptiles, fish, and insects build nests. The design and location of these constructions vary immensely across, but also within, the same taxa. Some are constructed underground, like a badger's (Meles meles) sett, while others are suspended from tree branches, like the woven nest of the Baya weaver (Ploceus philippinus) (Fig. 1). Some nests are gigantic, like the cathedral mounds of some termites (Nasutitermes triodiae) that reach up to 9 meters in height; others are minuscule, like the cup-shaped nests of the black-chinned hummingbird (Archilochus alexandri) whose width does not exceed a few centimeters (Fig. 1). Despite their differences, nests, in general, have a lot in common. Their primary purpose is to keep its owners and their progeny safe from predators, protect them from the vagaries of the weather, and provide a comfortable bed to sleep in. However, some nests incorporated unexpected functions through evolution, such as food storage or fungus cultivation [START_REF] Hansell | Animal Architecture[END_REF]. In the following sections, I will try to describe, more precisely, some of the essential functions of nests.

Building the perfect nest requires a lot of experience and skill. Doesn't it?

For an animal, the construction of a nest is an energetically expensive project that can take days or weeks to complete. The building process is composed of a complex set of discrete, organized motor actions. These actions are often performed in a stereotyped order, and the correct sequence of nest-building events is called the "effective sequence" [START_REF] Collias | The Development of Nest-Building Behavior in a Weaverbird[END_REF]. For example, Nikolaas Tinbergen, one of the fathers of modern ethology, described 13-14 discrete, highly stereotyped sets of actions that long-tailed tits (Aegithalos caudatus) perform to produce a viable nest [START_REF] Tinbergen | Specialists in nest-building[END_REF]. This is also true for mammals where the construction of a nest requires a specific behavioral sequence [START_REF] Deutsch | Nest building behaviour of domestic rabbits under semi-natural conditions[END_REF][START_REF] Żurowski | Regulation of Energy Expenditure by Brainstem GABA Neurons[END_REF]. In mice, for example, nest building encompasses six stereotyped stages:

pulling, carrying, fraying, push-digging, sorting, and fluffing of the nesting material [START_REF] Gaskill | Heat or Insulation: Behavioral Titration of Mouse Preference for Warmth or Access to a Nest[END_REF] (Fig. 2).

Figure 2: Phases of nest-building behavior in mice. Nest-building behavior is a stereotyped behavior in mice.

It can be subdivided into six highly stereotyped stages: pulling, carrying, fraying, push-digging, sorting and fluffing of the nesting material, which ultimately lead to the construction of a functional nest (Adapted from [START_REF] Gaskill | Heat or Insulation: Behavioral Titration of Mouse Preference for Warmth or Access to a Nest[END_REF]).

Historically, despite the complexity of particular nests, nest-building was assumed to be an innate behavior, independent of prior experience, under the sole control of genes [START_REF] Darwin | The Descent of Man and Selection in Relation to Sex[END_REF][START_REF] Wallace | The philosophy of birds' nests[END_REF]. In "The philosophy of birds' nest", for instance, Alfred R. Wallace wrote: "Birds we are told, build their nests by instinct, while man constructs his dwelling by the exercise of reason. Birds never change, but continue to build for ever on the self-made plan; man alters and improves his houses continually. Reason advances; instinct is stationary." [START_REF] Wallace | The philosophy of birds' nests[END_REF]. This view received early experimental support from birds, as hand-reared canaries (Serinus canaria) that never received nesting material before adulthood were able, as adults, to build a nest comparable to that of experienced builders [START_REF] Hinde | The nest-building behaviors of domesticated canaries[END_REF]. Since then, in the mind of most biologists, nest-building has become a prime example of innate behavior. Surprisingly, this idea became "common scientific knowledge" despite the lack of substantial supporting evidence, and even contradictory data, undermining it. Indeed, work performed on Village weavers (Taeniopygia guttata), Zebra finches (Taeniopygia guttata) and Rats (Rattus), convincingly demonstrated that prior experience affected nesting material preference and construction behavior in adulthood [START_REF] Bailey | Physical cognition: birds learn the structural efficacy of nest material[END_REF][START_REF] Collias | The Development of Nest-Building Behavior in a Weaverbird[END_REF][START_REF] Eibl-Eibesfeldt | The interaction of unlearned behaviour patterns and learning in mammals[END_REF][START_REF] Loo | The importance of learning young: the use of nesting material in laboratory rats[END_REF][START_REF] Muth | The role of adult experience in nest building in the zebra finch, Taeniopygia guttata[END_REF]) (Fig. 3). Although certain species, such as mice (Mus musculus), can build a nest without prior experience [START_REF] Oortmerssen | Biological Significance, Genetics and Evolutionary Origin of Variability in Behaviour Within and Between Inbred Strains of Mice (Mus Musculus)[END_REF], this body of work suggests that nest-building is not as "hard-wired" of a behavior as previously assumed. Thus, for many animals, nest-building is influenced by prior experience and environmental conditions.

Nests are well protected against predators

Predation is one of the most potent selective forces in nature. Nests provide essential physical protection for adults and young animals, especially when born altricial: underdeveloped at the time of birth. One key aspect influencing a nest's capacity for safety is its location. However, finding the perfect spot for a home in nature is no easy task. Selecting a suitable nesting site is a complex multifactorial decision. inexperienced village weaver (Ploceus cucullatus) male (right) and an experienced male (left). While an inexperienced animal can still build a nest, the quality of the nest is dramatically dependent on prior experience (Adapted from [START_REF] Collias | The Development of Nest-Building Behavior in a Weaverbird[END_REF]).

It was shown that an animal would adjust its nest location based on acoustic or olfactory cues coming from predators [START_REF] Eichholz | Experimental Evidence that Nesting Ducks use Mammalian Urine to Assess Predator Abundance[END_REF][START_REF] Forsman | Mammalian nest predator feces as a cue in avian habitat selection decisions[END_REF][START_REF] Zanette | Perceived Predation Risk Reduces the Number of Offspring Songbirds Produce per Year[END_REF].

Also, commensalism exists where some species preferably nest close to other "protective species" (predators of the predators of the nesting animal) (Fig. 4A-D) [START_REF] Greeney | Trait-mediated trophic cascade creates enemy-free space for nesting hummingbirds[END_REF][START_REF] Norrdahl | Predator presence may benefit: kestrels protect curlew nests against nest predators[END_REF][START_REF] Quinn | Predator protection or similar habitat selection in red-breasted goose nesting associations: extremes along a continuum[END_REF]. To benefit from this symbiosis, however, an "optimal" distance between the nest and the protective species is carefully estimated, as there are high costs of living close to protector species [START_REF] Mönkkönen | Predation as a landscape effect: the trading off by prey species between predation risks and protection benefits[END_REF].

Animals can also use their own experience, or the experience of conspecifics, to help guide their decision. In birds, while breeding density and nest-site choice of residents are considered to select a future nesting site [START_REF] Jaakkonen | Flycatchers Copy Conspecifics in Nest-Site Selection but Neither Personal Experience nor Frequency of Tutors Have an Effect[END_REF], renesting was also observed following the destruction of the former nesting site by a predator [START_REF] Pakanen | Informed renesting decisions: the effect of nest predation risk[END_REF].

To increase security, nests are often concealed and built in difficult-to-access places. Some species build their nests in underground burrows or cliff sides, for instance, or sites that provide natural physical protection, such as dense thorny shrubs or cacti (Fig. 4B-C) [START_REF] Goławski | Nest Site Characteristics and Breeding Success of the Red-Backed Shrike (Lanius collurio) in Agricultural Landscape in Eastern Poland: Advantage of Nesting Close to Buildings[END_REF][START_REF] Larson | Cliff Ecology: Pattern and Process in Cliff Ecosystems[END_REF][START_REF] Reichman | Burrows and burrowing behavior by mammals[END_REF][START_REF] Tryjanowski | Changes in breeding populations of some farmland birds in W Poland in relation to changes in crop structure, weather conditions and number of predators[END_REF]. Additionally, through clever architectural tricks, like camouflage, nests can be challenging to detect. threats that nest owners have to face and how they can fight them. Briefly, nests, as well as their precious content, face two major threats: predators and brood parasites. Nesting animals evolved a variety of strategies to increase nest safety. One way is to improve nest concealment or by making it difficult to access the nest site.

Another way. (B) One way to make a nest safe is by building it a well-protected and difficult-to-access site.

Here, for instance, a nest built by a cactus wren (Campylorhynchus brunneicapillus) in a cholla cactus (Cylindropuntia). (C) Another way is to conceal the nest as much as possible. Here, a burrow and nest built by a brown rat (Rattus norvegicus) hosting its newborns. (D) Animals also tend to nest close to the nesting site of protective species, which provide protection against other predators. In this example, black-chinned hummingbirds (Archilochus alexandri) (left) nest in close proximity to Cooper's hawks (Accipiter cooperii)

(right), granting them additional protection [START_REF] Greeney | Trait-mediated trophic cascade creates enemy-free space for nesting hummingbirds[END_REF]. (E) Another threat that many nest-builders have to face is brood parasitism. On the left is an example of interspecific brood parasitism: a young cuckoo (Cuculus canorus) is raised and fed by an adult reed warbler (Acrocephalus scirpaceus). An example of intraspecific brood parasitism on the right: burying beetles (Nicrophorus vespillo) fight over a potential nesting site (a small vertebrate carcass) in which they lay eggs. However, other Nicrophorus adults also lay eggs in the nest, leading to the parents raising additional young.

The camouflage of a nesting site comes in different flavors: concealment hides the nest from view [START_REF] Götmark | Nest Site Selection: A Trade-Off between Concealment and View of the Surroundings?[END_REF][START_REF] Mcguire | Nesting success and apparent nest-adornment in Diamond Firetails (Stagonopleura guttata)[END_REF], crypsis blends it with the background [START_REF] Bailey | Birds build camouflaged nests[END_REF][START_REF] Calvelo | Botanical composition and structure of hummingbird nests in different habitats from northwestern Patagonia (Argentina)[END_REF][START_REF] Hansell | The function of lichen flakes and white spider cocoons on the outer surface of birds' nests[END_REF][START_REF] Stevens | Improvement of individual camouflage through background choice in ground-nesting birds[END_REF][START_REF] Troscianko | Camouflage predicts survival in ground-nesting birds[END_REF], and in a masquerade, the nest resembles an ordinary non-edible object [START_REF] Auko | Bird dropping masquerading of the nest by the potter wasp Minixi suffusum (Fox, 1899) (Hymenoptera: Vespidae: Eumeninae)[END_REF]. All these various strategies are often used in combination to build more secure nests. Importantly, a nest also creates potential hiding places for an animal, decreasing their anxiety and improving their general well-being, a particularly important consideration in laboratory conditions [START_REF] Kulesskaya | Evaluation of Social and Physical Enrichment in Modulation of Behavioural Phenotype in C57BL/6J Female Mice[END_REF].

Despite the evident creativity of animals to evade nest predation, predators, through evolution, equally perfected the art of detecting a prey's nesting site. It is unlikely, for instance, that predators rely solely on vision to localize nests. Instead, they also use olfaction and audition, or a combination of those different sensory modalities to do so [START_REF] Remeš | Birds and rodents destroy different nests: a study of Blackcap Sylvia atricapilla using the removal of nest concealment[END_REF].

Additionally, maternal behaviors, especially in altricial species, often come at a cost. By repeatedly entering the nest site to provide food and assistance to hopeless young, parents often disclose a nest's position, compromising the safety of its inhabitants [START_REF] Weidinger | Interactive effects of concealment, parental behaviour and predators on the survival of open passerine nests[END_REF].

Thus, leaving the nest unattended, even for a few minutes, could make the difference between the life and death of the inhabitant's offspring. To overcome these issues, nest defense was shown to be an effective mechanism to reduce predation risk (Fig. 4A) [START_REF] Curio | The Adaptive Significance of Avian Mobbing[END_REF][START_REF] Hu | Parental attendance of Chestnut Thrush reduces nest predation during the incubation period: compensation for low nest concealment?[END_REF][START_REF] Svare | Recent advances in the study of female aggressive behaviour in mice[END_REF]. These defense mechanisms can be active, such as direct attacks, mobbing, distract display, guarding and vocalization, or passive when camouflaging with the nest [START_REF] Montgomerie | Risks and Rewards of Nest Defence by Parent Birds[END_REF]. The strategy used and level of a parents' investment into nest defense highly depends on their armament and the type of predators they encounter [START_REF] Stenhouse | An experimental study examining the anti-predator behaviour of Sabine's gulls (Xema sabini) during breeding[END_REF][START_REF] Templeton | Allometry of Alarm Calls: Black-Capped Chickadees Encode Information About Predator Size[END_REF]. For instance, if parents can defend the nest against most local predators, the need to conceal the nest will be much lower. Inversely, suppose some predators can't be deterred or distracted by parents. In that case, they might invest more time and energy into finding a well-concealed nest site instead of trying to defend it, potentially, at the cost of their own life [START_REF] Cresswell | Nest Predation Rates and Nest Detectability in Different Stages of Breeding in Blackbirds Turdus merula[END_REF].

Additionally, high levels of predation can result in intra and interspecific associations, even with potential competitors, to jointly defend their nesting sites (Fig. 4A) [START_REF] Polak | Nest Concealment and Nest Defence by Two Passerines: Effect of Protective Nesting Association[END_REF][START_REF] Quinn | Protective nesting associations in birds[END_REF].

In addition to predators, certain parents have to keep an eye open for a different type of threat: brood parasites that rely on others to raise their young (Fig. 4A). Brood parasitism can be interspecific, as in birds where species such as Cuckoos (Cuculidae) or Cowbirds (Molothrus) might sneak into the nest of other birds to lay additional eggs that will be taken care of by the hosts (Fig. 4E) [START_REF] Mann | Avian Brood Parasitism, Behaviour, Ecology, Evolution and Coevolution[END_REF]. Brood parasitism can also be intraspecific [START_REF] Zink | The Evolution of Intraspecific Brood Parasitism in Birds and Insects[END_REF]. In burying beetles (Nicrophorus), multiple individuals of the same species fight over a suitable nesting site (a small vertebrate carcass) where they reproduce. Although this battle results in a single winner, it is not uncommon that some losers still manage to lay eggs in the nest, which paradoxically, will often be raised by the winner (Fig. 4E) [START_REF] Müller | Intraspecific brood parasitism in the burying beetle, Necrophorus vespilloides (Coleoptera: Silphidae)[END_REF].

Both strategies are highly advantageous to the brood parasite as it cancels the energy costs of building a proper nest and providing maternal care to their young. In the case of a successful raid from the parasitic species, the nest owners face two choices: either they decide to keep the parasitic young, or they try to identify and evict them from the nest.

Although the decision seems obvious, it is not. In the first configuration, the parents will have to raise additional young, implying enormous energy losses and reduced fitness of their own offspring. In the second case, the parents risk evicting their own young as the parasitic eggs often closely mimic the ones already present in the nest [START_REF] Krüger | Cuckoos, cowbirds and hosts: adaptations, trade-offs and constraints[END_REF][START_REF] Langmore | Escalation of a coevolutionary arms race through host rejection of brood parasitic young[END_REF]. In addition, by rejecting the parasite's offspring, they run the risk of reprisal. Indeed, certain parasitic species operate in a "mafia-like" behavior: they destroy the host's nest and even injure or kill their offspring if the hosts reject the parasite's young [START_REF] Soler | Magpie host manipulation by grate spotted cuckoos: evidence for an avian mafia?[END_REF].

All of this probably explains why so many species decide to raise the young parasites at the expense of their reproductive success.

In conclusion, nests, as well as their owners, face a myriad of threats. As the content of a nest often represents a meal of choice for predators, nest-builders have evolved a wide variety of strategies to improve their reproductive success and reduce predation risks.

Home insulation helps to reduce the owner's energy bill

In addition to the protection that a nest provides against predators, it also plays a critical role, in many species, in the thermoregulation of its owners and its progeny. Animals, whether endotherm (regulating body temperature via their metabolism) or ectotherm (relying on ambient temperature to thermoregulate), have temperature optima and are susceptible to temperature extremes. Thus, it is of utmost importance for an animal to find an environmental temperature that is favorable, which reduces overall energy expenditure in endotherms [START_REF] Boyles | Thermal benefits of clustering during hibernation: a field test of competing hypotheses on Myotis sodalis[END_REF][START_REF] Dausmann | Hibernation in a tropical primate[END_REF]Gaskill et al., 2013aGaskill et al., , 2013b;;[START_REF] Glaser | Energetics and Nesting Behavior of the Northern White-Footed Mouse, Peromyscus leucopus noveboracensis[END_REF], and optimizes developmental rate in ectotherms [START_REF] Angilletta | Temperature, Growth Rate, and Body Size in Ectotherms: Fitting Pieces of a Life-History Puzzle[END_REF][START_REF] Ruf | Thermal Gains Through Collective Metabolic Heat Production in Social Caterpillars of Eriogaster lanestris[END_REF].

To maintain optimal body temperatures and reduce energy expenditure, animals evolved remarkable physical, physiological, and behavioral adaptations. Warmth and shelter seeking, posture adjustment, curling up, group huddling, and nest-building [START_REF] Gaskill | Heat or Insulation: Behavioral Titration of Mouse Preference for Warmth or Access to a Nest[END_REF][START_REF] Gordon | Thermal physiology of laboratory mice: Defining thermoneutrality[END_REF] are some of the most cost-effective behavioral, thermal adaptations [START_REF] Gordon | Temperature regulation in laboratory rodents[END_REF]. Among the numerous behavioral adaptations, the construction of a nest plays a key thermoregulatory role: it provides a warm microclimate that minimizes the amount of heat required to maintain homeothermy [START_REF] Glaser | Energetics and Nesting Behavior of the Northern White-Footed Mouse, Peromyscus leucopus noveboracensis[END_REF]. Although nests are used to trap and preserve heat, temperatures within a nest must be regulated to suit its owner's temperature optimum. This can be achieved through a variety of passive and active mechanisms.

For instance, the choice of the building site [START_REF] Kolbe | Impact of Nest-Site Selection on Nest Success and Nest Temperature in Natural and Disturbed Habitats[END_REF][START_REF] López-Luna | Nest-site selection and nest size influence the incubation temperature of Morelet's crocodiles[END_REF], the type of materials used for construction (Gaskill et al., 2013c), the architecture [START_REF] Vesala | Termite mound architecture regulates nest temperature and correlates with species identities of symbiotic fungi[END_REF], and the cardinal orientation [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF] are all passive factors that can dramatically affect the inner temperature dynamics of a nest. Accordingly, animals can change a nest's temperature actively. When temperatures exceed a certain threshold, some social insects, such as honey bees (Apis Mellifera), use wing fanning [START_REF] Peters | Collective ventilation in honey bee nests[END_REF], water evaporation [START_REF] Lindauer | The Water Economy and Temperature Regulation of the Honeybee Colony[END_REF], or actively shield brood combs with their bodies to reduce ambient temperature [START_REF] Starks | Heat Shielding: A Novel Method of Colonial Thermoregulation in Honey Bees[END_REF]. In contrast, when temperatures get too low, social insects, for instance, will form tight clusters to maintain a stable brood temperature [START_REF] Fahrenholz | Thermal investigations of a honey bee colony: thermoregulation of the hive during summer and winter and heat production of members of different bee castes[END_REF] or directly incubate the brood by positioning themselves next to pupae and pumping their abdomen to generate heat [START_REF] Ishay | Thermoregulation by social wasps: behavior and pheromones[END_REF].

Due to their high surface area to volume ratio and inadequate body insulation, small rodents are incredibly vulnerable to rapid changes in temperature [START_REF] Gordon | Thermal physiology of laboratory mice: Defining thermoneutrality[END_REF][START_REF] Reitman | Of mice and men -environmental temperature, body temperature, and treatment of obesity[END_REF].

Consequently, many of them exhibit an increase in nest-building activity when subjected to cold environments [START_REF] Glaser | Energetics and Nesting Behavior of the Northern White-Footed Mouse, Peromyscus leucopus noveboracensis[END_REF][START_REF] Kinder | A study of the nest-building activity of the albino rat[END_REF][START_REF] Lee | Temperature effect and strain differences in the nest-building behavior of inbred mice[END_REF][START_REF] Lynch | Environmental modification of nest-building in the white-footed mouse, Peromyscus leucopus[END_REF][START_REF] Lynch | Clinal Variation in Cold Adaptation in Mus domesticus: Verification of Predictions from Laboratory Populations[END_REF][START_REF] Lynch | Genetic differences influencing behavioral temperature regulation in small mammals. II. Genotype-environment interactions[END_REF]. If provided with the proper type [START_REF] Hess | Home Improvement: C57BL/6J Mice Given More Naturalistic Nesting Materials Build Better Nests[END_REF] and amount [START_REF] Gaskill | Heat or Insulation: Behavioral Titration of Mouse Preference for Warmth or Access to a Nest[END_REF] of nesting material, rodents build better, more insulating nests resulting in major metabolic savings. This has been measured directly as decreased oxygen consumption [START_REF] Glaser | Energetics and Nesting Behavior of the Northern White-Footed Mouse, Peromyscus leucopus noveboracensis[END_REF][START_REF] Pearson | The Oxygen Consumption and Bioenergetics of Harvest Mice[END_REF], reduced heat loss (Gaskill et al., 2013b), and lowered food consumption [START_REF] Lynch | Environmental modification of nest-building in the white-footed mouse, Peromyscus leucopus[END_REF][START_REF] Lynch | Genetic differences influencing behavioral temperature regulation in small mammals. II. Genotype-environment interactions[END_REF]. In anticipation of lower temperatures during winter, some rodents even increase their nest-building activity following a decline in the photoperiod [START_REF] Lynch | Genetic differences influencing behavioral temperature regulation in small mammals. II. Genotype-environment interactions[END_REF][START_REF] Puchalski | Photoperiod, temperature and melatonin effects on thermoregulatory behavior in Djungarian hamsters[END_REF]. Nest-building behavior also seems to be under a strong genetic influence. For example, in different species of deer mice (Peromyscus), individual nest-building capabilities were found to closely track the environmental temperature gradients from north to south, with animals of northern origins building better nests than southern ones [START_REF] King | Geographic Variation in Nest Size Among Species of Peromyscus[END_REF]. Additionally, mice genetically predisposed to build large nests at room temperature show a much stronger increase in nest quality when placed in a cold environment than those which build poor nests in the same conditions [START_REF] Lynch | Genetic differences influencing behavioral temperature regulation in small mammals. II. Genotype-environment interactions[END_REF].

Many animals, if maintained below the recommended housing temperatures, experience chronic thermal stress resulting in altered metabolism, immune function, and behavior: they might decide to reallocate energy from other essential biological processes to maintain their energy homeostasis [START_REF] Gaskill | Some like it hot: Mouse temperature preferences in laboratory housing[END_REF][START_REF] Yamauchi | Effects of Room Temperature on Reproduction, Body and Organ Weights, Food and Water Intakes, and Hematology in Mice[END_REF]. This is especially important in laboratory settings as these changes can easily alter scientific outcomes, hindering reproducibility [START_REF] Garner | Stereotypies and Other Abnormal Repetitive Behaviors: Potential Impact on Validity, Reliability, and Replicability of Scientific Outcomes[END_REF][START_REF] Wolfer | Cage enrichment and mouse behaviour[END_REF]. Mice, for instance, are typically housed at temperatures ranging from 20-24˚C [START_REF] Gordon | Temperature regulation in laboratory rodents[END_REF][START_REF] Gordon | Effect of cage bedding on temperature regulation and metabolism of group-housed female mice[END_REF]. These temperatures are much lower than the mouse's temperature optimum: approximately 30˚C [START_REF] Gordon | Temperature regulation in laboratory rodents[END_REF]. Thus, in these conditions, mice eat approximately 60% more [START_REF] Cannon | Thermogenesis challenges the adipostat hypothesis for body-weight control[END_REF] and must use additional energy to stay warm [START_REF] Cannon | Nonshivering thermogenesis and its adequate measurement in metabolic studies[END_REF]. However, raising the ambient temperature is not a solution in this case, as the temperature preference of mice changes not only during the time of day [START_REF] Gaskill | Some like it hot: Mouse temperature preferences in laboratory housing[END_REF][START_REF] Gaskill | Working with what you've got: Changes in thermal preference and behavior in mice with or without nesting material[END_REF] but also with age [START_REF] Ogilvie | The effect of age on temperature selection by laboratory mice (Mus musculus)[END_REF]. Additionally, increased ambient temperatures were shown to increase basal levels of aggressive behaviors [START_REF] Greenberg | The Effects of Ambient Temperature and Population Density On Aggression in Two Inbred Strains of Mice, Mus Musculus[END_REF].

Even for animals where it was thought that nests do not contribute heavily to thermoregulation, we later discovered a surprising importance. Some animals, for instance, regulate their temperature by "stealing" heat from the nests of other organisms in a process called kleptothermy. Termite mounds, for example, provide high, stable temperatures and are often co-inhabited with other ectotherms like snakes, lizards, or crocodilians [START_REF] Ehmann | Nesting, egg incubation and hatching by the heath monitor Varanus rosenbergi in a termite mound[END_REF][START_REF] Leloup | Various aspects of venomous snake breeding in large scale[END_REF][START_REF] Magnusson | Sources of Heat for Nests of Paleosuchus trigonatus and a Review of Crocodilian Nest Temperatures[END_REF]. Similarly, many bird nests [START_REF] Newman | Burrow Use and Population Densities of Tuatara (Sphenodon punctatus) and How They Are Influenced by Fairy Prions (Pachyptila turtur) on Stephens Island, New Zealand[END_REF] and mammal burrows [START_REF] Finlayson | n central Australian mammals. Part II. The Muridae[END_REF] are also used as habitats by other animals seeking warmth. Clearly, a nest's warm and cozy environment is enough to bring even the most diverse species together.

The downsides of nest concealment and insulation

As we have seen, nests are often built in concealed, well-insulated, and enclosed spaces.

While this decreases the probability of nest predation and helps animals reach their temperature optimum, it also comes at a price. Gas exchange is limited in these types of homes, which leads to low dioxygen (O2) levels (hypoxia) and increased levels of carbon dioxide (CO2) (hypercapnia) [START_REF] Roper | Environmental conditions in burrows of two species of African mole-rat, Georhychus capensis and Cryptomys damarensis[END_REF]. To overcome this environmental challenge, animals adapted both behaviorally and physiologically. From a behavioral standpoint, while some animals actively ventilate their habitats, most, through clever architectural design, use the energy available in the air passing over the nest exits to power their ventilation system. A great example is the burrow of certain species of prairie dogs (Cynomys ludovicianus), whose home entrances are specifically designed to draw air into them regardless of the wind's direction [START_REF] Vogel | Wind-induced ventilation of the burrow of the prairie-dog,Cynomys ludovicianus[END_REF]. To surmount these hypoxic and hypercapnic conditions, other animals adapted their physiology, mainly by increasing the efficiency at which they extract O2 from their milieu. These adaptations range from an high hemoglobin affinity for O2 [START_REF] Campbell | Molecular basis of a novel adaptation to hypoxic-hypercapnia in a strictly fossorial mole[END_REF] to a relative increase in red cell volume in the blood (hematocrit) [START_REF] Boggs | Respiratory physiology of burrowing mammals and birds[END_REF].

As we have seen so far, nests are essential structures for many animals as they provide a safe environment against predators and reduce overall energy expenditure through improved insulation. It is interesting to point out that some of these functions resulted in several drawbacks, including lowered oxygen levels, which animals also adapted to, suggesting that the benefits provided by nests greatly outweigh its disadvantages.

A nest provides a comfortable bed, that eases sleep

From armadillos (Cingulata) that spend the majority of their day asleep to giraffes (Giraffa) that sleep as little as two hours per day [START_REF] Campbell | Animal sleep: A review of sleep duration across phylogeny[END_REF], all animals on earth sleep [START_REF] Fruth | Sleep and nesting behavior in primates: A review[END_REF]. Although sleep might differ across species, it usually implies relative stillness with reduced sensitivity to the outside world [START_REF] Cirelli | Is Sleep Essential?[END_REF]. In most animals, sleep follows a circadian pattern. It coincides with a rapid decline of core and brain temperatures, combined with the display of thermoregulatory behaviors such as curling up and nest-building [START_REF] Campbell | Rapid Decline in Body Temperature Before Sleep: Fluffing the Physiological Pillow?[END_REF]Eban-Rothschild et al., 2016). Recent research suggests biologically relevant links between these thermoregulatory behaviors and sleep, which makes us wonder to what extent temperature affects sleep quality.

One widely reported yet counter-intuitive observation is that while the animal's body temperature declines before sleep, warmth triggers sleep onset. In humans, for instance, warming the body a few hours before bedtime, especially the skin of hands and feet (distal skin), reduces the latency to sleep and increases its depth. This is called the "Warm Bath

Effect" [START_REF] Bunnell | Passive Body Heating and Sleep: Influence of Proximity to Sleep[END_REF][START_REF] Jordan | The Effect of Afternoon Body Heating on Body Temperature and Slow Wave Sleep[END_REF][START_REF] Shapiro | Thermal load alters sleep[END_REF]. Similarly, in rodents, mild ambient warmth (Lo Martire V., et al., 2012) and brown adipose tissue thermogenesis were shown to induce sleep [START_REF] Szentirmai | The role of the brown adipose tissue in β3-adrenergic receptor activation-induced sleep, metabolic and feeding responses[END_REF]. This is surprising as sleep is often observed when core body temperature is at its steepest rate of decline [START_REF] Campbell | Rapid Decline in Body Temperature Before Sleep: Fluffing the Physiological Pillow?[END_REF]. However, recent advances in our understanding of the brain circuitry controlling thermoregulation and sleep demonstrated that they are more fundamentally linked than previously thought.

Although multiple brain regions are involved in sleep and thermoregulation, historically, one region stands out amongst the rest: the preoptic area of the hypothalamus (POA). The POA is a brain hub regulating a wide range of essential physiological functions such as thermoregulation, sleep, energy homeostasis, parenting, and sexual behaviors [START_REF] Tsuneoka | Cellular Composition of the Preoptic Area Regulating Sleep, Parental, and Sexual Behavior[END_REF]. In the POA, the mechanisms that control thermoregulation and sleep overlap anatomically and functionally. Experiments have shown that local warming of the POA in rats and cats triggers sleep, and excessive warming elicits panting and stretching to dissipate heat [START_REF] Magoun | Activation of heat loss mechanisms by local heating of the brain[END_REF][START_REF] Mcginty | Preoptic/anterior hypothalamic warming increases EEG delta frequency activity within non-rapid eye movement sleep[END_REF][START_REF] Roberts | Thermoregulatory grooming and sleep-like relaxation induced by local warming of preoptic area and anterior hypothalamus in opossum[END_REF]. Lesioning the POA had the opposite effect, disrupting warm-defense behaviors and reducing total sleeping time [START_REF] Szymusiak | Exposure to heat restores sleep in cats with preoptic/anterior hypothalamic cell loss[END_REF][START_REF] Teague | The role of the anterior hypothalamus in temperature regulation[END_REF]. Single unit recordings later confirmed the existence of warmth-activated neurons that exhibit higher firing rates during sleep in the POA [START_REF] Szymusiak | Sleep-waking discharge of basal forebrain projection neurons in cats[END_REF].

While some neurons in the POA expressing the transient receptor potential member 2 (TRPM2) ion channel can sense direct warmth (and are thus warm-sensitive) [START_REF] Song | The TRPM2 channel is a hypothalamic heat sensor that limits fever and can drive hypothermia[END_REF], it is unlikely that moderate, acute skin warming could induce an increase in brain temperature that directly stimulates these neurons. Instead, these cells could be necessary for heat defense and modulate the response to fever, as their activation induces hypothermia but has no visible effect on sleep [START_REF] Song | The TRPM2 channel is a hypothalamic heat sensor that limits fever and can drive hypothermia[END_REF]. The POA is important for sleep and thermoregulation in mechanistically similar ways, but it is seldom discussed how these two processes influence one another either directly or indirectly.

How does skin warming influence sleep? The most likely explanation is through an indirect synaptic pathway conveying thermal sensory information from the skin to the POA (Fig. 5).

In fact, such a pathway does exist: the median preoptic area (MEPO/MnPO) and medial preoptic area (MPO) (parts of the POA) were shown to receive sensory afferents that convey thermal information from the skin [START_REF] Boulant | The effect of skin temperature on the hypothalamic control of heat loss and heat production[END_REF][START_REF] Hammel | Regulation of Internal Body Temperature[END_REF][START_REF] Morrison | Central neural pathways for thermoregulation[END_REF]) (Fig. 5). Recently, a population of nitrergic-glutamatergic neurons located in the MEPO and MPO was shown to induce body cooling in response to skin warming [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF] (Fig. 5). The activation of these neurons, however, also triggered sleep. This finding proposes a mechanism that could explain why animals exhibit thermoregulatory behaviors, such as nest-building, before sleep [START_REF] Meddis | On the function of sleep[END_REF].

Indeed, a nest could ease the transition into sleep by providing a warm environment and thus increasing local skin temperature (Fig. 5). However, this sleep induction is unlikely to be a consequence of reduced body temperature as its onset precedes the decrease in body temperature [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF] (Fig. 5). Although a nest provides a warm microclimate permissive for sleep, another study found that glutamatergic neurons in the POA expressing pituitary adenylate cyclase activating polypeptide (PACAP) and brain-derived neurotrophic factor (BDNF), not only lower body temperature upon activation, but also inhibit nest-building activity [START_REF] Tan | Warm-Sensitive Neurons that Control Body Temperature[END_REF] (Fig. 5).

This body of work suggests that the warm-activated neurons of the POA are probably downstream of the brain circuitry driving nest-building behavior. In other words, once a nest is built, it provides a warm microclimate that increases the animal's body temperature via skin warming (Fig. 5). This stimulates warm-activated neurons in the POA, which inhibits nest-building, triggers sleep, and finally leads to body cooling (Fig. 5). expressing nitric oxide synthase 1 (NOS1) [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF]. These neurons, in turn, activate GABAergic (GABA) neurons in the MPO and the lateral preoptic area (LPO) [START_REF] Zhao | A hypothalamic circuit that controls body temperature[END_REF]) that inhibit key targets such as the histaminergic (HIS) neurons in the tuberomammillary nucleus (TMN) and the dorsomedial hypothalamus (DMH) inducing sleep [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF] and body cooling [START_REF] Zhao | A hypothalamic circuit that controls body temperature[END_REF], respectively.

Another population of neurons, located in the MEPO, expressing brain-derived neurotrophic factor (BDNF) and pituitary adenylate cyclase-activating peptide (PACAP), was shown to induce body cooling through its inhibitory effect on the DMH [START_REF] Tan | Warm-Sensitive Neurons that Control Body Temperature[END_REF]. Strikingly, activation of these neurons inhibited nest-building behavior, even in cold conditions [START_REF] Tan | Warm-Sensitive Neurons that Control Body Temperature[END_REF]. This suggests that the warm micro-environment created by a nest stimulates neurons in the preoptic area to initiate sleep and body cooling while simultaneously inhibiting nest-building behavior when the nest is complete.

Chapter 2: Nest-building prior and after the birth of young

2.1. The nest as "ornament"

As we have seen so far, animals build nests for various reasons: to properly thermoregulate, protect themselves against predators, and to have a comfortable bed for sleep. These are all essential functions in everyday life of some animals as they help them maintain homeostasis.

However, in particular situations, nests are built or improved on for a different reason. During mating season, for instance, nests are often made to attract a potential mate. An excellent example in fish is the male three-spined stickleback (Gasterosteus aculeatus) that makes a nest in the presence of gravid females and then uses it as part of his courtship display, hoping to lure the female inside to lay eggs [START_REF] Wootton | The Biology of the Sticklebacks[END_REF]) (Fig. 6A).

These "courtship" nests, in many species, also play a protective role for the owner's offspring. This could explain why in species where the building of the nest is undertaken by one sex, members of the "choosing" sex should be more attracted to mates that build better nests, well-adapted to local conditions [START_REF] Barber | Nests as ornaments: revealing construction by male sticklebacks[END_REF][START_REF] Collias | Nest and mate selection in the village weaverbird (Ploceus cucullatus)[END_REF][START_REF] Johnson | Nest Site Quality, Female Mate Choice, and Polygyny in the House Wren Troglodytes aedon[END_REF]. However, it is important to note that in certain species, this attraction could have evolved for a different reason. Indeed, nests are a typical example of an animal's extended phenotype, and thus provide a glimpse into the "quality" of an organism's genes [START_REF] Dawkins | The extended phenotype[END_REF]. Nest owners might then advertise their quality as future parents to potential mates through specific nest characteristics. The nest could then be viewed as a sexually selected behavior as specific nest characteristics could be used as "attractor" signals by the owner to help the selection process of a suitable mate [START_REF] Soler | Nest building is a sexually selected behaviour in the barn swallow[END_REF]. An extreme example of this, are bowerbirds (Ptilonorhynchidae), where males build elaborate "nest-like" bowers, integral for courtship, that females interpret as markers of the male's quality [START_REF] Mainwaring | The design and function of birds' nests[END_REF] (Fig. 6B). These complex constructions, however, are purely ornamental, devoid of any "child-rearing" function. Nevertheless, females are more likely to select a male that builds better bowers (Borgia, 1985a) as these same males are more likely to deter other competitor males (Borgia, 1985b). Thus, in certain species, nests can have a mate selection function. Still, it is essential to emphasize that these nests are not typically maintained daily to suit the owner's physiological needs.

The importance of nests in the survival of the owner's offspring

Although the quality of a nest can be positively affected by a decrease in ambient temperature, in general, nests built by non-expecting (naive) animals, also called "thermoregulatory" or "sleeping" nests, are not optimal to welcome young. However, in the case of expecting parents or in the presence of offspring, animals will usually build a better, more insulating nest: the "parental" nest. This increase in nest-building activity and quality has been observed in many vertebrate species, and has been described in mice [START_REF] Bond | Nest building in nulligravid, primigravid and primiparous C57BL/6J and DBA/2J mice (Mus musculus)[END_REF][START_REF] Broida | Strain-typical patterns of pregnancy-induced nestbuilding in mice: Maternal and experiential influences[END_REF][START_REF] Weber | Maternal behaviour in Mus musculus sp.: An ethological review[END_REF], rats [START_REF] Denenberg | Maternal Behavior in the Rat: an Investigation and Quantification of Nest Building[END_REF][START_REF] Kinder | A study of the nest-building activity of the albino rat[END_REF], rabbits [START_REF] Zarrow | Maternal behavior in the Rabbit: endocrine control of maternal nest building[END_REF], hamsters [START_REF] Richards | Maternal behaviour in the golden hamster: responsiveness to young in virgin, pregnant, and lactating females[END_REF], gerbils (Wallace, Owen and Thiessen, 1973), sows [START_REF] Algers | Maternal behavior in pigs[END_REF][START_REF] Wiesner | Nest-building behaviour in sows and consequences for pig husbandry[END_REF], fish [START_REF] Barber | Nests as ornaments: revealing construction by male sticklebacks[END_REF], and birds [START_REF] Collias | The Development of Nest-Building Behavior in a Weaverbird[END_REF], amongst others, and can be carried out by the female, male or either of the parents.

As mentioned in the literature, it is necessary to point out that parental nesting is an umbrella term designating the improvement observed in nest-building behavior, both before and after the birth of young. In my opinion, this definition is misleading, as the two phenomena, although seemingly similar, are likely to be motivated by different factors (Fig. 7). As we will see in this section, substantial evidence shows that before birth, nest-building is triggered by internal factors, such as hormones, while after delivery, it is mainly stimulated by the presence of the young themselves (Fig. 7). Surprisingly, while this difference was pointed out more than half a century ago by authors such as Eliane Noirot [START_REF] Noirot | Modifications de réactivité au niveau des réponses aux jeunes chez la souris[END_REF], the overwhelming body of literature looking at parental nest-building does not make this distinction. Thus, in the following sections of this piece, I will try to distinguish, whenever possible, between "preparatory nesting" or the changes of nest-building observed before the presence of eggs or offspring, and "parental" nesting or the increase in nest-building occurring postpartum. While virgin animals build "basic" thermoregulatory nests that provide ways for the animal to reduce energy expenditure, in addition to a comfortable bed for sleep, both cold exposure and pregnancy (or specific hormonal treatments) were shown to improve nest-building capabilities in a variety of animals. While pregnancy drives these changes via the action of hormones, cold most likely does not trigger hormonal changes, at least not comparable to that of pregnancy. Although preparatory nests also help reduce energy expenditure throughout pregnancy, it is vital to distinguish thermoregulatory nesting, related to ambient temperature and sleep, with preparatory nesting that will be important for the subsequent survival of the young. Similarly, nest-building is improved after pups are born. Again it is essential to distinguish this type of nesting behavior with preparatory nesting as the presence of pups could modulate the behavior, independently of the effect of hormones.

In altricial species such as birds or mammals, the offspring are usually born lacking the capacity to regulate their body temperature [START_REF] Berry | Life History and bioeconomy of the House Mouse[END_REF]. For instance, mice cannot properly thermoregulate up to 2-3 weeks of age [START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF]. To survive, their thermoregulation relies solely on conductive and radiant heat provided by their parents and/or neighboring siblings, as well as the heat trapped by the nest [START_REF] Weber | Maternal behaviour in Mus musculus sp.: An ethological review[END_REF]. Even under extreme temperature conditions (-3°C), a good nest maintains pups at a constant temperature of ~26°C, sufficient for their proper development [START_REF] Barnett | Breeding of Mice at -3° C[END_REF][START_REF] Lee | Genetic analyses of nest-building behavior in laboratory mice (Mus musculus)[END_REF]. As a consequence, in mice, provisioning nesting material dramatically improves breeding success (Gaskill et al., 2013a(Gaskill et al., , 2013b;;[START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF], lowers pup mortality [START_REF] Leidinger | Environmental enrichment prevents pup mortality in laboratory mice[END_REF] and animals that build nests of higher quality have better pup survival overall [START_REF] Bult | Nesting and Fitness: Lifetime Reproductive Success in House Mice Bidirectionally Selected for Thermoregulatory Nest-Building Behavior[END_REF][START_REF] Weber | Do Laboratory Mouse Females that Lose Their Litters Behave Differently around Parturition[END_REF]. Besides, the quality of the nest in the wild was shown to be one of the most important factors to determine pup survival [START_REF] Berry | Life History and bioeconomy of the House Mouse[END_REF][START_REF] Brown | Social Behavior, Reproduction, and Population Changes in the House Mouse (Mus musculus L.)[END_REF].

In birds, although nests were thought to primarily play a structural role [START_REF] Heenan | Structural support, not insulation, is the primary driver for avian cup-shaped nest design[END_REF], increasing evidence shows the importance of nests in the thermoregulation of the clutch. Both eggs and hatchlings in a nest left unattended, are exposed to harsh environmental conditions, such as cold winds or direct solar radiation. This could compromise the proper development of the embryos in eggs, for instance, as they can overheat in a few minutes if directly exposed to the sun (Amat andMasero, 2004, 2007).

Recently, the quality of the nest lining, as well as the type of material used to build the nest, was shown to significantly help with the brood thermoregulation [START_REF] Heenan | An Overview of the Factors Influencing the Morphology and Thermal Properties of Avian Nests[END_REF][START_REF] Kubelka | Great variability in nest lining size: support for thermoregulation but not for anti-predatory adaptation hypothesis[END_REF][START_REF] Mayer | Nest construction by a ground-nesting bird represents a potential trade-off between egg crypticity and thermoregulation[END_REF][START_REF] Reid | Nest scrape design and clutch heat loss in Pectoral Sandpipers (Calidris melanotos)[END_REF][START_REF] Tulp | Eggs in the Freezer: Energetic Consequences of Nest Site and Nest Design in Arctic Breeding Shorebirds[END_REF]. This can significantly reduce the energy cost of incubation by adults, enabling parents to invest more time caring for the offspring, resulting in increased clutch size and fledging success [START_REF] Reid | Resource allocation between reproductive phases: the importance of thermal conditions in determining the cost of incubation[END_REF].

The nest plays a critical role in the survival and proper development of the young. However, as we will see in the upcoming section, nests also play a critical thermoregulatory function for mothers during pregnancy as they dramatically reduce energy expenditure.

Nests are an essential thermoregulatory tool during pregnancy

I previously mentioned that the nest-building improvement in expecting parents creates an optimal environment for the young's proper development and survival. This is true, but sometimes parents, especially pregnant mothers in mammals, benefit immensely from this nest improvement. Indeed, pregnancy for the female represents one of the most energetically demanding states, as in addition to her increased metabolic requirements, the mother has to meet the demands of a developing infant [START_REF] Ladyman | Energy homeostasis and running wheel activity during pregnancy in the mouse[END_REF]. Subsequently, during lactation, the mother faces further metabolic challenges as she has to produce highly energetic milk to support the growth of her offspring. To ensure the proper development of the fetus, and the subsequent milk production, the mother's body, during pregnancy, will undergo substantial changes. For example, while some maternal tissues become insulin resistant, insulin secretion increases to ensure adequate glucose supply to the fetus [START_REF] Baeyens | β-Cell adaptation in pregnancy[END_REF]. Additionally, maternal sensitivity to satiety factors such as leptin [START_REF] Ladyman | Suppression of leptin-induced hypothalamic JAK/STAT signalling and feeding response during pregnancy in the mouse[END_REF], cholecystokinin (CCK) [START_REF] Ladyman | Loss of Acute Satiety Response to Cholecystokinin in Pregnant Rats[END_REF], and α-melanocyte-stimulating hormone [START_REF] Ladyman | Attenuated hypothalamic responses to α-melanocyte stimulating hormone during pregnancy in the rat[END_REF], changes to promote increased food intake and fat storage in anticipation of the future high energy demands of lactation [START_REF] López-Luna | Carcass and Tissue Fat Content in the Pregnant Rat[END_REF]. In mice, for instance, despite a 300% increase in food intake, the energy requirements of milk production are still too high to maintain a positive energy balance [START_REF] Woodside | Prolactin and the hyperphagia of lactation[END_REF].

As pregnancy and lactation put enormous metabolic pressures on the mother, maintaining proper thermoregulation throughout this period is of paramount importance. Any additional challenge for the mother during this time could quickly become detrimental to the appropriate development and the survival of her young. For instance, the addition of a stressor, for instance, such as exposure to a cold environment, leads to fewer pups being born and reduces their survival [START_REF] Barnett | House mice bred for many generations in two environments[END_REF][START_REF] Bult | Nesting and Fitness: Lifetime Reproductive Success in House Mice Bidirectionally Selected for Thermoregulatory Nest-Building Behavior[END_REF]. Consequently, as mentioned before, providing pregnant mice with enough nesting material leads to an improvement of nest quality and an increase in breeding performance (Gaskill et al., 2013b). Such a nest, by providing efficient ways for mothers to thermoregulate and reduce energy expenditure, allows them to dedicate more energy towards growing bigger, healthier young and provide them with additional care.

A preparatory nest helps the pregnant mother lower her energy expenditure during a time of immense metabolic demand. This led researchers such as Curt Richter [START_REF] Richter | Hypophyseal control of behavior[END_REF] and Elaine Kinder [START_REF] Kinder | A study of the nest-building activity of the albino rat[END_REF] to hypothesize that preparatory nest-building was a response to the increased metabolic demand during pregnancy. This hypothesis received early support from studies in mice that demonstrated a common genetic basis controlling thermoregulatory and parental nesting (with a good genetic correlation between these two traits of between 0.44 and 0.58), as animals that show improved thermoregulatory nesting also displayed significant and consistent improvements in parental nesting, both during pregnancy and lactation [START_REF] Bult | Nesting and Fitness: Lifetime Reproductive Success in House Mice Bidirectionally Selected for Thermoregulatory Nest-Building Behavior[END_REF][START_REF] Lynch | Genetic correlation between two types of nesting inMus musculus: Direct and indirect selection[END_REF][START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF]. Additionally, as we will see in the next section, several hormonal factors influence nest-building during pregnancy. Some of these hormones, like progesterone (P), are equally known to affect body temperature [START_REF] Marrone | Gonadal hormones and body temperature in rats: Effects of estrous cycles, castration and steroid replacement[END_REF]. Strikingly, P was shown to stimulate cold-sensitive neurons and inhibit warm-sensitive neurons in certain critical parts of the brain [START_REF] Nakayama | Action of progesterone on preoptic thermosensitive neurones[END_REF]. This suggests that P may be interpreted, neurophysiologically, as a decrease in temperature. Therefore, it is tempting to speculate that increased P levels during pregnancy act on the brain to reduce the thermal set point of the animal and induce parental nest-building, thus providing a potential mechanism linking thermoregulatory and parental nesting behavior. Furthermore, this also suggests that thermoregulatory and parental nest-building might underlie the same fundamental neural circuitry in the brain, which would be both temperature and hormonally sensitive. In the next sections, we will overview the effects of hormones on nest-building behavior and the neural circuitry underlying this behavior.

The (non) hormonal influence on nest-building

The survival of young, in altricial species highly depends on the ability of expecting parents to build a nest that will help with their offspring's thermoregulation. Although parents usually completed the building process of a preparatory nest at the time of parturition, the exact timing of its construction is very much species-dependent. While rats, rabbits, and sows build preparatory nests near the time of parturition [START_REF] Denenberg | Maternal Behavior in the Rat: an Investigation and Quantification of Nest Building[END_REF][START_REF] Jensen | Nest site choice and nest building of free-ranging domestic pigs due to farrow[END_REF][START_REF] Zarrow | Maternal behavior in the Rabbit: endocrine control of maternal nest building[END_REF] (Fig. 8), mice and hamsters, on the contrary, initiate this transition much earlier, in the first few days of gestation [START_REF] Koller | Der nestbau der weisser Maus und seine hormonale Auslosung[END_REF][START_REF] Richards | Maternal behaviour in the golden hamster: responsiveness to young in virgin, pregnant, and lactating females[END_REF] (Fig. 8). These fast and dramatic changes in nest-building behavior have been linked to the variation of particular pregnancy hormones (Fig. 8). Research investigating this topic in mammals mainly focused on the action of a triad of hormones: estradiol (E), P, and prolactin (PRL), as well as their

metabolites. E and P are steroid hormones produced mainly by the ovaries, and thanks to their lipid-like structure, they can readily cross the blood-brain-barrier (BBB) to access the central nervous system [START_REF] Banks | Brain Meets Body: The Blood-Brain Barrier as an Endocrine Interface[END_REF]. In contrast, PRL is a polypeptide secreted by the anterior pituitary and cannot cross the BBB. PRL, however, is still able to access the central nervous system via several passive and active mechanisms [START_REF] Bridges | 30 years after: CNS actions of prolactin: Sources, mechanisms and physiological significance[END_REF].

The combination of these hormones, their relative proportions, and timing of action is instrumental in eliciting maternal nest-building (Fig. 8). In rabbits (and also perhaps in rats), the decline of P combined with the rise of E and PRL levels seem to constitute the adequate hormonal regime to elicit maternal nest-building behavior [START_REF] Zarrow | Maternal behavior in the Rabbit: endocrine control of maternal nest building[END_REF] (Fig. 8).

Importantly, this specific regime usually coincides with an animal's ending pregnancy.

Mimicking these hormonal fluctuations in ovariectomized rabbits by injections of E and P followed by a withdrawal of P (which also increases endogenous PRL levels) stimulates maternal nest-building [START_REF] González-Mariscal | Estradiol, Progesterone, and Prolactin Regulate Maternal Nest-Building in Rabbits[END_REF]. Interestingly, depending on the relative level of these three hormones, different aspects of nest-building such as digging, straw-carrying, or hair loosening/plucking were elicited, suggesting that discrete hormonal profiles can produce distinct behaviors [START_REF] González-Mariscal | Estradiol, Progesterone, and Prolactin Regulate Maternal Nest-Building in Rabbits[END_REF] (Fig. 8).

Additionally, maternal nest-building is altered if the endogenous release of PRL is blocked both surgically through hypophysectomy or chemically through administration of bromocriptine or ergocornine hydrogen maleate (inhibitors of prolactin secretion) [START_REF] González-Mariscal | Estradiol, Progesterone, and Prolactin Regulate Maternal Nest-Building in Rabbits[END_REF]Zarrow et al., 1971a). This suggests that the release of PRL after an administration of E and P is fundamental for the proper induction of maternal nesting in rabbits. Similar to rabbits, in sows, maternal nest-building behavior was associated with a decline in P and an increase in PRL [START_REF] Algers | Maternal behavior in pigs[END_REF][START_REF] Castrén | Preparturient variation in progesterone, prolactin, oxytocin and somatostatin in relation to nest building in sows[END_REF][START_REF] Widowski | Behavioral Responses of Periparturient Sows and Juvenile Pigs to Prostaglandin F[END_REF].

In contrast to the species discussed above, the combination of hormones required to elicit preparatory nest-building in mice and hamsters differs substantially (Fig. 8). In spayed mice, the administration of P alone, without E, was shown to strongly induce preparatory nesting behavior [START_REF] Koller | Der nestbau der weisser Maus und seine hormonale Auslosung[END_REF][START_REF] Koller | Hormonale und psychische Steuerung beim Nestbau weiser Mause[END_REF]Lisk et al., 1969;Zarrow et al., 1971b). This is particularly surprising, as almost in every system, E must be present for P to have its effect [START_REF] Young | Hormones and Sexual Behavior[END_REF]. Although it was later shown that small amounts of E act synergistically with P in mice to stimulate preparatory nest-building [START_REF] Lisk | Oestrogen and progesterone synergism and elicitation of maternal nest-building in the mouse (Mus musculus)[END_REF], this makes the mouse the only species in which P alone can elicit preparatory nest-building. In addition, E, when administered alone, strongly inhibits preparatory nest-building in mice and is not rescued by the subsequent administration of P (Lisk et al., 1969). Similar to mice, in hamsters, co-administration of P and E elicits maternal nest-building behavior [START_REF] Richards | Effects of oestrogen and progesterone on nest building in the golden hamster[END_REF].

In comparison to rabbits, rats, and sows that exhibit preparatory nest-building when levels of E are high, and P is declining, in mice and hamsters, the optimal hormonal regime for maternal nesting seems to be reversed as it is elicited when levels of P are high, and E is relatively low (Fig. 8). Since the pattern of hormonal changes is almost identical between all the discussed species, this could theoretically explain why rabbits, rats, and sows exhibit maternal nesting towards the end of pregnancy, whereas mice and hamsters display this behavior much earlier.

Although the hormones might differ, the general implication of sex hormones in nest-building behavior seems to be conserved across taxa. In fish, for instance, castration abolishes nest-building in male sticklebacks (Gasterosteus aculeatus) [START_REF] Hoar | Hormones and the reproductive behaviour of the male three-spined stickleback (Gasterosteus aculeatus)[END_REF], pumpkinseeds (Lepomis gibbosus) [START_REF] Smith | Control of prespawning behaviour of sunfish (Lepomis gibbosus and L. megalotis). I. Gonadal androgen[END_REF], northern longear sunfishes (Lepomis megalotis) [START_REF] Smith | Control of prespawning behaviour of sunfish (Lepomis gibbosus and L. megalotis). I. Gonadal androgen[END_REF], or blue gouramis (Trichogaster trichopterus) [START_REF] Johns | The effects of gonadectomy and testosterone treatment on the reproductive behavior of the male blue gourami Trichogaster trichopterus[END_REF]. On the contrary, treatment with methyltestosterone restores nest-building behavior in castrated male sticklebacks [START_REF] Wai | The secondary sexual characters and reproductive behaviour of gonadectomised sticklebacks treated with testosterone[END_REF] and blue gouramis [START_REF] Johns | The effects of gonadectomy and testosterone treatment on the reproductive behavior of the male blue gourami Trichogaster trichopterus[END_REF]. Similar to fish, male birds usually build nests when their testosterone levels are high [START_REF] Lehrman | Hormonal regulation of parental behavior in birds and infrahuman mammals[END_REF]. This, however, seems to be species-specific as in mammals, hormonal treatment of male rabbits, mice, or hamsters had no effect on nesting performance [START_REF] Koller | Der nestbau der weisser Maus und seine hormonale Auslosung[END_REF][START_REF] Koller | Hormonale und psychische Steuerung beim Nestbau weiser Mause[END_REF]Lisk et al., 1969;[START_REF] Richards | Effects of oestrogen and progesterone on nest building in the golden hamster[END_REF][START_REF] Zarrow | Maternal behavior in the Rabbit: endocrine control of maternal nest building[END_REF].

Mating does not always have to result in a successful pregnancy. Copulation with a sterile male, for instance, induces pseudopregnancy: a "pregnancy-like" state which yields hormonal changes comparable to those occurring during early pregnancy (DeGreef & Zeilmaker 1974;DeGreef W.J et al., 1976). Interestingly, in mice, pseudopregnancy led to a transient increase in nest-building capabilities that supposedly followed the dynamics of circulating P levels [START_REF] Gandelman | Maternal nest building by pseudopregnant mice[END_REF]. Although an improvement in nest-building was observed in multiple mammalian species such as mice, rats, masters, rabbits, and sows, the timing of these effects varies between them. While rats, rabbits and pigs augment their nest-building activity around the time of parturition (when levels of P drop and levels of E and PRL are strongly raising), mice and hamsters initiate this transition much faster, few days following mating, which coincides with raising levels of P. The curves for relative hormonal levels across species result from the concatenation of information coming from multiple papers [START_REF] Ka | Endometrial response to conceptus-derived estrogen and interleukin-1β at the time of implantation in pigs[END_REF][START_REF] Leavitt | Circulating Progesterone Levels in the Golden Hamster During the Estrous Cycle, Pregnancy, and Lactation[END_REF][START_REF] Lévy | Neuroendocrine control of maternal behavior in non-human and human mammals[END_REF][START_REF] Murr | Plasma Progesterone During Pregnancy in the Mouse 1[END_REF].

In most female mammals, hormonal fluctuations also occur during the estrus cycle resulting in oscillations in nest-building behavior. In female rats, multiple studies have shown that nest-building activity is related to the estrous cycle phase. Using vaginal smears as a way to probe the cycle's stage, depressions in nest-building behavior were most visible during estrous (when cornified epithelial cells were visible) and reached a peak in the inter-estrous interval (Long J. A. & Evans H.M., 1922;[START_REF] Kinder | A study of the nest-building activity of the albino rat[END_REF]. While initial reports in mice found similar results [START_REF] Koller | Der nestbau der weisser Maus und seine hormonale Auslosung[END_REF], later studies could not replicate these findings (Lisk R.D. et al., 1969). Similarly, in hamsters, nest-building did not seem to vary significantly with the phase of the estrous cycle [START_REF] Richards | Effects of oestrogen and progesterone on nest building in the golden hamster[END_REF]Bhatia A.J. et al., 1995). These two points reinforce the idea that nest-building behavior is highly sensitive to hormonal cues.

While hormonal implication in the induction of preparatory nest-building is apparent in the species mentioned above, research shows that parental behaviors (including parental nest-building) can also be triggered independently of hormonal influence. In mice, rats, and hamsters, regular pup exposure, through a process called "sensitization", renders naïve animals parental. Although some animals become parental immediately, many experience a certain delay that can take several days [START_REF] Richards | Maternal behaviour in the golden hamster: responsiveness to young in virgin, pregnant, and lactating females[END_REF][START_REF] Rosenblatt | Nonhormonal Basis of Maternal Behavior in the Rat[END_REF][START_REF] Rowell | On the retrieval of young and other behavior in lactating golden hamsters[END_REF][START_REF] Rowell | Maternal behaviour in non-maternal golden hamsters (Mesocricetus auratus)[END_REF][START_REF] Wiesner | Nest-building behaviour in sows and consequences for pig husbandry[END_REF]. This positive effect on parental behaviors is long-lasting and can persist for several days [START_REF] Noirot | Maternal behaviour in virgin female golden hamsters: Changes consequent upon initial contact with pups[END_REF]. In mice, the response to young pups is exceptionally robust, and most naïve mice do not require any sensitization to display the entire repertoire of maternal behaviors [START_REF] Leblond | Maternal behavior in hypophysectomized male and female mice[END_REF][START_REF] Noirot | Changes in responsiveness to young in the adult mouse: V. Priming[END_REF].

Strikingly, even when castrated or hypophysectomized, either before or after puberty, mice, independently of sex, display the full range of maternal behaviors when presented with young pups, including maternal nest-building [START_REF] Leblond | Maternal behavior in hypophysectomized male and female mice[END_REF]. This led to the influential idea that parental behaviors in mice are largely non-hormonally stimulated [START_REF] Noirot | The Onset of Maternal Behavior in Rats, Hamsters, and Mice A Selective Review[END_REF].

Although sensitization, through pup exposure, might by itself induce hormonal changes, this hypothesis seems unlikely as some animals display behavioral changes within minutes of exposure, a period too short to trigger significant changes in ovarian steroids. Thus, the more likely explanation is that pup-related cues can, somehow, have direct access to the circuitry in the brain that controls parental behaviors without the necessary prerequisite of hormonal exposure.

To summarize, in virtually all studied species, nest-building behavior can be modulated by the hormonal factors of pregnancy. These modulations usually result in the building of a better, more insulating nest: the parental nest. Such a nest is essential for the survival of the future offspring and helps the mother to cope with the enormous energy requirements of pregnancy and lactation. In addition, parental nesting partially emancipated itself from the influence of hormones in certain species, like mice. This would suggest that the brain circuits involved in the different aspects of parenting can be accessed through at least two primary mechanisms. The first one, which most likely is activated during pregnancy, requires the action of hormones. Hormones would act directly on the parental circuit, modulating its activity, enabling the mother to prepare for the young to come. After birth, however, multisensory cues coming from pups would be directly conveyed to the parental circuit, modulating its activity without the need for acute hormonal exposure. In the following sections, we will try to dissect the circuit in the brain controlling nest-building behavior to understand how these different pathways could work.

Chapter 3: The neural control of nest-building behavior

Although nests and their construction process have long been observed and described by biologists [START_REF] Thorpe | Learning and instinct in animals[END_REF][START_REF] Tinbergen | Specialists in nest-building[END_REF][START_REF] Wallace | The philosophy of birds' nests[END_REF], remarkably little is known on how an animal's brain orchestrates this complex behavior. Nest-building is a surprisingly neglected ethological behavior considering that the nest plays a fundamental role in various essential physiological functions and is key to reproductive success for many species.

Moreover, nesting is relatively easy to study since many animal species used in laboratory settings readily perform it (Deacon, 2006;[START_REF] Muth | The role of adult experience in nest building in the zebra finch, Taeniopygia guttata[END_REF]. Additionally, the advance of recent powerful tools and techniques, especially in mice, as they are genetically tractable, have made it possible to map and interrogate neural circuits in unprecedented ways. Thus, depending on the scientific questions and experimental design, nest-building offers the opportunity to study the neurobiology of a wide variety of physiological processes.

How is a complex behavior like nest-building generated in the brain? Nowadays, neurobiologists possess an impressive toolkit to attempt and answer this question [START_REF] Luo | Architectures of neuronal circuits[END_REF]. While some are surprisingly simple: like lesioning different parts of the brain and observing its behavioral consequence, others are truly technological marvels: like optogenetics that enable the experimenter to control the activity of a specific neuronal population through light [START_REF] Boyden | A history of optogenetics: the development of tools for controlling brain circuits with light[END_REF]. In an attempt to understand how the brain generates this complex behavior, I will try to present, summarize, and discuss a wide variety of studies using some of these techniques and many more. Although on rare occasions, nest-building was the direct subject of research of the sub-referred research, many of them bring invaluable knowledge to the comprehension of the neural basis of nest-building behavior.

The preoptic area, a key hub in the brain for nest-building

Historically, the first hints about the neural substrate of nesting behavior could have come from lesion experiments in one part of the hypothalamus: the preoptic area (POA). This is not too much of a surprise as the POA plays a pivotal role in a wide diversity of functions such as thermoregulation, sleep, energy homeostasis, parenting, and sexual behaviors: all of which are equally important, shared functions by the nest.

Within the POA, one sub-region, in particular, drove the researcher's attention: the medial preoptic area (MPO). In rats, both electrolytic and cytotoxic lesions of the MPO, as well as surgical interruption of its afferent and efferent connections (especially the lateral ones), almost completely abolished parental behaviors, including nest-building [START_REF] Gray | Effect of lesion location within the medial preoptic-anterior hypothalamic continuum on maternal and male sexual behaviors in female rats[END_REF][START_REF] Kalinichev | The Medial Preoptic Area, Necessary for Adult Maternal Behavior in Rats, Is Only Partially Established as a Component of the Neural Circuit That Supports Maternal Behavior in Juvenile Rats[END_REF][START_REF] Miceli | Disruption of maternal behaviour in virgin and postparturient rats following sagittal plane knife cuts in the preoptic area-hypothalamus[END_REF][START_REF] Numan | Medial preoptic area and maternal behavior in the female rat[END_REF][START_REF] Numan | The connections of the medial preoptic region and maternal behavior in the rat[END_REF][START_REF] Numan | Medial preoptic area and onset of maternal behavior in the rat[END_REF][START_REF] Olazábal | MPOA Cytotoxic Lesions and Maternal Behavior in the Rat: Effects of Midpubertal Lesions on Maternal Behavior and the Role of Ovarian Hormones in Maturation of MPOA Control of Maternal Behavior[END_REF][START_REF] Oxley | The effects of medial preoptic area and amygdala lesions on maternal behavior in the juvenile rat[END_REF][START_REF] Smotherman | Medial preoptic area knife cuts in the lactating female rat: Effects on maternal behavior and pituitary-adrenal activity[END_REF]. Importantly, this reduction in nest-building could be independent of a "parental" effect as lesions of the MPO also impair physiological thermoregulation, leading to hyperthermia [START_REF] Gilbert | Hypothalamic thermoregulatory pathways in the rat[END_REF][START_REF] Lipton | Effects of brainstem lesions on temperature regulation in hot and cold environments[END_REF][START_REF] Miceli | Disruption of maternal behaviour in virgin and postparturient rats following sagittal plane knife cuts in the preoptic area-hypothalamus[END_REF][START_REF] Satinoff | Aberrations of circadian body temperature rhythms in rats with medial preoptic lesions[END_REF].

This, however, doesn't seem to be the case as thermally challenging the animal, through shaving or exposure to cold, failed to fully restore nest-building in these animals [START_REF] Miceli | Disruption of maternal behaviour in virgin and postparturient rats following sagittal plane knife cuts in the preoptic area-hypothalamus[END_REF][START_REF] Zoeren | Effects of preoptic, lateral hypothalamic, or dopamine-depleting lesions on behavioral thermoregulation in rats exposed to the cold[END_REF]. Nevertheless, in most cases, the damage made to the MPO failed to completely abolish nest-building as exposure to pups, or cold, still elicited nest-building, but of much poorer quality (nest scores ~1-1.5), similar to that of basal thermoregulatory nest-building, suggesting that other brain areas, outside of the MPO are important for thermoregulatory nest-building [START_REF] Olazábal | MPOA Cytotoxic Lesions and Maternal Behavior in the Rat: Effects of Midpubertal Lesions on Maternal Behavior and the Role of Ovarian Hormones in Maturation of MPOA Control of Maternal Behavior[END_REF][START_REF] Oxley | The effects of medial preoptic area and amygdala lesions on maternal behavior in the juvenile rat[END_REF]. Similarly, in mice, hamsters and rabbits, lesions of the MPO, especially its lateral aspects, disrupted parental behaviors [START_REF] Basurto | Electrolytic lesions to the anterior hypothalamus-preoptic area disrupt maternal nest-building in intact and ovariectomized, steroid-treated rabbits[END_REF][START_REF] Marques | Hypothalamic knife cuts dissociate maternal behaviors, sexual receptivity, and estrous cyclicity in female hamsters[END_REF][START_REF] Miceli | Sagittal knife cuts in the near and far lateral preoptic area-hypothalamus reduce ultrasonic vocalizations in female hamsters[END_REF][START_REF] Tsuneoka | Functional, anatomical, and neurochemical differentiation of medial preoptic area subregions in relation to maternal behavior in the mouse[END_REF]. More precise lesions refined the localization of the observed effects on parental nest-building to the central and ventral portions of the MPO and the dorsolateral fiber tract exiting the MPO [START_REF] Jacobson | Effects of small medial preoptic area lesions on maternal behavior: Retreiving and nest building in the rat[END_REF][START_REF] Noonan | Effects of medial preoptic lesions on placentophagia and on the onset of maternal behavior in the rat[END_REF][START_REF] Numan | Long-term effects of preoptic area knife cuts on the maternal behavior of postpartum rats[END_REF]Numan, , 2020a[START_REF] Numan | The Parental Brain[END_REF][START_REF] Terkel | Effects of transecting lateral neural connections of the medial preoptic area on maternal behavior in the rat: Nest building, pup retrieval and prolactin secretion[END_REF][START_REF] Tsuneoka | Functional, anatomical, and neurochemical differentiation of medial preoptic area subregions in relation to maternal behavior in the mouse[END_REF]. Interestingly, these more restricted lesions strongly impaired nest-building while leaving other aspects of parental behaviors relatively intact, suggesting that the various facets of parental behaviors might be anatomically segregated in the MPO. Despite the clear implication of the MPO in all aspects of parental behavior, the precise identity of the neurons implicated in this process remained unknown for quite some time.

Finding these neurons, however, is a particularly daunting task as the POA is an extremely heterogeneous region, encompassing ~70 different, intermingled, neuronal populations [START_REF] Moffitt | Molecular, spatial, and functional single-cell profiling of the hypothalamic preoptic region[END_REF]. Nevertheless, with the advance of novel techniques such as transgenesis, genetically targeted viral delivery, optogenetics, chemogenetics, and in-vivo calcium imaging, new light was shed onto the implications of the MPO in parental behaviors and nest-building. In a seminal study from the Dulac lab, Wu and colleagues identified a genetically defined population of cells in the MPO, expressing the peptide Galanin (MPO Gal+ ) as necessary and sufficient (at least partially) for the expression of parental behaviors, in mice of either sex [START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF]. Using immediate early gene (IEG, i.e. c-Fos) mapping -a technique that uses the expression of certain genes as a read-out of neuronal activity related to specific animal sensations or behaviors -the authors found that the peptide Galanin was the most enriched marker in the neurons activated by parenting activities. ~35-40% of c-Fos positive neurons, an IEG, whose expression is a surrogate for neuronal activity, also co-expressed Galanin. The majority of these neurons were inhibitory as ~80% of them expressed Gad1, a marker characteristic of GABAergic inhibitory neurons. Subsequent experiments demonstrated that the genetically targeted ablation of MPO Gal+ neurons, recapitulated the results from the massive, historical lesion experiments on the MPO as the genetical deletion of these neurons affected every aspect of parental behaviors, including parental nest-building in mice, independently of sex and physiological condition. Using optogenetics -a technique that enables scientists to manipulate neuronal activity with light -the authors were also able to show that stimulation of MPO Gal+ neurons triggered certain aspects of parental behavior such as pup grooming at the expense of others like crouching.

Regarding nest-building, this paper shows that during acute pup exposure, mice lacking the MPO Gal+ neurons perform less parental nest-building. Sadly, the authors did not explicitly quantify nest-building activity following optogenetic activation of the MPO Gal+ neurons in this study, an important piece of data to test the sufficiency of these neurons in eliciting parental nest-building behavior. This is especially surprising as the photo-stimulation, counterintuitively, seemed to inhibit nesting activity at the expense of pup grooming (Wu et al., 2014): (Fig. 5I and Fig. S8). To conclusively show that MPO Gal+ neurons affect parental nest-building behavior, future experiments would have to use a different experimental paradigm, perhaps without a prior nest in the homecage [START_REF] Stagkourakis | A Neuro-hormonal Circuit for Paternal Behavior Controlled by a Hypothalamic Network Oscillation[END_REF], or to look at more long term changes in nest-building behavior, by looking for instance at its quality on a daily basis (Deacon, 2006). Furthermore, fiber photometry recordings in MPO Gal+ neurons have shown the lack of activation of these neurons in response to changes in temperature [START_REF] Tan | Warm-Sensitive Neurons that Control Body Temperature[END_REF]: (Fig. S2). This is important as it suggests that the thermoregulatory effects (body temperature) observed with historical lesion experiments were probably linked to damage made in different parts of the MPO [START_REF] Tan | Warm-Sensitive Neurons that Control Body Temperature[END_REF][START_REF] Zhao | A hypothalamic circuit that controls body temperature[END_REF].

In another pivotal paper from the Dulac lab, Kohl and colleagues used fiber-photometry -a technique that allows real-time recording of populational neuronal activity in freely behaving animals -to extend the findings of the study discussed previously (Kohl et al., 2018). The authors found that while most pup-directed parenting episodes elicited high activity in the entire MPO Gal+ neuronal population, independently of sex and physiological condition, parental nest-building did not. In an incredible effort to map the input-output logic of the MPO Gal+ circuit, the authors also found, using viral tracing techniques, that MPO Gal+ neurons form discrete pools characterized by their projection targets. With the help of optogenetics, they then demonstrated that these pools are both necessary and sufficient for the control of various aspects of parental behavior. Sadly, this study did not investigate a potential effect of optogenetic stimulations on parental nest-building behavior, probably because MPO Gal+ neurons were found to be inactive during nest-building events in fiber-photometry recordings.

Along the same lines, a recent study looking at neurons in the MPO expressing the alpha receptor for estrogen (Esr1): MPO Esr1+ , using a combination of fiber-photometry and in-vivo electrophysiological recordings, found that while these neurons are active during pup approach and retrieval events, the same cells are inhibited when the animal is building a nest [START_REF] Fang | A Hypothalamic Midbrain Pathway Essential for Driving Maternal Behaviors[END_REF]. Of importance, although MPO Gal+ and MPO Esr1+ are not the same neuronal population, Esr1 and Galanin show substantial overlap in the MPO (~50%) [START_REF] Moffitt | Molecular, spatial, and functional single-cell profiling of the hypothalamic preoptic region[END_REF][START_REF] Tsuneoka | Neurotransmitters and neuropeptides in gonadal steroid receptor-expressing cells in medial preoptic area subregions of the male mouse[END_REF][START_REF] Wei | Medial preoptic area in mice is capable of mediating sexually dimorphic behaviors regardless of gender[END_REF]. This suggests that the MPO Gal+ neurons driving the effect on parental nest-building, likely do not express Esr1 [START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF].

Another piece of the puzzle comes from a recent study looking at how hunger, through the action of agouti-related peptide (AgRP) expressing neurons in the arcuate nucleus (ARC AgRP+ ), can affect the expression of other competing actions and motivations such as parental behaviors [START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF]. The authors found that optogenetic stimulation of ARC AgRP+ strongly inhibits nest-building behavior and that this effect is mainly driven by the connections of these neurons to the MPO and paraventricular nucleus of the hypothalamus (PVN). Furthermore, chemogenetic and optogenetic inactivation of inhibitory neurons in the MPO expressing VGAT (MPO VGAT+ ) reduced parental nest-building activity. Strikingly, while optogenetic activation of MPO VGAT+ increased the probability of mice to initiate a nest-building bout, the stimulation of MPO Esr1+ neurons did not. This observation goes along the lines of the previous finding that MPO Esr1+ neurons are inactive during parental nest-building events (Fang Y.Y. et al., 2018), and points towards the importance of the MPO VGAT+/Esr1-neuronal population in parental nest-building. Importantly, optogenetic stimulation of MPO VGAT+ neurons did not affect core body temperature and locomotor activity [START_REF] Zhao | A hypothalamic circuit that controls body temperature[END_REF]: (Fig. S5). Similarly to the MPO Gal+ neurons, this lack of effect shows once again that the thermoregulatory effects observed with lesions in the MPO are most-likely linked to collateral damage in this region. A key finding from this study is that when the animal is thermally challenged, the stimulation of ARC AgRP+ neurons has no inhibitory effect on thermoregulatory nest-building activity. It is then tempting to speculate that the neurons driving thermoregulatory nest-building, under challenging thermal conditions, might differ from the ones responsible for parental nest-building. An alternative explanation would be that some unknown cold stimulated neurons would overwrite the inhibitory effect of ARC AgRP+ and stimulate nest-building through the MPO.

Importantly, in all of these studies, most of the experiments were performed with an animal that already had a nest built [START_REF] Fang | A Hypothalamic Midbrain Pathway Essential for Driving Maternal Behaviors[END_REF]Kohl et al., 2018;[START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF][START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF]: (Video S1 in Kohl J. et al., 2018;Supplementary Videos in Fang Y.Y. et al., 2018).

Therefore, the recorded nest-building activity most-likely corresponded to the sorting and fluffing of a pre-existing nest, not to its construction from scratch. Consequently, one cannot exclude that MPO Gal+ (Kohl et al., 2018;[START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF], MPO Esr1+ [START_REF] Fang | A Hypothalamic Midbrain Pathway Essential for Driving Maternal Behaviors[END_REF][START_REF] Wei | Medial preoptic area in mice is capable of mediating sexually dimorphic behaviors regardless of gender[END_REF], nor MPO VGAT+ [START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF] neurons might play a role in other, more precocious, aspects of parental nest-building behavior such as its initiation, or the fraying/shredding phases of the nesting material, essential to build a viable parental nest.

So far, this data clearly demonstrates that the MPO is a key hub in the brain involved in parental nest-building behavior. More specifically, the inhibitory MPO VGAT+/Esr1-population seems to be specifically involved in certain aspects of parental nesting behavior [START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF]. As the ablation of MPO Gal+ neurons also reduces parental nest-building activity (Wu et al., 2014), it is tempting to speculate that the MPO VGAT+/Esr1-neurons involved in parental nest-building could also express the peptide Galanin [START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF]. In this case, using the single cell transcriptomic dataset from the study by Moffit and colleagues, this would leave us with 3 major candidate (MPO VGAT+/Gal+/Esr1-= MPO * ) neuronal populations: the i8, i16 and i22 clusters that would respectively correspond to: MPO */Amigo2+ , MPO */Th+ , and MPO */Pmaip1+ [START_REF] Moffitt | Molecular, spatial, and functional single-cell profiling of the hypothalamic preoptic region[END_REF]. Of course, this is pure speculation, but fits the current state of the available data and thus, attends further investigation. In addition, the MPO itself provides the strongest input to the MPO Gal+ neurons (Kohl et al., 2018), which suggests that neuronal populations controlling pup-oriented behaviors might inhibit neuronal clusters controlling non-pup-oriented behaviors, such as nest-building. This could explain why optogenetic photostimulation of MPO Gal+ neurons seems to inhibit nest-building at the expense of pup grooming [START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF]: (Fig. 5I and Fig. S8). Future intersectional molecular studies will help to unravel the specific subset of neurons, in the MPO, important for nest-building.

Despite its importance, the MPO is not the only region whose implication in nest-building behavior has been probed. Viral collateralization mapping experiments performed on MPO Gal+ neurons, suggest that they are highly interconnected (Kohl et al., 2018;[START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF].

Interestingly, many regions that receive projections from or project to MPO Gal+ neurons were implicated in nest-building behavior. Some of these regions are part of the "social behavior network" (SBN), a collection of brain areas essential for sexual, aggressive, and parental behaviors [START_REF] Newman | The Medial Extended Amygdala in Male Reproductive Behavior A Node in the Mammalian Social Behavior Network[END_REF][START_REF] Petrulis | Hormones, Brain and Behavior[END_REF], while others are part of the mesolimbic dopamine system, instrumental for motivation and reward. These two systems, taken together, are thought to be at the basis of social behaviors [START_REF] Petrulis | Chapter 2 Structure and function of the medial amygdala[END_REF].

The septal and amygdalar regions

Two key regions that belong to these systems are the septum and the medial amygdala (MeA). Both have been implicated in parental nest-building behavior. Early lesion experiments, both in mice, and rats, demonstrated that septal lesions strongly impair virtually every aspect of parental behaviors and almost completely abolished nest-building (mice: [START_REF] Carlson | Maternal behavior of mice with limbic lesions[END_REF][START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF]. rats: [START_REF] Flannelly | Effects of septal-forebrain lesions on maternal aggression and maternal care[END_REF][START_REF] Fleischer | Disruption of maternal behavior in rats with lesions of the septal area[END_REF][START_REF] Terlecki | Effects of fimbria lesions on maternal behavior in the rat[END_REF]). Those lesions were characterized by complete disorganization in parental behaviors attributed to the animal's inability to block inappropriate behavioral responses [START_REF] Carlson | Maternal behavior of mice with limbic lesions[END_REF]. Similarly, septal lesions in rabbits were shown to abolish preparatory nest-building while maintaining parental nest-building capabilities during lactation [START_REF] Cruz | Effects of septal lesions on maternal behavior and lactation in the rabbit[END_REF]. Disrupted nest-building behavior has also been described in hamsters [START_REF] Shipley | Neural correlates of species-typical behavior in the Syrian golden hamster[END_REF] and ground squirrels [START_REF] Knight | Effects of Septal Forebrain Lesions upon Nesting, Temperature Regulatory, and Maternal Behaviors in Ground Squirrels and Other Rodents[END_REF]. However, as the septal region is the passage route to a profusion of fibers, the effects of the lesion experiments could be explained by the destruction of these connections. To the best of my knowledge, since then, no direct implication of this area in nest-building has been proven using modern techniques. Future experiments will maybe show the significance of the septal area in nest-building behavior.

In contrast to the septum, amygdala lesions led to species-specific effects and had only mild effects on nest-building. While an early study in mice reported little to no effect of amygdala lesions on parental behaviors [START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF], numerous studies in rats demonstrated that both cytotoxic and electrolytic lesions of the medial, but not the basolateral amygdala facilitated parental behaviors [START_REF] Fleming | Amygdaloid inhibition of maternal behavior in the nulliparous female rat[END_REF][START_REF] Numan | Excitotoxic Amino Acid Injections into the Medial Amygdala Facilitate Maternal Behavior in Virgin Female Rats[END_REF][START_REF] Sheehan | Evidence that the medial amygdala projects to the anterior/ventromedial hypothalamic nuclei to inhibit maternal behavior in rats[END_REF] including, but to a lesser extent, parental nest-building [START_REF] Oxley | The effects of medial preoptic area and amygdala lesions on maternal behavior in the juvenile rat[END_REF].

More recently, a study performed with mice found that optogenetic activation of a GABAergic neuronal population in the posterodorsal region of the MeA (MeApd) facilitates many aspects of parental behaviors (they did not quantify parental nest-building), independently of sex [START_REF] Chen | Sexually Dimorphic Control of Parenting Behavior by the Medial Amygdala[END_REF]. This finding contrasts with the previous results, both in mice and rats. Although in mice, the previously reported lack of effects of damage to the amygdala could simply be explained by the fact that the lesions were performed primarily in the lateral aspects of the amygdala [START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF]): (Fig. 1:MM32), the data from rats suggest strong species-specific effects. Future investigations will be required to shed light on these discrepancies.

The olfactory system

The amygdala, mainly the MeA, is a significant recipient of olfactory inputs [START_REF] Keshavarzi | Dendritic Organization of Olfactory Inputs to Medial Amygdala Neurons[END_REF][START_REF] Licht | Convergence of main and accessory olfactory pathways onto single neurons in the hamster amygdala[END_REF][START_REF] Scalia | The differential projections of the olfactory bulb and accessory olfactory bulb in mammals[END_REF], and lesions to the olfactory system were shown to disturb nest-building behavior. The olfactory system can be subdivided, neuroanatomically, into two structures: the olfactory epithelium (OE) that projects to the main olfactory bulb (MOB) (part of the olfactory bulb (OB)), and the vomeronasal organ (VNO) that sends projections to the accessory olfactory bulb (AOB) [START_REF] Raisman | An experimental study of the projection of the amygdala to the accessory olfactory bulb and its relationship to the concept of a dual olfactory system[END_REF]. Strikingly, in mice, bulbectomy (removal of the OBs), which destroys both systems, abolished parental behaviors and thermoregulatory nest-building behavior, even under cold conditions [START_REF] Gandelman | Olfactory Bulb Removal Eliminates Maternal Behavior in the Mouse[END_REF]Zarrow et al., 1971b). Importantly, bilateral bulbectomy did not result in increased levels of core body temperature, and administration of P, alone, resulted in a modest increase in nest-building behavior, suggesting that the targets of P driving hormonally induced nest-building were not (or only partially) affected (Zarrow et al., 1971b). As these methods destroy both the MOB and AOB, subsequent experiments assessed the relative importance of each system regarding parental behaviors. Removal of the VNO had little to no effect on nest-building performance [START_REF] Bean | Vomeronasal organ removal and female mouse aggression: The role of experience[END_REF].

Additionally, genetic ablation of transient receptor potential cation channel, subfamily C, member 2 (TRPC2) -an ion channel exclusively expressed in the VNO -which impairs vomeronasal signaling [START_REF] Liman | TRP2: A candidate transduction channel for mammalian pheromone sensory signaling[END_REF][START_REF] Stowers | Loss of Sex Discrimination and Male-Male Aggression in Mice Deficient for TRP2[END_REF], mildly impaired parental nest-building, and the time spent in the nest [START_REF] Hasen | Trpc2 gene impacts on maternal aggression, accessory olfactory bulb anatomy and brain activity[END_REF][START_REF] Kimchi | A functional circuit underlying male sexual behaviour in the female mouse brain[END_REF][START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF]. This, however, might be specific to laboratory mice, as parental behaviors were facilitated in TRPC2 -/-feral mice [START_REF] Chalfin | Mapping ecologically relevant social behaviours by gene knockout in wild mice[END_REF]. In contrast, anosmic mice genetically ablated for adenylyl cyclase, type 3 (AC3) (AC3 -/-) showed impairments in parental nesting, suggesting that parental nest-building relies, at least partially, on the integration of chemosensory signals [START_REF] Wang | Maternal Behavior is Impaired in Female Mice Lacking Type 3 Adenylyl Cyclase[END_REF]. In rats, bulbectomy, or temporary olfactory deficits induced by intranasal administration of zinc-sulfate (ZnSO4), resulted in the opposite effect, as parental behaviors were facilitated, dramatically shortening the sensitization latencies to display parental interactions [START_REF] Fleming | Olfactory regulation of maternal behavior in rats: II. Effects of peripherally induced anosmia and lesions of the lateral olfactory tract in pup-induced virgins[END_REF][START_REF] Mayer | Effects of intranasal zinc sulfate on open field and maternal behavior in female rats[END_REF]. Those dramatic differences between rats and mice could be explained by the fact that parental behaviors in rats are under a strong multisensory control [START_REF] Beach | Studies of Maternal Retrieving in Rats. Iii. Sensory Cues Involved in the Lactating Female's Response To Her Young 1)[END_REF][START_REF] Herrenkohl | Exteroceptive stimulation of maternal behavior in the naive rat[END_REF], while olfaction, exclusively, seems to play a critical role in mice [START_REF] Gandelman | Olfactory Bulb Removal Eliminates Maternal Behavior in the Mouse[END_REF]. Although this requires further investigation, it could also explain the species-specific effects observed in the amygdala, as this region receives massive olfactory inputs [START_REF] Keshavarzi | Dendritic Organization of Olfactory Inputs to Medial Amygdala Neurons[END_REF][START_REF] Licht | Convergence of main and accessory olfactory pathways onto single neurons in the hamster amygdala[END_REF][START_REF] Scalia | The differential projections of the olfactory bulb and accessory olfactory bulb in mammals[END_REF]. In mice, although olfactory cues, especially the ones coming from pups and the nest, might elicit certain aspects of parental nest-building, one big mystery remains: how can olfaction possibly affect thermoregulatory nest-building behavior? One attractive hypothesis, although purely speculative, comes from a collection of recent studies,

showing that a subset (~75%) of neurons in the Grueneberg ganglion (GG) is not only implicated in the detection of pheromones but are also capable of sensing cool ambient temperatures [START_REF] Brechbühl | Grueneberg Ganglion Cells Mediate Alarm Pheromone Detection in Mice[END_REF][START_REF] Hanke | Odorant-evoked electrical responses in Grueneberg ganglion neurons rely on cGMP-associated signaling proteins[END_REF][START_REF] Kludt | Integrating Temperature with Odor Processing in the Olfactory Bulb[END_REF][START_REF] Mamasuew | Grueneberg ganglion neurons respond to cool ambient temperatures[END_REF]. The GG is situated at the entrance of the nasal cavities, a region remarkably well-positioned to sense cold as it is subjected to remarkable changes in environmental temperatures. The cold-sensitive neurons in the GG show temperature-dependent levels of activation [START_REF] Schmid | Grueneberg Ganglion Neurons Are Finely Tuned Cold Sensors[END_REF] in addition to activating relevant glomeruli in the olfactory bulb [START_REF] Bumbalo | Attenuated Chemosensory Responsiveness of the Grueneberg Ganglion in Mouse Pups at Warm Temperatures[END_REF]. Despite the cold sensing capabilities of these neurons, their biological relevance is unclear. While a role in the generation of ultrasound distress calls under cold conditions was suggested in pups [START_REF] Chao | Receptor guanylyl cyclase-G is a novel thermosensory protein activated by cool temperatures[END_REF], along with a role in the modulation chemosensory response [START_REF] Fleischer | The Grueneberg ganglion: signal transduction and coding in an olfactory and thermosensory organ involved in the detection of alarm pheromones and predator-secreted kairomones[END_REF], I propose that cold sensing GG neurons might convey temperature signals that would stimulate thermoregulatory nest-building behavior.

The hippocampus

Lesions of other limbic structures are associated with disrupted parental behaviors. One of them is the hippocampus. In rats, hippocampal lesions (by aspiration) led to an impairment in both parental [START_REF] Kimble | Hippocampal lesions disrupt maternal, not sexual, behavior in the albino rat[END_REF] and thermoregulatory nesting, even in cold conditions [START_REF] Kim | Sexual activity of male rats following ablation of hippocampus[END_REF]. However, these lesions did not affect the basal metabolic rate nor the general activity of the animal [START_REF] Kim | Sexual activity of male rats following ablation of hippocampus[END_REF]. Similar to rats, cytotoxic lesions of the hippocampus in mice [START_REF] Deacon | Hippocampal cytotoxic lesion effects on species-typical behaviours in mice[END_REF] and ischaemic or aspiration hippocampal damage in gerbils impaired thermoregulatory nest-building [START_REF] Antonawich | Bcl-x1 Bax Interaction After Transient Global Ischemia[END_REF][START_REF] Glickman | Some effects of hippocampal lesions on the behavior of mongolian gerbils[END_REF].

Additionally, intrahippocampal injections of scrapie material (prions) -which triggers progressive neurodegeneration -also found thermoregulatory nest-building impairments at the time when clinical signs were starting to develop [START_REF] Guenther | Early behavioural changes in scrapie-affected mice and the influence of dapsone[END_REF]. Similarly, stroke-induced damage to the hippocampus decreased thermoregulatory nest-building behavior [START_REF] Yuan | Nest-building activity as a reproducible and long-term stroke deficit test in a mouse model of stroke[END_REF]. A recent study found that some neurons in the hippocampus seem to encode the concept of a "nest" (or bed/home) and that this abstraction is tuned towards the functional features of the nest rather than its physical characteristics [START_REF] Lin | Neural encoding of the concept of nest in the mouse brain[END_REF]. All in all, this data suggests that the hippocampus plays a role in thermoregulatory nest-building behavior, possibly by enabling the animal to remember the location of microhabitats that allow the animal to be safe and thermoregulate.

The mesolimbic system: ventral tegmental area and nucleus accumbens

As nests have such a multifunctional significance, animals are highly motivated to build a proper one. Thus, it is not surprising that in addition to limbic areas, nesting behavior has also been linked to parts of the brain related to the mesolimbic system, an important component of motivation.

One key region of this system is the ventral tegmental area (VTA) and the majority of neurons in this region signal through the release of dopamine (DA), GABA, or glutamate, or a combination of these molecules [START_REF] Morales | Ventral tegmental area: cellular heterogeneity, connectivity and behaviour[END_REF]. Early lesion experiments demonstrated that lesioning the VTA, particularly impaired the motor aspects of parental behaviors (especially oral motricity), such as nest-building and pup retrieving [START_REF] Numan | Maternal behavior in rats: Evidence for the involvement of preoptic projections to the ventral tegmental area[END_REF]. More recently, in a seminal study, Eban-Rothschild and colleagues found that the neurons in the VTA expressing tyrosine hydroxylase (Th) (VTA Th+ ) -an essential enzyme for DA synthesis -were both necessary and sufficient to promote wakefulness (Eban-Rothschild et al., 2016). Optogenetic activation of VTA Th+ neurons led to prolonged periods of increased wakefulness, while their chemogenetic inhibition initiated the transition to sleep, even if the animals were presented with a salient stimulus such as chow or a potential mate. However, if a nest was not constructed at the time of the chemogenetic inhibition, and fresh nesting material was provided to the animal, the transition to sleep was consistently preceded by strong bouts of nest-building behavior. Moreover, using fiber photometry, the authors demonstrated that nest-building systematically occurred under low dopaminergic tone. All in all, this means that VTA Th+ inhibition leads to a decrease in the motivation of staying awake, while increasing the motivation to sleep and to perform sleep related behaviors, such as nest-building. Furthermore, optogenetic stimulation of projections from the VTA Th+ neurons in the nucleus accumbens (NAc) increased wakefulness, but did not alter nest-building behavior. The NAc is also part of the mesolimbic system and is implicated in a variety of functions such as motivation, reward, locomotion, and maternal behaviors, amongst others [START_REF] Salgado | The Nucleus Accumbens: A Comprehensive Review[END_REF]. Recently, a study demonstrated that chemogenetic activation of GABAergic neurons in the NAc, which express the dopamine D1 receptor (D1R) (NAc D1R+ ), led to an increased wakefulness and to disrupted sleep related behaviors such as nest-building [START_REF] Luo | Nucleus accumbens controls wakefulness by a subpopulation of neurons expressing dopamine D1 receptors[END_REF]. The reverse manipulation: chemogenetic inhibition of these neurons, led to an increase in thermoregulatory nest-building behavior.

The authors found that NAc D1R+ neurons project to the midbrain, including the VTA, where they mostly contact GABAergic neurons, and only a few dopaminergic neurons. Since DA neurons in this area are often inhibited by local GABAergic inhibitory cells, this could explain why the stimulation of NAc D1R+ neurons leads to wakefulness, as it disinhibits the VTA Th+ activity. Along the same lines, the activation of VTA GABA+ neurons makes the mouse return and hide in its nest [START_REF] Zhou | A VTA GABAergic Neural Circuit Mediates Visually Evoked Innate Defensive Responses[END_REF], in combination with sleep [START_REF] Chowdhury | GABA neurons in the ventral tegmental area regulate non-rapid eye movement sleep in mice[END_REF][START_REF] Yu | GABA and glutamate neurons in the VTA regulate sleep and wakefulness[END_REF].

The prefrontal cortex

Before even looking at the POA, scientists had noticed that massive lesions of the cortex, in rats, strongly impaired (but did not abolish) both preparatory and parental nest-building [START_REF] Beach | The neural basis of innate behavior. I. Effects of cortical lesions upon the maternal behavior pattern in the rat[END_REF][START_REF] Jr | The Neural Basis of Innate Behavior: II. Relative Effects of Partial Decortication in Adulthood and Infancy Upon the Maternal Behavior of the Prim I Parous Rat[END_REF][START_REF] Stone | Effects of cortical destruction on reproductive behavior and maze learning in albino rats[END_REF]. Surprisingly, this effect did not seem to depend much on the locus of the lesion but more on its extent. Later lesion experiments in rats have shown that while lateral lesions of the cerebral cortex affected preparatory nest-building behavior, median lesions, more specifically the cingulate cortex (part of the prefrontal cortex (PFC) [START_REF] Laubach | What, If Anything, Is Rodent Prefrontal Cortex? Eneuro[END_REF]), affected both preparatory and parental nest-building [START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF][START_REF] Stamm | Effects of Cortical Lesions upon the Onset of Hoarding in Rats[END_REF]. Despite this defect, the lesioned animals were still seen gathering the nesting material to one corner of the cage, or around pups, but in a completely disorganized manner, as Slotnick described: "It should be noted that most animals with full cingulate lesions showed vigorous nest forming responses [...] but these efforts usually were poorly directed and succeeded in only piling nesting material over or near the gathered pups." [START_REF] Slotnick | Disturbances of Maternal Behavior in the Rat Following Lesions of the Cingulate Cortex[END_REF]. This would suggest that the cingulate cortex is not involved in the motivational aspect of nest-building, but instead its execution, mirroring the effects seen with septal lesions. In hamsters, lesions of the prefrontal cortex were shown to strongly reduce, but not abolish, thermoregulatory nest-building [START_REF] Kolb | Neonatal Frontal Lesions in Hamsters Impair Species-Typical Behaviors and Reduce Brain Weight and Neocortical Thickness[END_REF][START_REF] Shipley | Neural correlates of species-typical behavior in the Syrian golden hamster[END_REF]. In contrast to rats and hamsters, lesions of the cingulate cortex in mice had no effect on thermoregulatory, nor parental nest-building [START_REF] Deacon | Effects of medial prefrontal cortex cytotoxic lesions in mice[END_REF][START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF]. These differences could be explained by the fact that certain species, such as rats, are thought to corticalize certain functions more than mice [START_REF] Carlson | Maternal behavior of mice with limbic lesions[END_REF][START_REF] Slotnick | Maternal behavior of mice with cingulate cortical, amygdala, or septal lesions[END_REF]. In contrast to the previous findings in mice, showing no effect of PFC lesions on nesting behavior, a recent study demonstrated that, in male mice, both optogenetic and chemogenetic activation of neurons expressing both somatostatin (SOM) and γ-aminobutyric acid (GABA) in the PFC: PFC SOM+/GABA+ , triggers thermoregulatory nest-building behavior before sleep [START_REF] Tossell | Sleep deprivation triggers somatostatin neurons in prefrontal cortex to initiate nesting and sleep via the preoptic and lateral hypothalamus[END_REF]. Of note, chemogenetic activation of another GABAergic population of neurons in the PFC: PFC NOS1+/GABA+ induced sleep but not nest-building. Importantly, the authors show that optogenetically stimulating terminals from PFC SOM+/GABA+ in the lateral preoptic area (LPO) triggered both a strong increase in nest-building and sleep while in the lateral hypothalamus (LHA) this stimulation exclusively induced sleep. Thus, the LPO seems to be a key downstream target of the PFC SOM+/GABA+ to elicit nest-building. Another study, in mice, found that the partial knockdown of Gad1 from interneurons in the PFC expressing neuropeptide Y (NPY) (PFC NPY+/GABA+ ), supposedly reducing their inhibitory action, improved nest-building capabilities [START_REF] Corder | Prefrontal cortex-dependent innate behaviors are altered by selective knockdown of Gad1 in neuropeptide Y interneurons[END_REF].

Notably, some of the PFC SOM+/GABA+ neurons involved in nest-building also express NPY (~36%) [START_REF] Tossell | Sleep deprivation triggers somatostatin neurons in prefrontal cortex to initiate nesting and sleep via the preoptic and lateral hypothalamus[END_REF]: (Fig. S1B). This is surprising as the activation, not the inhibition of PFC SOM+/GABA+ neurons, was shown to stimulate nest-building behavior [START_REF] Tossell | Sleep deprivation triggers somatostatin neurons in prefrontal cortex to initiate nesting and sleep via the preoptic and lateral hypothalamus[END_REF]. One possibility is that PFC SOM+/NPY+/GABA+ neurons project locally and inhibit long projecting PFC SOM+/NPY-/GABA+ neurons involved in thermoregulatory nest-building behavior.

Along the same lines, nest-building was also shown to be impaired in a mouse model of Down syndrome (Ts65Dn) [START_REF] Heller | Nest building is impaired in the Ts65Dn mouse model of Down syndrome and rescued by blocking 5HT2a receptors[END_REF], a complex disease characterized by increased local inhibition [START_REF] Martin | Alterations of specific cortical GABAergic circuits underlie abnormal network activity in a mouse model of Down syndrome[END_REF]. Strikingly, however, in mice, all the input/output regions projecting to the MPO Gal+ , identified by mapping experiments, were subcortical (Kohl et al., 2018). This may mean that in the mouse, thermoregulatory nesting behavior bypasses the MPO Gal+ checkpoint.

The lateral hypothalamus

The lateral hypothalamus (LH) is an important region for a variety of motivated behaviors and comprises a wide diversity of neuronal populations [START_REF] Tyree | Lateral Hypothalamic Control of the Ventral Tegmental Area: Reward Evaluation and the Driving of Motivated Behavior[END_REF]. It has been reported, in rats, that lesions of the LHA abolish thermoregulatory nest-building behavior, despite any effect on core body temperature [START_REF] Satinoff | Loss of behavioral thermoregulation after lateral hypothalamic lesions in rats[END_REF]. Inversely, electrical stimulation of this region was shown to stimulate nest-building and gnawing [START_REF] Eibl-Eibesfeldt | The interaction of unlearned behaviour patterns and learning in mammals[END_REF][START_REF] Roberts | Rewarding effect of performance of gnawing aroused by hypothalamic stimulation in the rat[END_REF]. More recently, the chemogenetic activation of a subpopulation of LH neurons expressing parvalbumin (PV) (LH PV+ ), prior to a noxious stimulus, enabled the natural unwinding of nest-building behavior that would have normally been suppressed in these conditions [START_REF] Siemian | An excitatory lateral hypothalamic circuit orchestrating pain behaviors in mice[END_REF]. This suggests that the LHA might play an important role in the motivational aspects of nest-building behavior.

The central vasopressinergic system

Nest-building is a circadian behavior, at least in laboratory settings. Mice (re)build their nest at the transition between the dark and the light phase, as they get drowsy and prepare for sleep. During the light phase, the nest stays mostly untouched or receives moderate improvement, while during the dark phase, the nest is almost systematically destroyed or flattened out as the animal is active in the cage (Jirkof et al., 2013;[START_REF] Oortmerssen | Biological Significance, Genetics and Evolutionary Origin of Variability in Behaviour Within and Between Inbred Strains of Mice (Mus Musculus)[END_REF][START_REF] Roper | Diurnal Rhythms in the Nest-Building Behaviour of Female Mice[END_REF]. This cycle repeats itself on a daily basis and nest-building activities take up about 4.3% of a mouse's day (Jirkof et al., 2013). From a neurobiology point of view, many brain regions have been implicated in the generation of circadian rhythms, but the brain's master clock is thought to be the suprachiasmatic nucleus (SCN), located in the hypothalamus [START_REF] Drunen | Circadian Rhythms of the Hypothalamus: From Function to Physiology[END_REF]. Although, to the best of my knowledge, no SCN lesions showing an effect on nest-building have been reported, a study indicates that mice differentially selected for nest-building capabilities show differential levels of expression of arginine vasopressin (AVP) in the SCN [START_REF] Bult | Differences in the number of arginine-vasopressin-immunoreactive neurons exist in the suprachiasmatic nuclei of house mice selected for differences in nest-building behavior[END_REF]. More specifically, the number of SCN AVP+ neurons negatively correlated with the nest-building performance. AVP, in the brain, besides its implication in the modulation of social and maternal behaviors [START_REF] Insel | The Challenge of Translation in Social Neuroscience: A Review of Oxytocin, Vasopressin, and Affiliative Behavior[END_REF], also exerts the role of an endogenous antipyretic, especially in fever conditions [START_REF] Kozak | Molecular Mechanisms of Fever and Endogenous Antipyresis[END_REF]. Importantly, the lesion of another major site of production of AVP in the brain, the periventricular nucleus of the hypothalamus (PVN), a key region for homeostatic and endocrine control, disrupted parental nest-building behavior in rats [START_REF] Insel | Lesions of the hypothalamic paraventricular nucleus disrupt the initiation of maternal behavior[END_REF][START_REF] Numan | The effects of paraventricular hypothalamic lesions on maternal behavior in rats[END_REF]. More recently, a study that looked at the genetic components modulating parental behaviors in two closely related mouse species (Peromyscus) that display drastically different parenting strategies, identified the gene encoding for AVP as the top candidate to explain the variations in nest-building observed between these two species (Bendesky et al., 2017). Of note, this gene did not stand out if the differences for nest-building were measured before mating, meaning that AVP plays a specific role in parental nest-building. The authors later demonstrated that intracerebroventricular infusion of AVP reduced parental nest-building, while chemogenetic inhibition of PVN AVP+ increased nest-building performance (Bendesky et al., 2017). Thus, PVN AVP+ is negatively associated with parental nest-building behavior. Another study that we already discussed, found that the optogenetic activation of ARC AGRP+ projections in the PVN (which inhibits the PVN), diminishes parental nest-building [START_REF] Li | AGRP Neurons Project to the Medial Preoptic Area and Modulate Maternal Nest-Building[END_REF]. This contradictory effect, with regard to the previously mentioned literature, could be explained by the fact that ARC AGRP+ neurons substantially project to another population of neurons in the PVN expressing oxytocin (OXT) (PVN OXT+ ), important in parturition, lactation and parental behaviors (Dulac et al., 2014;[START_REF] Marlin | Oxytocin Enables Maternal Behavior by Balancing Cortical Inhibition[END_REF], but it is yet unclear whether they also project to PVN AVP+ [START_REF] Atasoy | Deconstruction of a neural circuit for hunger[END_REF]. Thus, the PVN seems to be well positioned to bidirectionally modulate nest-building behavior, inhibiting the behavior through PVN AVP+ neurons and possibly activating it through PVN OXT+ neurons, although this hypothesis awaits testing.

The serotonergic system

Aside from the brain regions discussed above, the serotonergic system has also been briefly studied in the context of nest-building. Most neurons expressing central serotonin (5-HT) are concentrated in the brainstem and form a constellation of neuronal pools in the dorsal and median raphe nuclei (respectively, DR and MR) [START_REF] Deneris | Serotonin neuron development: shaping molecular and structural identities[END_REF]. These neurons were implicated in a myriad of functions including thermoregulation [START_REF] Erickson | Arrest of 5HT neuron differentiation delays respiratory maturation and impairs neonatal homeostatic responses to environmental challenges[END_REF], and parental behaviors [START_REF] Angoa-Pérez | Brain serotonin determines maternal behavior and offspring survival[END_REF][START_REF] Lerch-Haner | Serotonergic transcriptional programming determines maternal behavior and offspring survival[END_REF]. Recently, Muzerelle and colleagues demonstrated that the tryptophan hydroxylase 2 (Tph2) knock-out (KO) mice show defects in maternal nest-building behavior [START_REF] Muzerelle | Dorsal raphe serotonin neurotransmission is required for the expression of nursing behavior and for pup survival[END_REF]. As Tph2 is an essential enzyme for the synthesis of 5-HT [START_REF] Narboux-Nême | Severe Serotonin Depletion after Conditional Deletion of the Vesicular Monoamine Transporter 2 Gene in Serotonin Neurons: Neural and Behavioral Consequences[END_REF], this suggests that the serotonergic system might be involved in maternal nest-building. Surprisingly however, Pet1-KO mice, who fail to develop serotonergic neurons in the DR [START_REF] Deneris | Serotonin neuron development: shaping molecular and structural identities[END_REF], did not show deficits in parental nest-building [START_REF] Muzerelle | Dorsal raphe serotonin neurotransmission is required for the expression of nursing behavior and for pup survival[END_REF].

Pet1-KO mice, however, still produce small levels of 5-HT which might be enough to compensate for the lack of most of DR 5-HT+ neurons [START_REF] Hendricks | Pet-1 ETS Gene Plays a Critical Role in 5-HT Neuron Development and Is Required for Normal Anxiety-like and Aggressive Behavior[END_REF]. Nevertheless, the observed effect on maternal nest-building in Tph2-KO mice awaits further investigation. These regions span across the whole rostro-caudal axis in the brain. While some regions were probed in the context of parental nest-building, many were also investigated for their implication in thermoregulatory, and only a few looked specifically at preparatory nesting. In the column named "Effect on nest-building", ↑ signals an improvement, while ↓ signals a deterioration in nest-building, • stands for parental nest-building (postpartum, or/and in the presence of pups), ▴ stands for thermoregulatory nest-building, and ■ stands for preparatory nest-building.

Whole brain mapping of neuronal activity during nest building

While the previously discussed studies have probed the role of one or two regions simultaneously in relation to nest-building behavior, only a handful attempted to map this behavior at the level of the whole brain. One way to unbiasedly explore the regions in the brain that encode a particular behavior, is to map the location of neurons expressing surrogate molecules for activity. A good example of such activity markers are IEGs, such as c-Fos, arc, egr-1, and fosb [START_REF] Lanahan | Immediate-Early Genes and Synaptic Function[END_REF]. As these markers rely on transcriptional machinery, their expression lags neuronal activity by around 30 minutes and can last up to 4 hours [START_REF] Barnes | Subnetwork-Specific Homeostatic Plasticity in Mouse Visual Cortex In Vivo[END_REF]. This expressional delay offers researchers an opportunity to allow the animal to freely perform the behavior of interest, and to collect its brain to look for neuronal activity. While to the best of my knowledge, no such study has been conducted, to date, in mammals in the context of nest-building, a few were performed in birds (zebra finches (Taeniopygia guttata)) [START_REF] Hall | Neural correlates of nesting behavior in zebra finches (Taeniopygia guttata)[END_REF](Hall et al., , 2015b(Hall et al., , 2015a;;[START_REF] Kingsbury | Nesting behavior is associated with VIP expression and VIP-Fos colocalization in a network-wide manner[END_REF][START_REF] Klatt | Sex-specific activity and function of hypothalamic nonapeptide neurons during nest-building in zebra finches[END_REF]. Hall and colleagues, for instance, mapped the neuronal activity at the whole brain level, by looking at c-Fos expression in brain slices of zebra finches [START_REF] Hall | Neural correlates of nesting behavior in zebra finches (Taeniopygia guttata)[END_REF](Hall et al., , 2015a)). Notably, they found that multiple regions of the SBN, including the POA, that have already been implicated in nesting, were strongly induced in animals building a nest, and correlated with the time spent performing the behavior [START_REF] Hall | Neural correlates of nesting behavior in zebra finches (Taeniopygia guttata)[END_REF](Hall et al., , 2015a)). They also found that certain components of the dopaminergic reward system, such as the VTA, were similarly activated in nest-building animals, and correlated with the animals' behavioral performance. However, the authors did not investigate the identity of the active neurons in the VTA [START_REF] Hall | Neural correlates of nesting behavior in zebra finches (Taeniopygia guttata)[END_REF]. This would have been important as VTA Th+ neurons, in the mouse, were shown to decrease their activity during nest-building (Eban-Rothschild et al., 2016). In another study, Kingsbury and colleagues found that vasoactive intestinal polypeptide (VIP) expressing neurons activate, in a brain wide fashion, in nest-building animals [START_REF] Kingsbury | Nesting behavior is associated with VIP expression and VIP-Fos colocalization in a network-wide manner[END_REF]. Amongst the VIP + active areas, many belonged to the SBN and were already implicated in nest-building behavior, including the MeA, and MPO for instance. Interestingly, both studies have also shown a negative correlation between the activity in the anterior hypothalamus (AHN) and the periaqueductal gray (PAG), two regions that were previously implicated in aggression [START_REF] Gobrogge | Anterior hypothalamic neural activation and neurochemical associations with aggression in pair-bonded male prairie voles[END_REF][START_REF] Goodson | An aggression-specific cell type in the anterior hypothalamus of finches[END_REF][START_REF] Lischinsky | Neural mechanisms of aggression across species[END_REF][START_REF] Zhu | A substantia innominata-midbrain circuit controls a general aggressive response[END_REF] and inhibit maternal behaviors [START_REF] Numan | Motivational systems and the neural circuitry of maternal behavior in the rat[END_REF]. In conclusion, these studies confirm the implication of certain regions such as the MeA and MPO in nest-building behavior, and also demonstrate that the regions activated in the context of nest-building are conserved across taxa. Additionally, they also suggest that the AHN and PAG might negatively modulate nest-building.

The hormonal targets in the brain

As we have seen, the regions involved in nest-building are widespread across the brain (Fig

9-10).

During pregnancy, hormones influence the nesting capabilities of expecting animals, preparing them for the imminent arrival of young. These hormones readily cross the BBB thanks to passive and active mechanisms and gain access to the brain. Estrogen receptors (ER), progesterone receptors (PR) and prolactin receptors (PRLR) are expressed by neurons in numerous brain regions, spanning the whole rostro-caudal axis [START_REF] Bakowska | The distribution of mRNA for the short form of the prolactin receptor in the forebrain of the female rat[END_REF][START_REF] Mitra | Immunolocalization of Estrogen Receptor β in the Mouse Brain: Comparison with Estrogen Receptor α[END_REF][START_REF] Numan | Expression of intracellular progesterone receptors in rat brain during different reproductive states, and involvement in maternal behavior[END_REF][START_REF] Shughrue | Comparative distribution of estrogen receptor-α and -β mRNA in the rat central nervous system[END_REF]. Therefore, the peripheral hormonal levels can directly influence the brain circuits that express the adequate set of receptors. However, which are the brain regions, receptive to hormonal cues, that drive the nesting improvements characteristic of pregnancy?

Despite the multitude of brain areas implicated in nest-building that also express hormonal receptors, only one region has convincingly been shown to modulate nesting activity following direct hormonal exposure: the MPO. Early reports, in ovariectomized and hysterectomized rats, demonstrated that local infusion of E into the MPO, dramatically facilitated the expression of maternal behaviors [START_REF] Fahrbach | Effect of preoptic region implants of dilute estradiol on the maternal behavior of ovariectomized, nulliparous rats[END_REF], including nest-building [START_REF] Numan | Medial preoptic area and onset of maternal behavior in the rat[END_REF]. Similarly, in ovariectomized rabbits, infusion of E in the MPO or NAc combined with the administration of P subcutaneously, promoted certain aspects of preparatory nesting such as digging, followed by straw-carrying when the levels of P started to drop [START_REF] González-Mariscal | Forebrain implants of estradiol stimulate maternal nest-building in ovariectomized rabbits[END_REF]. In contrast, infusion of P in the MPO or NAc of rabbits combined with the administration of E subcutaneously, did not elicit nest-building. Thus, in the rabbit, P acts on additional or other brain regions to elicit preparatory nest-building behavior. In mice, while local delivery of PRL to the MPO improved almost every aspect of parental behaviors, infusion of P specifically improved nest-building behavior [START_REF] Voci | Enhancement of maternal behavior and nest building following systemic and diencephalic administration of prolactin and progesterone in the mouse[END_REF]. In all species mentioned above, nest-building was modulated if the hormonal treatment mimicked the conditions that physiologically elicit preparatory nest-building. Taken together, these findings suggest that the MPO is a highly receptive region for hormonal cues and can integrate them to modulate nest-building. Strikingly, and to the best of my knowledge, no other region in the brain was systematically probed with hormonal cues in order to investigate its potential involvement in preparatory nest-building.

To summarize, nests are built by a wide variety of animals spanning multiple taxa (Fig. 1).

These nests vary immensely in shape, location, and size and constitute some of the most impressive animal-made constructions (Fig. 1). While nests keep their owners safe (Fig. 4), help them to thermoregulate, and constitute the perfect bed for sleep, on a daily basis, they become indispensable when young are to be expected. In this particularly unique situation, parents will build a better, upgraded, parental nest that will allow for the proper development and survival of the young (Fig. 7). In the last decades, a complex picture of the brain circuitry underlying nest-building is starting to emerge, as myriads of brain regions and sometimes precisely defined neuronal populations are being implicated in this complex behavior (Fig.

9-10).

Nevertheless, many questions still remain unanswered. How are the regions involved in nest-building interconnected and how do they orchestrate this complex behavior? Is the circuitry controlling thermoregulatory and parental nest-building fundamentally the same?

Which are the neuronal populations that enable the dramatic behavioral transition occurring during pregnancy and the post-partum period leading to the construction of complex parental nests? The goal of this thesis is to answer some of these questions. More specifically, the initial motivation of this work was to identify candidate brain regions implicated in the behavioral transition in nest-building, occurring throughout pregnancy. Subsequently, using a myriad of available modern tools, the idea was to dissect the precise function of the identified regions, to investigate their connections within the brain and to understand the mechanisms that could account for the observed behavioral changes in nest-building.

Summary of the study

(Manuscript under review in Neuron :https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3878409)

On a day to day basis, animals build nests to protect themselves against predators and the vagaries of the weather, minimize their energy expenditure and have a comfortable bed to sleep in. However, these structures become particularly important around the mating season as they not only enable mate selection but also play a pivotal role in the proper development and survival of the young. Thus, during pregnancy, nests are often improved-on to welcome the future offspring. This ultimately leads to the construction of a complex structure: the preparatory nest. Strikingly, this behavior is plastic as the changes observed in nest-building during this period are only temporary, and return to baseline following the weaning of young.

Despite the significance of nests in the survival of the animals that build it, as well as their progeny, not much is known about the neural mechanisms governing this complex ethological behavior. In this study, using a constellation of modern neuroscience tools, we investigated the neural basis of nest-building behavior, as well as the mechanisms relative to the changes in nesting capabilities, occurring throughout pregnancy, in mice. We identified a small population of neurons, located in the Edinger-Westphal nucleus (EW) of the midbrain, as being specifically active in mice building preparatory nests. We found that these neurons express multiple neuropeptides such as Urocortin-1 (Ucn1), Cocaine-and Amphetamine-regulated transcript (CART) and Cholecystokinin (CCK), and send dense central projections across a variety of brain regions. Using the clustered regularly interspaced short palindromic repeats (CRISPR) technology, we found that knocking-down these neuropeptides, individually, had little to no effect on nest-building, suggesting a redundant role of these peptides in the EW. Subsequently, using a battery of functional assays such as genetically targeted lesions, chemogenetics, and optogenetics, we demonstrated that these neurons were both necessary and sufficient for the proper unwinding of preparatory nest-building during pregnancy. Indeed, genetically targeted lesions of these cells specifically resulted in the animals building poorer nests, both in naive and pregnant animals.

Chemogenetic inhibition decreased the time spent building a nest in pregnant females, while in virgin females, optogenetic activation resulted in an increase in nest-building probability.

Furthermore, using fiber-photometry we found that these neurons increase their activity shortly before and during a nesting event, suggesting their importance in both the initiation and maintenance of the behavior. In addition, we found that these neurons are sensitive to hormonal cues as they express certain non-canonical receptors for Progesterone. Using an electrophysiological approach, we found a surprising heterogeneity of evoked firing behaviors amongst these neurons. Strikingly, Progesterone consistently switched the evoked firing behavior of these neurons, placing them in a state of transient/bursting activity that could, potentially, facilitate peptide release. Finally, by intersecting data from activity and efferent projection mapping experiments, we unraveled a complex body of target brain regions that could help us to start and deconstruct the circuit logic underlying preparatory nest-building behavior.

INTRODUCTION

Reproduction is essential for the continuation of a given species. As for many processes crucial for survival, the brain plays a central role in optimizing reproductive fitness. Therefore, the reproductive state profoundly impacts animal behaviors through the hormonal modulation of neuronal circuits [START_REF] Bridges | Long-term alterations in neural and endocrine processes induced by motherhood in mammals[END_REF][START_REF] Brunton | The expectant brain: adapting for motherhood[END_REF][START_REF] Kohl | The neurobiology of parenting: A neural circuit perspective[END_REF]. For instance, hormones such as progesterone, estrogens, and prolactin modulate the properties of several classes of neurons in the hypothalamic preoptic area during late pregnancy and delivery to prime the brain for maternal behaviors [START_REF] Keller | The parental brain and behavior: a target for endocrine disruption[END_REF]Kohl, 2020;[START_REF] Kohl | Neural control of parental behaviors[END_REF].

Intriguingly, the expression of parental behaviors and the effect of steroid hormones on their emergence during pregnancy varies widely across even closely related species (Bendesky et al., 2017;Dulac et al., 2014). These results suggest that parental behaviors may arise in evolution through the co-option (or reuse) of pre-existing neural mechanisms controlling non-parental functions.

A wide range of behavioral adaptations during pregnancy are present in all mammalian females [START_REF] Bridges | Long-term alterations in neural and endocrine processes induced by motherhood in mammals[END_REF][START_REF] Brunton | The expectant brain: adapting for motherhood[END_REF]. In rodents, these adaptations include lowered anxiety [START_REF] Neumann | Attenuated neuroendocrine responses to emotional and physical stressors in pregnant rats involve adenohypophysial changes[END_REF], increased feeding [START_REF] Johnstone | Chapter 15 Food intake and leptin during pregnancy and lactation[END_REF], modified thermoregulation (Smarr et al., 2016), increased nest building (Lisk et al., 1969), and sleep [START_REF] Komiya | Sleep/Wake Behaviors in Mice During Pregnancy and Pregnancy-Associated Hypertensive Mice[END_REF]. These broad behavioral changes affect the animal's daily routine during pregnancy and are often not linked to external triggers, such as the presence of a conspecific or the offspring. In mice, nesting is a daily activity: at night (the dark phase), mice are active and destroy their nests, which they rebuild at the beginning of the light phase before resting (Jirkof, 2014;Jirkof et al., 2013). As a result, nest building in the mouse happens at the start of a behavioral sequence which consists of nesting, grooming, and then sleep (Eban-Rothschild et al., 2016, 2017). Pregnancy strongly enhances nesting activity in a phenomenon known as "preparatory nesting" that participates in providing a thermal and physical shelter for the upcoming litter (Lisk et al., 1969). The neural mechanisms regulating this survival trait are unknown. We reasoned that preparatory nesting could reflect some of the essential behavioral adaptations in the daily routine of pregnant females. We thus aimed to describe how maternal preparatory nesting emerges during pregnancy in the mouse.

RESULTS

Preparatory nesting is a plastic behavior enabled by the elongation of nesting bouts in wake-to-sleep sequences

We first characterized the onset and frequency of preparatory nesting in a cohort of C57BL/6NRj inbred mice. We scored nest quality daily based on height (Deacon, 2006) (see methods and Supplementary Figure 1A). Flat nests (scores 0, 1, and 2) do not provide much thermal or physical protection, while hollow "brooding" nests (scores 3 and 4) can shelter pups (Figure 1A). In virgin mice, the average nest quality was low across the duration of the experiment (cohort score 1.5±0.04, n=38 mice). After mating, we recorded an increase in the frequency of high nesting scores, and 95% of the pregnant mice had transitioned to consistently building brooding nests from the second gestational week onwards (over 4 days in this week)

(cohort score 2.9±0.1, n=21 mice) (Figure 1A,B). We also tested a cohort of mice mated with vasectomized males and measured in these pseudopregnant females an increase in the frequency of high nesting scores between E1 and E11. However, in pseudopregnant females, the behavior subsequently receded to baseline, contrary to pregnant females (Figure 1B and Supplementary Figure 1B). Even in successful pregnancies, high nesting scores eventually receded to baseline after the weaning of the litter (Supplementary Figure 1C). These results

show that the capacity to build preparatory nests in female mice is a plastic behavioral adaptation primarily under the control of the animal's reproductive status. Conversely, mating in males did not affect their nesting scores (2.3±0.1 vs. 2.2±0.1 after mating, p=0.62, n=5 mice/group) (Supplementary Figure 1D,E), showing that preparatory nesting after mating is a female-specific behavior.

Nesting is most often performed as the first step of a behavioral sequence that leads the animal to sleep, as the mouse stops exploration to rest. Nesting is stereotypically followed by grooming and then sleep (Eban-Rothschild et al., 2016). This sequence happens most often at the beginning of the light phase (Jirkof et al., 2013), when the animal sleeps the most, although it repeats a few times over the light phase when the animal wakes up to drink or feed. In order to quantify the behavioral changes accompanying preparatory nesting during pregnancy, we introduced fresh nesting material in the home cage at the beginning of the light phase and categorized the mouse behaviors for the next hour (Figure 1D). Nest-building episodes were on average short in virgin females. In contrast, pregnant females exhibited more prolonged bouts of nest building (61±12 s vs. 18±3 s, n=6 mice/group, p=0.0022). The latency to initiate nesting was also shorter in pregnant females (4.7±1.8 min vs. 81.3±18.8 minutes, p=0.0022) (Figure 1F, Supplementary Movie 1). After initiation, pregnant mice nested overall longer than virgin mice (29.5±3.7 min vs. 5.4±2.2 min over 1h, n=6 mice/group, p=0.0022). The duration of grooming episodes was unchanged in pregnant females (57±13 s vs. 37±13 s, p=0.31) (Figure 1D). These observations show that pregnancy strongly increases the time allotted to nest

Electronic copy available at: https://ssrn.com/abstract=3878409

building in the wake-to-sleep sequence, enabling pregnant female mice to spend more of their awake time building complex structures.

Brain-wide search identifies the peptidergic neurons of the Edinger-Westphal nucleus as selectively more active in pregnant female nest builders

We searched for a brain activity signature of this difference in pregnant females. For this, we performed a screen based on the whole-brain expression of the immediate early gene Fos, using iDISCO+ and ClearMap (Renier et al., 2016). To limit neuronal activations linked with fear responses, we habituated 51 male and female mice for a week to the daily addition of fresh nesting material and a control object (tube cap) to their home cage at the beginning of the light phase (Figure 2A). After a week, we mated half the mice (males or females). At 14 to 15 days after mating, we further split the groups into two test conditions, in which the mice received either only the control object or fresh nesting material. Mice were perfused 1h after the onset of nesting and processed for 3D Fos immunolabeling and light-sheet imaging (Figure 2B). This experiment generated 5 groups (females: virgin, pseudopregnant, and pregnant; males: virgin and mated) with two test conditions each (nestlets or objects) (Figure 2C). We generated a list of brain regions that were significantly more active in nesting mice over the control condition for each group. Since the construction of preparatory nests is specific to pregnant and pseudopregnant females, two sets of regions retained our interest: i) regions active during nesting across all groups and ii) regions more active during nesting in pseudopregnant and pregnant groups (Figure 2C). Regions induced across all nest builders were the Zona Incerta, the Median Preoptic areas, the brainstem reticular formation, and the CA fields of the hippocampus (Figure 2D and Supplementary Figure 2). Only two regions were exclusively significantly more active in pregnant and pseudopregnant groups during nest building: the pontine formation and the Edinger-Westphal nucleus (EW), a small midbrain midline structure (Figure 2E). We reasoned that the increased activity located in the Pontine Grey might correlate to the elevated motor activity during nesting, so we decided to focus our attention on the EW.

The EW nucleus is mainly known for its control of the ciliary reflex [START_REF] Ranson | THE CENTRAL PATH OF THE PUPILLOCONSTRICTOR REFLEX IN RESPONSE TO LIGHT[END_REF], which involves preganglionic cholinergic neurons involved in pupil constriction.

However, more recent studies showed that the region also contains a diverse set of midline neurons expressing vGlut2 and a wide array of neuropeptides, among which Urocortin 1, Cholecystochinine (CCK), and CART (Cocaine and Amphetamine Regulated Transcript) [START_REF] Giardino | Characterization of Genetic Differences within the Centrally Projecting Edinger-Westphal Nucleus of C57BL/6J and DBA/2J Mice by Expression Profiling[END_REF]Zuniga and Ryabinin, 2020). Injection of tracers showed that these midline neurons project to many different brain regions, both rostrally and caudally, and constitute what is known as the "centrally projecting EW" (EWcp), distinct from the cholinergic peripherally projecting neurons (Júnior et al., 2015;Kozicz et al., 2011). Recently, studies have shown that the activity of murine peptidergic EWcp neurons increases arousal during tasks involving conditioning [START_REF] Lovett-Barron | Ancestral Circuits for the Coordinated Modulation of Brain State[END_REF] or memorization (Li et al., 2018), but their role in an ethological context is otherwise unclear. Moreover, neurons of this region control the transitions between sleep phases (Zhang et al., 2019).

Voxel maps of the density of Fos+ cells confirmed a significant increase in Fos expression in the annotated EW region across most of its rostrocaudal extent in pregnant and pseudopregnant groups (Figure 2E,F, Supplementary Figure 3 and Supplementary Movie 2), so we aimed to identify the composition of the EWcp by using fluorescent in situ hybridization combined with immunohistochemistry.

CART and CCK signaling by Edinger-Westphal neurons is necessary for high nest scores in virgin and pregnant mice.

We determined that the EWcp nucleus contains at least 3 non-overlapping neuronal populations: vGlut2+ (slc17a6) glutamatergic neurons, vGat+ (slc32a1) inhibitory neurons, and peptidergic neurons co-expressing CART, CCK, and Ucn1 (100% of overlap between these markers in the EWcp, n=4), but no markers of fast neurotransmission (0% of overlap between CCK and vGlut2 in the EWcp, n=3) (Figure 3A).

We evaluated which of these 3 populations was driving the increase in Fos expression in the EWcp of pregnant nest builders. Since CART, CCK, and Ucn1 expression entirely overlaps in the EWcp neurons, we used Ucn1 as a marker for the population to test Fos co-expression with peptidergic neurons in virgin and pregnant mice during the exploration of a novel object or nest-building. Nest-building induced a significant increase in Fos/Ucn1 co-labeling in virgin and pregnant females (Figure 3B). However, pregnant females displayed an even higher number of double-positive cells (416±35 vs. 263±48, p=0.043, n=11/10 mice/group). These data suggest that the peptidergic neurons of the EWcp are a population always recruited during nest building but are significantly more active during pregnancy.

As the peptidergic EWcp neurons are activated during nest building, we next tested which neuropeptide was involved in regulating nesting during pregnancy. We injected in the EWcp nucleus of wild type C57BL/6NRj mice AAVs expressing saCas9 and a guide RNA targeting Ucn1, Cartpt, or Cck. Each of these knock-downs consisted of a combination of three different gRNA. We validated the knock-downs by immunolabeling and in situ hybridization on sections (Figure 3C). The Ucn1 knock-down was complete. In the CART+ knock-down, only a very few CART+ neurons remained (n=1.7±0.4 vs 22.4±2.7 neurons/slice). In the Cck knock-down, 48% of Ucn1+ neurons still expressed Cck. We noted comparable efficacies in the combined triple knock-down. We then tested whether the knock-down of each of these genes impacted nesting. In virgin mice, or over the time of pregnancy, none of the single knock-downs showed a significant reduction in average nesting scores compared to the scrambled controls at the cohort level. However, we observed a significant reduction in nesting scores in the triple knockdown in the second week of pregnancy (2.6±0.1 vs. 3.0±0.1, p=0.007) (Figure 3D). We then counted the proportion of mice transitioning to building preparatory nests consistently in their second gestational week. 80% of the scrambled controls and 100% of the Ucn1 knock-down had transitioned to preparatory nests. However, these proportions fell to 50% for the CART knock-down and 38% for the CCK knock-down (Figure 3E). These results suggest that the action of the EWcp neurons on preparatory nesting likely involves the combined secretion of several neuropeptides (with possible different effects depending on brain targets (Zuniga and Ryabinin, 2020)), with CCK likely playing a major role.

Peptidergic neurons of the Edinger-Westphal are required for preparatory nesting during pregnancy

In order to identify whether peptidergic neurons of the EWcp are necessary for the mice to build brooding nests during pregnancy, we conducted specific ablation studies. For this, we used the available Cart-Cre driver line, as the CART expression pattern is restricted to the EW in this brain region and fully overlaps with Ucn1 and CCK expression (Figure 3A). To ablate the EWcp peptidergic neurons, we injected a Cre-dependent AAV expressing an activated caspase 3 (Yang et al., 2013) in hemizygous Cart-Cre females and Cre negative littermate controls.

After allowing sufficient time for Casp3 expression (two weeks after the injection), we counted the number of CART+ neurons in the EWcp and demonstrated a substantial reduction in the number of CART+ neurons throughout the rostrocaudal axis (Figure 4A and Supplementary Figure 4A) (128±14 vs. 1161±43, p=0.016, n=5/4 mice per group). The total number of neurons in the region and its surroundings determined by NeuN expression (a general marker of neurons) was not visibly affected by the construct (Supplementary Figure 4B). We then evaluated nesting scores daily in a cohort of control and lesioned mice. Ablation decreased the baseline nest scores in virgin mice (1.0±0.2 vs. 1.3±0.2, p=0.04, n=10 mice/group).

Importantly, the lesioned group only showed minor improvement of nest quality during pregnancy, an effect in line with the one seen following the triple knock-downs of Ucn1/CART/CCK (2.1±0.2 vs. 3.0±0.1, p=0.002, n=10/9) (Figure 4B). In the lesioned group,
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this decrease in nesting scores led to a stark reduction in the frequency of brooding nests, as only 10% of the mice transitioned to building a brooding nest during pregnancy, versus 78% in the control group (Figure 4B).

As nesting often occurs before resting episodes [START_REF] Eban-Rothschild | To sleep or not to sleep: neuronal and ecological insights[END_REF], we next assessed whether the loss of EWcp CART+ neurons also affects the parameters of nesting building performed throughout the day. To do so, we designed a video tracking system to automatically segment bouts of nesting activity and rest using a combination of RGB and infrared depth cameras, based on the Live Mouse Tracker design (Chaumont et al., 2019) (Figure 4C, Supplementary Figure 5 and Supplementary Movie 3). While the "nestlets interaction" segmentation is more inclusive than "nest building", very few interactions occur outside of nesting phases. First, we habituated the mice to the open field for 1 to 2 days before the recording and added fresh nesting material to the cage at the beginning of the light phase. Virgin control and EWcp CART+ -lesioned females performed similarly throughout the day, with their cumulative nesting curves overlapping (total nestlets interaction time over 5h: 10.0±4.8 min vs.

12.0±3.6 min, p=0.6, n=8/6 mice/group), and with a comparable number of switches towards nesting from other behaviors (39±10 vs. 48±17, p=0.9) (Figure 4D). However, at 2 weeks of pregnancy, the cumulative nesting curves markedly diverged between the control and lesioned groups (Figure 4E). EWcp CART+ neurons lesion led to a decrease in the overall nesting time (7.8±3.3 min vs. 30.5±7.5 min, p=0.032, n=5 mice/group), and a decrease in the number of behavioral switches from exploration towards nesting (20±5 vs. 63±9, p=0.008) (Figure 4E).

To test whether there was a general defect in the capacity of the mice to build complex nests rather than a specific defect in preparatory nesting, we tracked parental nesting in the presence of the offspring. In the presence of pups, primiparous control, and lesioned females exhibited similar nesting behaviors (total nesting time over 1h: 10.2±3.5 min vs. 12.9±2.5 min, p=0.4, nesting initiation delay 3.4±0.5 min vs. 2.8±0.9 min, p=0.84, n=5 mice/group) (Figure 4F).

These results demonstrate that lack of EWcp CART+ neurons decrease the nesting performance in both virgin and pregnant females, but with a more potent effect during pregnancy. However, it does not affect the nesting response induced by external cues such as pups.

Ablation of EWcp CART+ neurons could have long-lasting consequences on homeostatic regulations, such as sleep and body temperature, that could indirectly affect nesting/sleep transitions. To evaluate whether CART+ neurons in the EW nucleus have a broader implication in homeostasis, we measured the following physiological parameters of the lesioned animals:

sleep patterns, core body temperature, and food intake. Sleep intervals over 3 days were similar between lesioned and control mice (Supplementary Figure 6A). Daily core body temperature
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oscillations were similar in control and lesioned females and similarly regulated during the pregnancy (Supplementary Figure 6B). Food intake remained also unaltered between groups (Supplementary Figure 6C). The lack of effect on food intake was surprising in light of the findings that EWcp CART+ neurons are Leptin sensitive and integrate stress response with feeding [START_REF] Xu | Leptin Signaling Modulates the Activity of Urocortin 1 Neurons in the Mouse Nonpreganglionic Edinger-Westphal Nucleus[END_REF][START_REF] Xu | Integration of stress and leptin signaling by CART producing neurons in the rodent midbrain centrally projecting Edinger-Westphal nucleus[END_REF]. Our results expand those findings, showing that these neurons may not be necessary for the control of food intake in baseline conditions. Together, the absence of the EWcp CART+ neurons does not affect the homeostatic physiological parameters of the mice over the surveyed time window.

Peptidergic Edinger-Westphal neurons activation precedes nesting and control behavioral transitions to nesting

To determine whether the activity of EWcp CART+ neurons has a direct influence on nesting in the wake-to-sleep sequence during pregnancy, we recorded their calcium activity in vivo via fiber photometry using an AAVs carrying a cre-dependent jGCaMP7s construct [START_REF] Dana | High-performance calcium sensors for imaging activity in neuronal populations and microcompartments[END_REF] injected in the EW nucleus of Cart-Cre mice (Figure 5A). We recorded calcium transients of EWcp neurons during various behaviors: eating, nesting, grooming, and sleep.

EWcp CART+ neurons had a low and stable calcium fluorescence during sleep, except for regularly spaced peaks of signal correlated with muscular twitches (Figure 5B and Supplementary 7A). Conversely, the calcium-dependent signal was generally high (significantly above the sleep baseline) during aroused periods (Figure 5B). Peri-event plots of activity synced to specific behavioral onsets showed a sharp increase during awakening and a fast decrease when the animal falls asleep (Figure 5C). Intriguingly, EWcp CART+ neurons exhibited a slow rise in activity during nesting, starting at around 10 to 15s before nesting onset (Figure 5C). Conversely, the activity remained unchanged during the following grooming phases, eating or digging (Supplementary Figure 7A). Overall, the activity levels of EWcp CART+ neurons recorded were synchronized with the wake-to-sleep behavioral sequence: activity increased at the beginning of the sequence during nesting and dropped sharply at the onset of sleep (Figure 5B,C), further suggesting a role for EWcp CART+ neurons in controlling nesting.

To test whether EWcp CART+ neurons bidirectionally modulate preparatory nesting behaviors and are thus sufficient and necessary for nesting upon pregnancy, we used chemogenetic and optogenetic approaches. We first tested whether inhibition of the EWcp CART+ neurons at the beginning of the light phase disrupts the wake-to-sleep sequence. To do so, we used chemogenetic inhibition, injecting a Cre-dependent AAV expressing the inhibitory DREAADs tagged with mCherry [START_REF] Krashes | Rapid, reversible activation of AgRP neurons drives feeding behavior in mice[END_REF] in the EW nucleus of Cart-Cre females. We used littermate Cart-Cre females injected with a mCherry expressing AAV as controls. Females were mated 7 days later, and nesting behavior was evaluated during the light phase at E14 and E15

following IP injections of CNO and saline (Figure 5E-F). Reminiscent of the effects observed in the lesioned females (Figure 4E), CNO injections reduced nesting time compared to saline in pregnant mice injected with the inhibitory DREAADS (9.2±3.3min CNO vs. 33.7±11.8min saline, p=0.008, n=8 mice), unlike in mCherry-injected animals (6.1±2.0 CNO vs. 13.0±6.5 saline, p=0.2, n=8mice) (Figure 5E, F). Moreover, sleep time was also significantly increased over the 5h course of the experiment (214.4±13.1min CNO vs. 172.9±8.9min saline, p=0.02).

Behavioral transitions from exploration towards nesting were reduced in the CNO-injected animals (Figure 5G). These data suggest that the activity of the EWcp CART+ neurons acutely influences the transition to nesting in the wake-to-sleep sequence, and their inhibition is detrimental to the duration of the nesting phase in the sequence. It also suggests that the long nesting bouts necessary for preparatory nesting occur at the expense of sleep duration over the recording time. Moreover, the times dedicated to grooming, eating, drinking, and locomotor activity were not affected by the chemogenetic inhibition of EWcp CART+ neurons (Supplementary Figure 7B).

We next tested whether activating the EWcp CART+ neurons via optogenetic stimulation could promote nesting. To monitor the in vivo effects of the optogenetics stimulation on these neurons, we co-expressed the calcium indicator jGCaMP7s with the ChrimsonR opsin [START_REF] Klapoetke | Independent optical excitation of distinct neural populations[END_REF] in EWcp CART+ neurons, allowing us to monitor the calcium transients induced by the stimulation, with control mice receiving only the jGCaMP7s-expressing virus (Figure 5H). We determined that stimulations of 15s to 30s at 20Hz best reproduced the calcium peaks naturally observed in behaving awake mice. Stimulations of 30s correlated with a switch to nesting in virgin awake mice injected with ChrimsonR in 19.6±4.9% of the stimulations vs. 0.9±0.9% in control animals (n=6/4 mice per group, p=0.01) (Figure 5I,J). 14.4±4.4% of the stimulations triggered during sleep correlated with awakening in the opsin-injected animals (vs.

2.4±0.9% in controls, p=0.01). The stimulations did not trigger switches to grooming, locomotion, sleep, or other behaviors (Supplementary Figure 7C). Altogether, optogenetic stimulations, calcium recordings, and chemogenetic inhibition data demonstrate that the activity of EWcp CART+ neurons is fundamental in the control of nesting initiation and maintenance during the wake-to-sleep behavioral sequence. Activating the neurons with excitatory DREADDs hM3Dq would not initiate nesting nor affect sleep time in virgin mice (Figure S8).
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Intriguingly, loss-of-function or silencing experiments show that EWcp CART+ neurons have a more significant impact on the nesting sequence in pregnant mice than in virgins by stretching the time allotted to nesting during pregnancy. It is possible that during pregnancy, the sequence deviates from its homeostatic setpoint and that EWcp CART+ neurons are essential in establishing a novel setpoint, suggesting a potential role for the hormonal regulation of these neurons.

Peptidergic Edinger-Westphal neurons properties are modulated by progesterone and are required for the action of progesterone on preparatory nesting

We next turned to the impact of the pregnancy hormone progesterone on EWcp CART+ neurons and preparatory nesting to explore this possibility. Progesterone is a steroid hormone canonically associated with direct reproductive adaptions such as uterus preparation for ovary implantation and pregnancy maintenance. Importantly, this hormone also has direct effects on the central nervous system that affect behaviors [START_REF] Brunton | The expectant brain: adapting for motherhood[END_REF].

We prepared progesterone implants of various concentrations (5 to 25mg) and tested their impact on circulating progesterone by measuring its serum concentration by ELISA (Supplementary Figure 9A). Implants of 5, 15, and 25mg raised the level of circulating progesterone from 4.0±0.6 ng/mL to a peak of 148.6±8.6, 267.0±33.6, 661.2±18.3 ng/mL respectively, with a plateau of 23.6±0.1, 79.2±33.6 and 152.4±9.1 ng/mL respectively 8 days after implantation (Supplementary Figure 9B). Comparatively, we measured during pregnancy progesterone levels ranging from 9.2±1.7 (E1) to 25.9±1.0 (E15) (Supplementary Figure 9B).

Of note, the circulating progesterone levels were similar in virgin and mid-gestational

EWcp CART+ lesioned and control females (28.8±1.0 vs. 25.4±1.9 ng/mL, p=0.19, n=5 WT, 4

Cart-Cre mice) (Figure S9B). The circulating progesterone concentrations measured after implantation were sufficient to trigger a behavioral switch to preparatory nesting 4 to 6 days after implantation, with 71% of mice switching to building preparatory nests 2 weeks after implantation (Figure 6A-C and Supplementary Figure 9C). We therefore checked whether EWcp CART+ neurons are necessary for the action of progesterone on nesting behavior. We tested whether the ablation of EWcp CART+ neurons would cancel the effect of progesterone on promoting preparatory nesting. Placing a progesterone implant in lesioned female mice had little effect on nest quality compared to implanted Cre-negative animals, as only 22% transitioned to building preparatory nests (nest scores 1.6±0.5 vs. 2.9±0.4, p=0.04, n=9/7 mice/group) (Figure 6A-C). As during normal pregnancies, progesterone implants triggered a shift in the circadian fluctuation of core body temperature, which was not affected by the absence of the neurons (Supplementary Figure 9D). EWcp CART+ neurons are therefore
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necessary for the action of progesterone on the modulation of the behavioral sequence enabling preparatory nesting, but not for its effects on core body temperature.

We then explored whether pregnancy and progesterone could affect the activity of these neurons by recording their firing rate and glutamatergic input currents. To identify the CART+ neurons, we injected Cart-Cre mice with a Cre-dependent eYFP AAV expressing eYFP in the EW. One week later, we performed visually guided slice patch-clamp recordings of CART+ neurons in the EWcp nucleus. Recordings of spontaneous activity at resting membrane potential showed that EWcp CART+ neurons are tonically active with a frequency of 5.1±0.7Hz (n=16 cells, 8 mice). These neurons also receive strong excitatory synaptic currents (Figure 5D). Intracellular injections of depolarizing current pulses revealed different firing responses classified into 3 categories, expanding on previous findings obtained from juvenile rats (Laursen and Rekling, 2006). 1) Repetitive regular firing neurons whose frequency linearly increases with the injected current (46% of recorded neurons), 2) transient firing neurons with an intense burst of action potential at the beginning of the pulse (36%), and 3) irregular firing neurons that combined both the initial burst followed by irregular firing (18%) (Figure 6E). Comparisons between recordings of virgin and pregnant female mice showed no changes in intrinsic passive properties, threshold excitability and synaptic activity (Supplementary Figure 10A,B). In pregnant females, we recorded a slightly larger proportion of transient bursting neurons (31% vs. 18%) associated with a smaller proportion of irregular firing neurons (25% vs. 36%), while the proportions of repetitive regular firing neurons were similar between groups (45% vs. 44%) (Supplementary Figure 10C).

We next evaluated whether progesterone affects the firing pattern of the EWcp CART+ neurons.

Progesterone can act either on a nuclear receptor (PR) for transcriptional effects or on membrane receptors. Membrane progesterone receptors belong to either a family of 5 protein G-coupled transmembrane receptors (mPR alpha through epsilon) or Cytochrome b5-related receptors PGRMC1 and 2. mPRs modulate metabotropic channels in neurons through the action of progesterone or its brain metabolite allopregnanolone [START_REF] Kapur | Progesterone modulates neuronal excitability bidirectionally[END_REF]. We detected the expression of mPR-beta and mPR-gamma receptors in 52±2% and 56±2% of these neurons, respectively (Figure 6F). Therefore, we decided to test the effect of an acute bath application of progesterone on the firing pattern of these neurons. Application of 1µMol of progesterone reduced the spontaneous firing frequency at resting membrane potential in 6 out 9 recorded neurons (Figure 6G), 15 minutes after its application, whereas most of the cells recorded in control (DMSO) are stable over the same time window. The presence of progesterone in the bath could convert the evoked firing pattern of repetitive regular and irregular neurons into
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transient bursting neurons (Figure 6H). The timing of this effect suggests a metabotropic action of progesterone on the EWcp CART+ neurons, potentially through mPR and mPR signaling during pregnancy.

Edinger-Westphal neurons modulate a broad network of downstream arousal and nesting centers in the brain

The effect on the wake-to-sleep sequence of EWcp CART+ neurons in pregnant females could involve many target brain regions. To evaluate the downstream network of these neurons and assess which regions can be modulated by EWcp CART+ neurons, we performed whole-brain anatomic projection maps. Stereotaxic injections of an AAV2-Ef1a-DIO-eYFP virus selectively labeled EWcp CART+ neurons. The brains were cleared and scanned at a 5µm resolution using a light sheet microscope (Figure 7A and Supplementary Movie 4). We mapped throughout the brain the location of EWcp CART+ projections using iDISCO+ (Renier et al., 2016) and a combination of TubeMap and TrailMap (Friedmann et al., 2020;[START_REF] Kirst | Mapping the Fine-Scale Organization and Plasticity of the Brain Vasculature[END_REF] (Figure 7B, C). We found high densities of projections in the brainstem, midbrain, hypothalamus, amygdala, and prefrontal cortex (Figure 7C, D), with the highest density recorded in the supraoptic nucleus (Figure 7D).

To evaluate which EWcp CART+ neuronal projection sites are functionally activated, we mapped Fos induction throughout the brain after activating these neurons with the excitatory DREADD hM3Dq in pregnant females (Figure 7E). Cart-Cre females were injected with AAV-DIO-hM3Dq-mCherry in the EW before injecting with CNO or saline (Figure 7E). CNO injection in hM3Dq expressing animals induced a strong Fos expression in EWcp neurons (Figure 7F,G) and many other brain regions (Figure 7G-J). To find the regions whose activity was changed by both preparatory nesting and chemogenetic activations of EWcp CART+ neurons, while also receiving dense projections from them, we combined the 3 whole-brain mapping datasets (Figure 7H,I): Fos expression elicited by nesting over control objects, elicited by CNO in HM3Dq over controls, and EWcp CART+ projections. The overlap between these datasets showed that EWcp CART+ neurons could be involved in preparatory nesting by modulating the activity of a distributed array of nuclei among which the preoptic area and supra-chiasmatic nuclei, the zona incerta, the central, basolateral, and basomedial amygdala, the ventrolateral periaqueductal grey and the brainstem reticular formation (Figure 7J). These regions are known to be involved in sleep, arousal, parental behaviors, and general nesting. Many of these regions identified here were also present in the initial screen of regions activated in all nest builder groups (including males).
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The nature of the potential EWcp target regions identified through this screen suggests a broad modulation of regions controlling nesting and arousal, potentiating the effect of progesterone on behavioral adaptations during pregnancy.

DISCUSSION

The neuronal mechanisms controlling preparatory nesting during pregnancy have remained largely unexplored. Starting from an unbiased whole-brain survey of activity patterns elicited in different contexts, we associate for the first time a group of midbrain neurons, the EWcp CART+ , with maternal behavior. The number of Urocortin1-expressing neurons in this nucleus has been correlated, in different Vole species, with parental investment strategies [START_REF] Lim | Distribution of Corticotropin-Releasing Factor and Urocortin 1 in the Vole Brain[END_REF], which could be incidental to their role in promoting maternal nesting during pregnancy. Considering the projection patterns of these neurons (Figure 6 and (Júnior et al., 2015;[START_REF] Silva | The Edinger-Westphal nucleus II: Hypothalamic afferents in the rat[END_REF]), it would therefore be interesting to test further how the action of EWcp CART+ neurons integrate with other structures controlling social behaviors, such as the lateral septum, the pre-optic areas, the VTA and the Dorsal Raphe nucleus. Of note, the role we describe for EWcp CART+ neurons in enabling preparatory nesting during the wake-to-sleep transition is reminiscent of a role recently described for VTA dopaminergic neurons in regular nesting (Eban-Rothschild et al., 2016), which have been suggested to interact with EWcp neurons functionally [START_REF] Ryabinin | Inhibition of VTA neurons activates the centrally projecting Edinger-Westphal nucleus: evidence of a stress-reward link[END_REF].

During pregnancy, circulating hormones will strongly modulate the physiology and homeostatic set points of all organs, sometimes outside their range of operation in virgin females. Therefore, the brain is an essential target of pregnancy hormones to coordinate the behavioral and autonomic responses across the body by modulating thermoregulation, feeding, and the sleep-wake cycle [START_REF] Brunton | The expectant brain: adapting for motherhood[END_REF]. For instance, progesterone alone in the mouse replicates the effects of pregnancy on nest-building (Figure 5A and (Lisk et al., 1969))

and core-body temperature regulation (Figure S9D). While the neuroactive derivative of progesterone, allopregnanolone, is thought to have a broad neuromodulatory effect in the brain by acting through GABA receptors [START_REF] Parakala | Metabotropic, but not allosteric, effects of neurosteroids on GABAergic inhibition depend on the phosphorylation of GABAA receptors[END_REF], documented cases of a direct action of progesterone on neurons outside of its transcriptional effects have been primarily investigated in hypothalamic neurons, such as GnRH neurons [START_REF] Bashour | Progesterone Directly and Rapidly Inhibits GnRH Neuronal Activity via Progesterone Receptor Membrane Component 1[END_REF][START_REF] Kapur | Progesterone modulates neuronal excitability bidirectionally[END_REF]. We show that the EWcp CART+ neurons are also hormono-sensitive to acute applications of progesterone, likely signaling through its membrane receptors given its fast action. The mapping of potential EWcp CART+ targets (Figure 6) suggests that these neurons' control of preparatory nesting occurs through a diffuse brain-wide network of regions rather
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than a linear chain of downstream targets, and thus could transfer the hormonal signals they receive broadly to other regions.

Finally, EWcp neurons belong to an ancestral arousal network [START_REF] Lovett-Barron | Ancestral Circuits for the Coordinated Modulation of Brain State[END_REF]. By modulating the wake-to-sleep sequence, the activity of EWcp neurons specifically prolongs the time window dedicated to nesting while also increasing the transitions towards nesting.

Extending nesting phases before grooming serves a crucial purpose for the survival of the litter.

As these neurons are present in all vertebrates, this suggests that preparatory nesting during pregnancy in some species such as the mouse is enabled indirectly by repurposing a neural mechanism controlling the extension of arousal during a wake-to-sleep sequence. This may indicate that parental behaviors could have appeared repeatedly throughout evolution by the exaptation [START_REF] Gould | Exaptation-a Missing Term in the Science of Form[END_REF] (pre-adaptation) of homeostatic behaviors modulated by brain nuclei that control physiological states. Electronic copy available at: https://ssrn.com/abstract=3878409

(A) Nests are scored from 0 to 4 based on their height. Closed "brooding" nests are indicated in red (scores 3 and 4), and 95% of mid-gestational females build them consistently.

(B) Daily proportions of nest scores in a cohort of C57BL/6NRj mice. After mating, the proportion of preparatory nests increases in both pregnant and pseudopregnant mice. Nest quality returns to baseline in pseudopregnant mice 13 days after mating. presence of significant voxels of induced cells (green, arrows) in the EW nucleus only in pregnant and pseudopregnant animals.

(F) Whole brain iDISCO+ immunolabeling for Ucn1, with the EW nucleus highlighted in red.

Volumes extracted of the EW locus show the distribution of Ucn1+ neurons along the rostrocaudal axis. (B) Proportion of brooding nests (left panels) in a cohort of WT or CART-cre mice lesioned for the EWcp CART+ neurons and evolution of the nest scores after mating (right panel). After mating, lesioned animals build less frequently brooding nests (10%) than unlesioned controls (78%), and the nest scores of lesioned animals are lower in virgins and throughout pregnancy.
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(C) Automated video tracking of nestlets interactions in WT or CART-cre animals injected with taCasp3-TEVp over 5h.

(D) In virgin females, the cumulative curves of nestlets interactions in control and lesioned animals overlap, and behavior switches are similar.

(E) In pregnant control females, the cumulative time interacting with nestlets increases compared to virgin controls, but not in lesioned females. Behavior switches throughout the session: the weight of the arrows is proportional to the number of times the mouse switches between 2 behaviors. In pregnant lesioned mice, the alternation between nesting and general activity is reduced compared to pregnant controls.

(F) In primiparous mice exposed to pups, the nestlets interaction time is high in both control and lesioned mice (measured over 1h). Electronic copy available at: https://ssrn.com/abstract=3878409

(I) Proportion of stimulations in virgin females that elicit a switch in behavior. Stimulations randomly occur during either sleep or active behaviors and the ratio of stimulation leading to a switch over ineffective stimulations is evaluated.

(J) Switches of behavior evoked by the stimulation in control and opsin-injected virgin female mice. Random stimulations evoked a switch towards nesting in 23% of the time in awake animals. with a 34-gauge metal needle was used to infuse 500 nl virus at a rate of 50 nl/min to ensure that the full rostro-caudal extent of the EW nucleus was infected. The needle was kept at the injection site for 15 min once the infusion has finished and then, slowly withdrawn. Skin was sutured using Vicryl 6.0R and mice stayed in a chamber at 37°C the time required to fully recover. To prevent any pain due to surgery, analgesic treatment was followed for 48 h with s.c. Carprofen (5 mg/kg each 24h).

STAR Methods

Animals

AAV ressources

The following Adeno-Associated Viruses were used: CRISPR AAVs expressing saCas9 and gRNA against Ucn1, CCK and CART were obtained from GeneCopoeia (MA, USA). Optical fiber implantation Mice were anesthetized and virus infusion in the EWcp was done as above, but with no angle (Lambda coordinates according to Paxinos & Franklin: A/P, +0.60 mm mm (-3.60 mm from Bregma); M/L, 0.0 mm; D/V, -3.6 mm). After withdrawing the needle, an optic fiber cannula

(1.25 mm OD, 400 µm, 0.50 NA, 5 mm length) was implanted at the midline into the EWcp (same coordinates except from D/V, -3.2 mm) and was cemented to the skull by dental resin cement (Super-Bond, C&B). Mice stayed in a chamber at 37°C the time required to fully recover. To prevent any pain due to surgery, analgesic treatment was followed for 48 h with s.c. Carprofen (5 mg/kg each 24h).

progesterone implantation Progesterone pellets were prepared in house according to Sahores et al. (Sahores et al., 2013).

Progesterone (Sigma) was thoroughly mixed with the dimethyl siloxane-containing multipurpose sealant (Dowsil 732 TM ) using plastic tips, during 10 minutes. We mixed 100 mg progesterone + 300 mg Dowsil. The mixture was pressed between glass slides wrapped in greaseproof paper and left to harden overnight. The following day, the tablet was weighed and cut in pieces of 20 mg, 40 mg, or 60 mg for obtaining progesterone pellets of 5mg, 15 mg, or 25 mg, respectively.

Progesterone implantation: Mice were anesthetized under isoflurane (4% for induction; 1,8% for maintenance; oxygen at 250 ml/min). S.c. buprenorphine (0.1 mg/kg) was administered to prevent pain. Mice were positioned over a heat pad at 37°C and a 3-4 mm incision was made through the skin, dorsally on the neck. A small pellet of progesterone was placed in the subcutaneous tissue and the skin was sutured using Vicryl 6.0. Mice stayed in a chamber at 37°C the time required to fully recover. To prevent any pain due to surgery, analgesic treatment was followed for 24 h with s.c. Carprofen (5 mg/kg).

Remote thermometry

Mice were anesthetized under isoflurane (4% for induction; 1,8% for maintenance; oxygen at 250 ml/min). S.c. buprenorphine (0.1 mg/kg) was administered to prevent pain. Mice were positioned over a heat pad at 37°C. Following shaving and topic antiseptic application, access to the peritoneal cavity was gained through a 8-9 mm incision in the midline. A miniaturized electronic capsule (Anipill®; 1.7g) was placed into the abdominal cavity. Incision was closed

Electronic copy available at: https://ssrn.com/abstract=3878409

with resorbable (Vicryl 6.0R) inner suture and nonresorbable (Nylon 6.0) outer suture. Mice stayed in a chamber at 37°C the time required to fully recover. To prevent any pain due to surgery, analgesic treatment was followed for 48 h with s.c. Carprofen (5 mg/kg). Continuous monitoring of Tc at 5-min intervals was performed for the duration of the experiments.

In vitro slice electrophysiology: Slice preparation Acute coronal brain slices (300μm) were obtained from 2 months-old virgin and E12-E15 was added to the superfused bath aCSF supplemented with glutamatergic and GABAergic synaptic blockers (DNQX, D-AP5 and picrotoxin). Since progesterone was dissolved initially in DMSO, the vehicle was added also to the control solution at the same concentration (DMSO 0.0005%). For all experiments, DMSO never exceeded 0.001% and was systematically present at the same concentration when different solutions were tested on the same cell. 5 cells in 5 mice were recorded with DMSO, and 9 cells in 6 mice with progesterone. All drugs were obtained from Hello Bio (Bristol, UK) or Merck (Sigma).

In vitro slice electrophysiology: Data acquisition and analysis Signals were amplified with a Multiclamp 700B amplifier (Molecular devices), sampled at 20 kHz and filtered at 2 kHz in voltage clamp mode, sampled at 20 or 50 kHz for spontaneous or evoked membrane voltage, respectively, and filtered at 10 kHz in current clamp mode. Data were analyzed using pClamp (Molecular Devices), Prism (GraphPad) software and custom written scripts (MATLAB, Mathworks). Glutamatergic synaptic currents were detected with custom written software (Wdetecta, courtesy of J. R. Huguenard, Stanford University).

In voltage-clamp experiments, access resistance was on average <20 MΩ and carefully monitored with small voltage steps (-5 mV for 50 ms; repeated 50 times). Data were discarded from analysis if resistance changes exceeded 20% during the recorded period. Spontaneously occurring excitatory postsynaptic current (sEPSC) were recorded at a holding potential of -70 mV (13 cells in 6 mice (virgins) and 18 cells in 6 mice (pregnant). For each cell, the amplitude of individual sEPSC were measured over a 1 to 3 min time window (with at least 200 events per cell) and the mean amplitude and frequency calculated over this period.

In current-clamp experiments, input resistance was monitored with small current steps (-10 pA for 500 ms; repeated 30 times) and cells were excluded if it changed by > 25%.

The evoked firing properties were determined in response to a series of consecutive 1 s long current steps increasing by 20 pA from -100 pA up to depolarizing values reaching spiking saturation (when possible), while maintaining the baseline membrane potential at -70 mV.

Action potentials (AP) were detected using a threshold criterion and the mean firing frequency was calculated (number of action potentials/s) for each step. The time of each AP peak was used to calculate interspike interval (ISI) times defined as:

∆𝑡𝑖 = 𝑡 𝑖 -𝑡 𝑖 -1
and the ISI coefficient of variation as following:

𝐶𝑉 = µ
is the population standard deviation; µ is the population mean.
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The mean firing frequency and the ISI CV were both plotted as input-ouput relationships (IO curve) for individual cell and used to determine their evoked firing pattern. Cells with a repetitive spiking pattern were characterized by a mean firing frequency IO relationship with a sigmoidal shape and a maximal frequency (> 15 Hz), in combination with a ISI CV small and stable resulting in an IO curve with a linear profile and a slightly positive slope over increasing depolarizing steps. By contrast, cells with a transient firing generated only very few AP distributed almost exclusively as a burst at the onset of the current steps, resulting in a very low mean firing frequency (<6 Hz) and a stair profile of the corresponding IO, together with a ISI CV inexistent (for the steps with less than 2 evoked AP) or highly variable (when a spike occasionally occurs later during a step). Finally, a third intermediate subpopulation of cells fired spikes both as burst at the onset of the current step and irregularly later during the steps resulting in a IO relationship profile for the mean frequency either scattered or sigmoidal-like but with a maximum < 15 Hz, in combination with an irregular ISI CV. For evoked firing, 11 cells were recorded in 5 virgin mice and 16 cells in 6 mice.

Since almost all Cart+ neurons were spontaneously spiking at resting potential, we also detected spontaneous spikes using a threshold criterion and calculated the mean firing frequency over 5 min bin time window. The effect of progesterone was tested on both spontaneous spiking and evoked firing pattern.

Input resistance (Ri) was calculated from the average steady state potential during the final 50 ms of the voltage deflection in response to 500 ms long current steps of -10 pA repeated 30 times, relative to the preceding 50 ms baseline. The membrane time constant ( m) was determined by fitting a single exponential function to the curve of the average membrane potential obtained in response to the negative current step. The membrane capacitance (Cm) was calculated as follows:

𝜏 𝑚 = 𝑅 𝑖 × 𝐶 𝑚
From the current clamp voltage responses to a series of 1 s long current steps, used to evaluate the spiking firing properties, we measured also the rheobase, defined as the minimal current triggering an AP. However, the 20 pA increment limited the accuracy of this estimation.

Moreover, the hyperpolarization-activated cation current (Ih) was estimated from the sag in the membrane potential in response to negative current steps from -100 to -40 pA. The sag is defined by the difference between the peak potential and the steady state potential during the final 100 ms of the current step. Sag potential were normalized to the respective peak voltage deflection from the baseline membrane potential (before the step) and the average of the normalized sag potential used as an estimate of Ih for each neuron.

Intracardiac PFA Perfusions All animals were sacrificed by Pentobarbital overdose (200mg/100g of animal). Intracardiac perfusion was then performed with a peristaltic pump (Gilson, USA). Blood was washed by infusing 30mL of cold PBS followed by tissue fixation with 30mL of cold 4%

Paraformaldehyde (Electron Microscopy Sciences, USA) diluted in PBS. Then brain dissection was quickly done taking special care to preserve the brain structure. Finally, the brains were then postfixed for 2 hours at room temperature by immersion in 4% Paraformaldehyde, and stored in PBS at 4ºC until further processing.

Immunohistochemistry

Perfused brains were equilibrated in 30% sucrose/PBS solution for 48h at 4°c and cut at 35µm on a freezing sliding microtome at -20°c. Floating sections were blocked in PBS-Tween 0.2% with 7.5% of Gelatin (Sigma) for 1h, and then incubated overnight at room temperature (about 23°c) with the primary antibodies diluted in the blocking solution. Sections were washed in PBS-Tween 0.2% 3 times for 30 minutes, and then incubated for 2h with the secondary antibody diluted in the blocking solution, supplemented with bis-benzimide (Sigma). Finally, the sections were washes and mounted in Mowiol. Images were acquired with a spinning disk microscope (3i), or with an epifluorescence Apotome (Zeiss).

Antibodies

The following primary antibodies were used: rabbit anti-Ucn1 at 1/2000 th (Sigma U4757), goat anti-CART at 1/2000 th (R&D systems AF163), chicken anti-GFP at 1/3000 th (Aves GFP-1020), RFP, PAQR8/mPR at 1/1000 th (Bioss USA, BS11410R), rabbit anti-PAQR5/mPR at 1/1000 th (Abcam ab236798), rabbit anti-Fos at 1/3000 th (Synaptic Systems 226-003), guinea pig anti-Fos at 1/1000 th (Synaptic Systems 226-004), mouse anti-NeuN at 1/1000 th (Millipore MAB377). Secondary antibodies raised in donkeys and coupled with either Alexa488, Alexa555 or Alexa647 were sources from Thermo Fisher Scientific and used at 1/1000th.

Fluorescent In-situ hybridization Perfused and dissected brains were incubated in a solution of 30% sucrose in PBS (w/v) for 48h and frozen in -20°C isopentane. Using a cryostat, 10μm-thick sections were cut and collected on Superfrost+ slides.

After air-drying the slides at room temperature, RNAscope® Hydrogen Peroxyde solution were added for 10 minutes. Slides were then incubated 10 minutes at 95°C in the RNAscope® Target Retrieval Reagents and then transferred in 100% alcohol for 3 minutes. Slides were treated with RNAscope® Protease III for 15min at 40°C. RNA oligomeric probes hybridization were performed for 2h at 40°C. RNA amplification was performed according to the protocol of the RNAscope Multiplex Fluorescent Reagent Kit v2 (Cat. No. 320293) using the fluorophores
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Opal 540 and 650 for dual FISH. For some experiments, the FISH was then followed by immunohistochemistry against CART or Ucn1.

ACDbio RNAscope probes used: Mm-CCK-C2 (402271-C2), Mm-Cartpt-C2 (432001-C2), Mm-Ucn (466261), Mm-Slc17a6 (319171), Mm-Slc17a7 (416631), Mm-Slc-17a8 (431261), Mm-Slc32a1 (319191).

iDISCO+ whole brain immunolabeling Whole brain vasculature staining was performed following the iDISCO+ protocol previously described previously (Renier et al., 2016) with minimal modifications. All the steps of the protocol were done at room temperature with gentle shaking unless otherwise specified. All the buffers were supplemented with 0,01% Sodium Azide (Sigma-Aldrich, Germany) to prevent bacterial and fungal growth.

Perfused brains were dehydrated in an increasing series of methanol (Sigma-Aldrich, France) dilutions in water (washes of 1 hour in methanol 20%, 40%, 60%, 80% and 100%). An additional wash of 2 hours in methanol 100% was done to remove residual water. Once dehydrated, samples were incubated overnight in a solution containing a 66% dichloromethane (Sigma-Aldrich, Germany) in methanol, and then washed twice in methanol 100% (4 hours each wash). Samples were then bleached overnight at 4ºC in methanol containing a 5% of hydrogen peroxide (Sigma-Aldrich). Rehydration was done by incubating the samples in methanol 60%, 40% and 20% (1 hour each wash). After methanol pretreatment, samples were washed in PBS twice 15 minutes and 1 hour in PBS containing a 0,2% of Triton X-100 (Sigma-Aldrich) and further permeabilized by a 24 hours incubation at 37ºC in Permeabilization Solution, composed by 20% dimethyl sulfoxide (Sigma-Aldrich), 2,3% Glycine (Sigma-Aldrich, USA) in PBS-T. In order to start the immunostaining, samples were first blocked with 0,2% gelatin (Sigma-Aldrich) in PBS-T for 24 hours at 37ºC, the same blocking buffer was used to prepare antibody solutions. Primary antibodies were incubated for 10 days at 37ºC with gentle shaking, then washed in PBS-T (twice 1 hour and then overnight), and finally newly incubated for 10 days with secondary antibodies. Secondary antibodies raised in donkeys, conjugated to Alexa 647 were used (Life Technologies). After immunostaining, the samples were washed in PBS-T (twice 1 hour and then overnight), dehydrated in a methanol/water increasing concentration series (20%, 40%, 60%, 80%, 100% one hour each and then methanol 100% overnight), followed by a wash in 66% dichloromethane -33% methanol for 3 hours.

Methanol was washed out with two final washes in dichloromethane 100% (15 min each) and
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finally the samples were cleared and stored in dibenzyl ether (Sigma-Aldrich) until light sheet imaging.

Light sheet microscopy

The acquisitions were done on a LaVision Ultramicroscope II equipped with infinity-corrected objectives. The microscope was installed on an active vibration filtration device, itself put on a marble compressed-air table. Imaging was done with the following filters: 595/40 for Alexa

Fluor-555, and -680/30 for Alexa Fluor-647. The microscope was equipped with the following laser lines: OBIS-561nm 100mW, OBIS-639nm 70mW, and used the 2nd generation LaVision beam combiner. The images were acquired with an Andor CMOS sNEO camera. Main acquisitions were done with the LVMI-Fluor 4X/O.3 WD6 LaVision Biotec objective. The microscope was connected to a computer equipped with SSD drives to speed up the acquisition.

The brain was positioned in sagittal orientation, cortex side facing the light sheet, to maximize image quality and consistency.

A field of view of 1000 x 1300 pixels was cropped at the center of the camera sensor. The light sheet numerical aperture was set to NA-0.03. The 3 light sheets facing the cortex were used, while the other side illumination was deactivated to improve the axial resolution. Beam width was set to the maximum. Laser powers were set to 40-60% (639nm). The center of the light sheet in x was carefully calibrated to the center of the field. z steps were set to 6µm. Tile overlaps were set to 10%. The whole acquisition takes about 1h per hemisphere.

At the end of the acquisition, the objective is changed to a MI PLAN 1.1X/0.1 for the reference scan at 488nm excitation (tissue autofluorescence). The field of view is cropped to the size of the brain, and the z-steps are set to 6µm, and light sheet numerical aperture to 0.03 NA. It is important to crop the field of view to the size of the brain for subsequent alignment steps.

Computing Resources

The data were automatically transferred every day from the acquisition computer to a Lustre server for storage. The processing with ClearMap was done on local workstations, either Dell Precision T7920 or HP Z840. Each workstation was equipped with 2 Intel Xeon Gold 6128 3.4G 6C/12T CPUs, 512Gb of 2666MHz DDR4 RAM, 4x1Tb NVMe Class 40 Solid State Drives in a RAID0 array (plus a separate system disk), and an NVIDIA Quadro P6000, 24Gb

VRAM video card. The workstations were operated by Linux Ubuntu 20.04LTS. ClearMap 2.0 was used on Anaconda Python 3.7 environment.

Data analysis: ClearMap Fos+ cell counting
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Tiled acquisitions of Fos-immunolabeled iDISCO+ cleared brains scanned with the light sheet microscope were processed with ClearMap 2 (https://github.com/ChristophKirst/) [START_REF] Kirst | Mapping the Fine-Scale Organization and Plasticity of the Brain Vasculature[END_REF]Renier et al., 2016) to generate both voxel maps of Fos cell densities, as well as regionbased statistics of cell counts. The stitching was done with Wobbly Stitcher [START_REF] Kirst | Mapping the Fine-Scale Organization and Plasticity of the Brain Vasculature[END_REF] and the cell detection was run with parameters and filters identical to our previous work (Renier et al., 2016). Stitched images were processed for background removal, on which local maxima were detected to place initial seeds for the cells. A watershed was done on each seed to estimate the volume of the cell, and the cells were filtered according to their volume to exclude smaller artefactual maxima.

The alignment of the brain to the Allen Brain Atlas (March 2017) was based on the acquired autofluorescence image using Elastix (https://elastix.lumc.nl) [START_REF] Shamonin | Fast Parallel Image Registration on CPU and GPU for Diagnostic Classification of Alzheimer&#39;s Disease[END_REF]. Filtered cell's coordinates were transformed to their reference coordinate in the Allen Brain Atlas common coordinate system [START_REF] Wang | The Allen Mouse Brain Common Coordinate Framework: A 3D Reference Atlas[END_REF]. For voxel maps, spheres of 375µm diameter were drawn on each filtered cell. P-Value maps of significant differences between groups were generated using Mann-Whitney U test (SciPy implementation). Aligned voxelized datasets from each group of animals were manually inspected to identify the regional overlaps of pvalue clusters, and volcano-plots of regional counts where generated.

Data analysis: TrailMap and TubeMap axon segmentation Data for axon mapping were acquired the same way as for Fos mapping, and stitched with Wobbly Stitcher (35). Stitched raw images were segmented with TrailMap (36) and a binary mask generated using a probability threshold of 0.5. The binary mask was then processed through TubeMap ( 35) to obtain a skeleton of the axon traces, and then a graph representation aligned to the reference atlas. Quantifications of axon densities were obtained from the coordinates of both branching and non-branching points of the graph. Manual daily nest scoring Females were isolated in separate cages prior to the start of the experiment for 4 to 6 days.

Every morning at 10am, nests were manually scored, blind to the condition, using a modified version of the 5-points Deacon's scale (Deacon, 2006), from 0 to 4. 0 : Nesting material is not shredded, no visible nest site; 1 : Nesting material is completely or partially shredded, identifiable nest but flat; 2 : Nesting material is completely or partially shredded, saucer shaped nest; 3 : Nesting material is completely shredded, nest walls have enough height to cover the entire animal; 4 : Nesting material is completely shredded, nest covers the entire animal including a complete roof. Nesting material was then removed from the cage and fresh nesting material (~7g = 3 Cotton nestlets) was added. The cage was then returned to the stabulation area and left untouched until the next day. Cage bedding was changed every week. For plugs, C57BL/6J female mice were housed either with a C57BL/6J male (regular mating) or with vasectomized Swiss male (for pseudopregnant females) overnight. A vaginal plug was accessed on the following morning. Positive females were returned to their home cage and nest quality was scored every 24 hours.

Fos Mapping

At E14-E16 for plugged females, or 1 to 2 weeks following isolation and daily scoring of nests, mice were habituated to a novel home cage suited for video recording for 24h in a videorecording room with separate lighting control. The cages were filled with half of the bedding from the previous home cage. On the dark phase preceding the recording, the nesting material was removed. At the beginning of the following light phase, the live video recording system was turned on and fresh nesting material was added to the cage (~7g = 3 Cotton nestlets (Serlab,

France "Nestlets")). 1 hour following the initiation of nest-building behavior, mice were euthanized with an intra-peritoneal (IP) injection of Pentobarbital 200 mg/kg IP (Euthasol), briefly perfused with PBS (1X) (~10mL) and fixed with intracardiac perfusion of 4% PFA in PBS (1X) (~50mL). The brains were dissected and post-fixed for 2 hours at 4°C in 4% PFA in PBS (1X).

Automated nesting segmentation

To automatically segment interaction with nestlets in mice, we designed, developed, and built an open field system inspired by the Live Mouse Tracker (LMT) (29). Briefly, using a structured light-based RGB-D camera (Kinect V2, Microsoft) placed at 45 cm from the cages bedding and the PyKinect2 Python library (https://github.com/Kinect/PyKinect2), we recorded both color (RGB) and registered (8bit) depth videos at ~15 fps each. The videos were then processed offline using the OpenCV Python library (https://opencv.org) to segment nestbuilding behavior automatically.

To extract bouts of nest-building behavior, we first transformed the RGB image's color space to HSV (easing the segmentation). The image was then blurred using a Gaussian kernel (5x5) (to reduce high-frequency noise) and thresholded to generate a binary mask of the nesting material. The resulting binary mask was cleaned up from small artefactual objects and filled using morphological filtering (respectively, opening and closing with a (5x5) kernel, three iterations). We then detected the contours of the cleaned binary mask and excluded any object with an area smaller than 200px 2 . Finally, we determined the height of the nesting material by computing the mean pixel value (MPV) within the binary mask applied to the corresponding registered depth frame. We labeled as nest-building behavior any change in the MPV greater than 9*s -1 . Finally, nest-building bouts separated by less than 2s were merged.

Parental nesting

Primiparous Cart-Cre (n=5) and Cart-WT (n=5) female mice were isolated and moved to a new home cage 3 days prior exposure. In the day of exposure, females were transferred into the behavior room, the former nest was removed and new nesting material (3 cotton nestlets) was added to their cages. After 2 hours, the recording started and 5 minutes of pre-stimulus activity was recorded. One P1 to P3 C57BL/6 pup, obtained from a synchronized litter, was added to each cage for one hour.

Chemogenetics

Mice were habituated to the open field video tracking system for 24h before the experiment.

The dark phase preceding the recording, nestlets were removed from the cage. At the onset of the light phase, CART-Cre mice expressing hM4D(Gi) were injected intraperitoneally (i.p.) between E15-16 with either saline (0.9% NaCl) or CNO (1 mg/kg) (Enzo Life Sciences, Inc.) dissolved in saline. The injection of CNO or saline was randomized for each mouse. Each mouse was then tested the following day with the other compound, saline or CNO. Fifteen to twenty minutes after the injections, we added 3 cotton squares (~7g) (Serlab) and recorded the behavior of the animals for at least 5 hours.

Optogenetics

Two to three weeks after stereotaxic viral injection and cannula implantation, Cart-Cre mice expressing either jGCaMP7s or jGCaMP7s with ChrimsonR were connected to the patch cord (Doric lenses) by a quick release interconnect (ADAL3; Thorlabs) and were habituated to the recording setup for at least 1 week. All optogenetic stimulations (10 ms pulses, at 20 Hz) were generated using Doric's system (Doric Lenses). The light was bandpass filtered at 593 nm (Doric lenses YBPF 593/040). We adjusted the light power exiting the tip of the patch cord to 5 mW. The protocol used for photostimulation consisted of 5 trains of 30s each with an intertrial interval of 5 minutes for 1 hour. This protocol was then repeated 5 times between ZT20 and ZT2.

Fiber photometry

Electronic copy available at: https://ssrn.com/abstract=3878409

Two to three weeks after viral injection and cannula implantation, Cart-Cre mice expressing jGCaMP7s were connected to the patch cord (Doric lenses) by a quick release interconnect (ADAL3; Thorlabs) and were habituated to the recording setup for at least 1 week. Over a period of 3 to 12 weeks after surgery, we recorded fluorescence signals from freely behaving mice in their home cages using Doric's fiber photometry system (Doric Lenses). Each recording session started at the beginning of the light phase (ZT-0). Excitation light (50µW at the tip) was supplied by a violet (405 nm) and a blue (490 nm) fiber-coupled light-emitting diodes, sinusoidally modulated at 531 and 211 Hz respectively. The light was passed down into a lowfluorescence patch cord (400 µm, 0.48 N.A; Doric Lenses) connected to the implanted optic cannula (400 µm, 0.48 N.A; Doric Lenses) by a quick release interconnect (ADAL3; Thorlabs).

The fluorescence emission was then demodulated using lock-in amplifier detection. Signals were collected at 240 Hz using the Doric neuroscience studio software (Doric Lenses).

Analysis was performed using a custom Python script inspired by a previously published method (46). Briefly, both the 410 and 465 nm channels were first smoothed using a convolution of a scaled window with the signals (width ~400 ms). The smoothed 410 nm signal was regressed using non negative robust linear regression (least absolute shrinkage and selection operator (LASSO) algorithm) onto the 465 nm signal, and the regression coefficients were used to scale the 410 nm signal to the 465 nm one. The scaled 410 nm signal was then subtracted from the 465 nm signal. Finally, the z-score of the resulting signal was calculated.

Statistics

Significance levels indicated are as follows: * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. All data are presented as mean ± SEM. All statistical tests used were two-tailed.

Experiments were not randomized, and no statistical methods were used to predetermine sample was used for generation of graphs.

Discussion

One of the primary goals of neuroscience is to identify the neural mechanisms that orchestrate animal behaviors. Parental behaviors are extremely diversified and highly conserved across animal species (Dulac et al., 2014) (Fig. 11A), which led to the idea that the neural circuits underlying the control of parental behaviors are mostly hardwired in the brain (Dulac et al., 2014;[START_REF] Numan | The Parental Brain[END_REF][START_REF] Numan | The Neurobiology of Parental Behavior[END_REF] (Fig. 11A). However, these behaviors are highly plastic throughout the life of an animal, particularly around pregnancy and the peripartum period. Mating, in mice (especially if wild-caught), triggers long lasting improvements in parental behaviors [START_REF] Saal | Time-contingent change in infanticide and parental behavior induced by ejaculation in male mice[END_REF] in animals that otherwise tend to be naturally aggressive and infanticidal [START_REF] Mccarthy | Infanticide and parental behavior in wild female house mice: Effects of ovariectomy, adrenalectomy and administration of oxytocin and prostaglandin F2α[END_REF][START_REF] Svare | Infanticide: Genetic, developmental and hormonal influences in mice[END_REF]) (Fig. 11B). This dramatic behavioral switch coincides with the theoretical time of birth of the animals young, ensuring adequate behavioral responses of the expecting parents towards their own progeny (Fig. 11B). Importantly, these changes are temporary, as parents revert back to being aggressive and infanticidal around the time of weaning of their offspring [START_REF] Saal | Time-contingent change in infanticide and parental behavior induced by ejaculation in male mice[END_REF] (Fig. 11B). Thus, parenthood offers an unprecedented opportunity to study the physiological mechanisms driving plastic changes in the brain as well as the neural basis of behavior (Kohl, 2020). While recent studies have investigated the neural underpinnings of parental behaviors (Kohl et al., 2018), and the mechanisms facilitating their expression following mating [START_REF] Tachikawa | Behavioral Transition from Attack to Parenting in Male Mice: A Crucial Role of the Vomeronasal System[END_REF][START_REF] Wu | Galanin neurons in the medial preoptic area govern parental behavior[END_REF], very little is known about the mechanisms that control preparatory behaviors, prior to the birth of young. Nest-building is an essential behavior for many animals as it helps them maintain a homeostatic state and is critical for the survival and proper development of young (Gaskill et al., 2013a(Gaskill et al., , 2013b;;[START_REF] Leidinger | Environmental enrichment prevents pup mortality in laboratory mice[END_REF][START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF]. This behavior is plastic as it is dynamically modulated by ambient temperature [START_REF] Glaser | Energetics and Nesting Behavior of the Northern White-Footed Mouse, Peromyscus leucopus noveboracensis[END_REF][START_REF] Kinder | A study of the nest-building activity of the albino rat[END_REF][START_REF] Lee | Temperature effect and strain differences in the nest-building behavior of inbred mice[END_REF] or the physiological state of the animal (Chapter 2: 2.2). Nest-building capabilities are especially improved during pregnancy as the mother prepares for the young to come [START_REF] Bond | Nest building in nulligravid, primigravid and primiparous C57BL/6J and DBA/2J mice (Mus musculus)[END_REF][START_REF] Broida | Strain-typical patterns of pregnancy-induced nestbuilding in mice: Maternal and experiential influences[END_REF]. species. These behaviors underlie a neural circuit that spans the whole rostro-caudal axis in the brain (Dulac et al., 2014). (B) Strikingly, parental behaviors are plastic throughout the life of the animal. Mating, for instance, was shown to reduce aggression and render the animals parental at the theoretical time of birth of their own young [START_REF] Saal | Time-contingent change in infanticide and parental behavior induced by ejaculation in male mice[END_REF]. This effect is reversible, as animals become aggressive once their litter has been weaned.

Despite the important role that a nest plays in several aspects of an animal's life, its neural control and the mechanisms enabling the transition towards parental nest-building are still mostly unknown. This is surprising as the study of nest-building could bring invaluable information for many areas of research studying for example: energy homeostasis, thermoregulation, sleep, or parental behaviors. In this study, we used a combination of modern neuroscience techniques to investigate the neural basis of parental nest-building behavior as well as the mechanisms underlying the transition towards parental nesting occuring during pregnancy From a behavioral standpoint, our data mostly confirms and extends previous findings related to nest-building behavior in animals of different sexes and physiological conditions. As mentioned previously, virgin mice are known to build nests, allowing them to properly thermoregulate and have a comfortable bed for sleep. We first sought to investigate nest-building behavior on a day to day basis using a simple scale, inspired from a previously published method (Deacon, 2006;[START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1A). In this scale, thermoregulatory nests correspond to nests with a score inferior or equal to two and parental nests would receive a score superior or equal to three. While our behavioral data in virgin females [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 1B, left panel) confirms previous observations showing that most animals build thermoregulatory nests [START_REF] Bond | Nest building in nulligravid, primigravid and primiparous C57BL/6J and DBA/2J mice (Mus musculus)[END_REF], we found a striking inter-individual variability in nest-building capabilities of animals (Fig. 12). Although the behavior of virgin females was relatively variable on a day to day basis, it followed a similar trend over extended periods of time. Thus, animals could be classified in three groups: (1) overall poor builders (Fig. 12, red color), (2) overall good builders (Fig. 12, green color) and

(3) variable builders (Fig. 12, orange color). As animals seem to show individual differences in terms of basal nesting capabilities, this suggests that nest-building could be influenced by genes and the prior experience of the animal.

Similarly to previous reports, we noted a rapid and significant improvement in nest-building during pregnancy [START_REF] Bond | Nest building in nulligravid, primigravid and primiparous C57BL/6J and DBA/2J mice (Mus musculus)[END_REF][START_REF] Broida | Strain-typical patterns of pregnancy-induced nestbuilding in mice: Maternal and experiential influences[END_REF][START_REF] Gandelman | Maternal nest building by pseudopregnant mice[END_REF][START_REF] Koller | Hormonale und psychische Steuerung beim Nestbau weiser Mause[END_REF][START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF].

While a modest improvement in nest quality was noticeable right after mating, most animals started building a preparatory nest around day 5-6 of pregnancy [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF] (Fig. 1B, middle panel). Several lines of evidence point towards a strong implication of the hormones of pregnancy, especially P, in this process [START_REF] Lisk | Oestrogen and progesterone synergism and elicitation of maternal nest-building in the mouse (Mus musculus)[END_REF]Lisk et al., 1969). This particular timing of behavioral modulations, for instance, closely follows circulating P levels during pregnancy [START_REF] Murr | Plasma Progesterone During Pregnancy in the Mouse 1[END_REF].

Additionally, our data shows a transient decline in nest quality around day 10-13 of pregnancy, which is consistent with previous studies [START_REF] Broida | Strain-typical patterns of pregnancy-induced nestbuilding in mice: Maternal and experiential influences[END_REF][START_REF] Lynch | Relationships of maternal nesting to thermoregulatory nesting in house mice (Mus musculus) at warm and cold temperatures[END_REF]. Strikingly, this decline coincides with a dip in P levels that corresponds, precisely, with the period during which the placenta takes over the steroidogenic control of pregnancy (at the expense of the pituitary) [START_REF] Choudary | Ovarian activity in the intact or hypophysectomized pregnant mouse[END_REF][START_REF] Murr | Plasma Progesterone During Pregnancy in the Mouse 1[END_REF]. Thus, nest-building tracks, and responds, with an impressive level of precision, to the circulating levels of P. Furthermore, consistent with a previous report [START_REF] Gandelman | Maternal nest building by pseudopregnant mice[END_REF], we found that mating a female with a vasectomized male, which induced pseudopregnancy, transiently improved nesting capabilities of mice (Topilko et al., 2021) (Fig 1B, right panel). As pseudopregnancy is known to increase circulating P levels, this again points towards the fact that hormones play an important role in the modulation of preparatory nest-building behavior [START_REF] Greef | Blood Progesterone Levels in Pseudopregnant Rats: Effects of Partial Removal of Luteal Tissue[END_REF][START_REF] Greef | Hysterectomy, decidualization, LH concentrations and corpus luteum function in the rat[END_REF]. scoring system used to evaluate nest quality, inspired by Deacon's scale (Deacon, 2006). The middle graph represents the daily nest quality of 38 virgin female mice followed over a period of 23 days. As we can appreciate, thanks to the dendrogram (left), three main classes of animals were observable: consistently poor nest-builders (red); consistently good nest-builders (green) and variable animals (orange). The right column represents the performance of each animal while the bottom row depicts the nest quality at the level of the whole population.

In virgin males, we found that the baseline nest-building quality was higher than in virgin females [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1D, left panel). However, nest scores became significantly lower in the second week of experimentation, suggesting that males might lose interest in re-building a proper nest following multiple rounds of dismantling of their previous nests [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1D). Additionally, compared to females, mating itself did not change nest-building capabilities in males, but rather stabilized the nest scores [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1D). Thus, the interaction with a female, in addition to mating, prevented the drop in nest quality observed during the second week of testing in virgin males.

As these measurements are rather crude, from a temporal standpoint, I developed, and used an automated tracking system to precisely dissect the pattern of nest-building behavior between the different animal groups [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S5). The system that I developed was inspired by a previously published design (Fig. 13A) (Chaumont et al., 2019), and I used a dual color/depth camera (Kinect v2, Microsoft ® ) to automatically and specifically extract the position and height of the nesting material (Fig. 13D). While the use of a depth camera to segment nest-building behavior is not new, I used the color information (Fig. 13B) to first locate and identify the nesting material before determining its height (Fig. 13C), whereas previous studies solely used the information about height to detect objects in the cage and distinguish between the animal and the nesting material [START_REF] Okayama | Assessing nest-building behavior of mice using a 3D depth camera[END_REF][START_REF] Otabi | Assessment of nest building and social interaction behavior in mice exposed to acute social defeat stress using a three-dimensional depth camera[END_REF]. Although both approaches are valid, we think that our strategy offers a way to precisely extract the dynamics of nest-building behavior. Using this system, we found that pregnant mice (E16) initiated the behavior much faster and performed it for much longer than time matched virgin females and males [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 1D-G). This suggests that both the motivational and the consummatory aspect of the behavior were enhanced during pregnancy. In contrast, despite the fact that pseudopregnant mice show "virgin-like" nest-building capabilities around day 16 of pseudopregnancy, they still initiated the behavior faster than did virgin animals but did not spend as much time building a nest as pregnant mice did [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1B). This suggests that despite the fact that their daily nest-building capabilities were back to baseline levels, their motivation to build a nest still seemed to be maintained at that time. Expectedly also, males, either virgin or mated, did not differ in their time spent nest-building behavior compared to virgin females [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S1E).

Next, we sought to determine which brain regions were responsible for the dramatic switch in nest-building behavior observed throughout pregnancy. As the brain regions thought to control parental behaviors span across the whole rostro-caudal axis in the brain (Dulac et al., 2014;Kohl et al., 2018), focusing on a particular area is an inherently reductionist approach and would result in large amounts of useful information being left out. In this study, we used an unbiased approach to map neuronal activity (using the IEG c-Fos as a surrogate), at the whole brain level, to identify candidate regions that control nest-building behavior, and the transition towards parental nesting during pregnancy (Renier et al., 2016;[START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2A-C). Using this methodology, we identified several "generalistic" regions being active during nest-building behavior independently of the studied group, namely: the CA1 and CA3 regions of the hippocampus, the MEPO, the zona incerta (ZI), and the gigantocellular reticular nucleus (GRN) [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2D; Fig. S2A). The implication of the hippocampal formation in nest-building haven been previously discussed, and could play an essential role in remembering the location of microhabitats that allow the animal to be safe and thermoregulate [START_REF] Lin | Neural encoding of the concept of nest in the mouse brain[END_REF]. The activation observed in the MEPO could be related to the skin warming, subsequent to the construction of a good nest prior to sleep (Fig. 5) [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF]. Importantly, significant c-Fos activation was also observed in the MPO and in the dorsolateral MPO/BNST [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF] (Fig. 14),

which have been extensively implicated in nest-building behavior (Chapter3: 3.1). Another region whose activity was significantly increased in nest-building animals is the ZI [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S2A, second row). This region is thought to be a major node for behavioral modulation, as it integrates multisensory information and relays it to behavioral commanding centers in the brain [START_REF] Wang | Zona Incerta: An Integrative Node for Global Behavioral Modulation[END_REF]. To the best of my knowledge, however, the ZI has never been implicated in nest-building behavior, and it would be interesting to explore the identity of the neurons activated in this context.

One interesting candidate population could be the recently identified GABAergic population of neurons in the medial ZI, that drives and gates deep exploration of new objects, as the activity of these neurons might be important for the investigation of nesting material prior to nest construction [START_REF] Ahmadlou | A cell type-specific cortico-subcortical brain circuit for investigatory and novelty-seeking behavior[END_REF]. Alternatively, neurons expressing the LIM homeodomain transcription factor (Lhx6) in that region could constitute a good candidate as they were recently shown to promote sleep, which is intimately linked with preparatory behaviors such as nest-building [START_REF] Liu | Lhx6-positive GABA-releasing neurons of the zona incerta promote sleep[END_REF]. It is interesting to point also that the ZI sends strong outputs to subparts of the reticular formation in the brainstem [START_REF] Kolmac | Patterns of connections between zona incerta and brainstem in rats[END_REF], important in motor control, which are also activated during nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S2A, fourth row). In contrast to regions generally active during nest-building, only two regions, namely the motor related parts of the Pons (P-mot) and the Edinger-Westphal nucleus (EW) were significantly more active in animals building parental nests [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2D-E). Since the activity in the P-mot is most likely related to motor aspects of the behavior, we decided to focus our attention on the EW. (Renier et al., 2016). Briefly, following the behavior testing, animals were perfused and the brain was dissected.

The brains were then cleared and stained for c-Fos using iDISCO + [START_REF] Renier | iDISCO: A Simple, Rapid Method to Immunolabel Large Tissue Samples for Volume Imaging[END_REF] and imaged using the UltraMicroscope (light-sheet) from LaVision BioTec. The c-Fos positive cells were then automatically segmented using ClearMap (Renier et al., 2016). (B) A view of the POA in the hypothalamus from the Allen Brain Atlas (2017). (C) Heatmaps (left and middle) and p-value maps (right) of virgin females that received nesting material (left) or a control object (middle). Between these groups no significant change in activity could be observed in this region. (D) Heatmaps (left and middle) and p-value maps (right) of pregnant females (E16) that received nesting material (left) or a control object (middle). Between these two groups, a significant increase in activity was observed in the MPO/BNST transition area, which is known to be an important site for the control of parental behaviors [START_REF] Numan | The Parental Brain[END_REF], as well as in the BNST, which was specific to pregnancy. (E)

Heatmaps (left and middle) and p-value maps (right) of virgin females that already had a nest, and received pups (left) or a control object (middle). In this case, between these two groups, a significant increase in activity was only observed at the MPO/BNST transition area, a region known for its implication in parental behaviors [START_REF] Numan | The Parental Brain[END_REF].

Historically, the EW has been mainly linked to its ocular functions. The name of the nucleus derives from its discoverers: Luwig Edinger and Carl Friedrich Otto Westphal, two german scientists that described the cells in the midbrain at the origin of the parasympathetic outflow to the ciliary ganglion, located in the posterior orbit [START_REF] Edinger | Über den Verlauf der centralen Hirnnerven-bahnen mit Demonstrationen von Präparaten[END_REF][START_REF] Westphal | Ueber einen Fall von chronischer progressiver Lähmung der Augenmuskeln (Ophthalmoplegia externa) nebst Beschreibung von Ganglienzellengruppen im Bereiche des Oculomotoriuskerns[END_REF]. The ciliary ganglion innervates the pupillary sphincter muscle and the ciliary muscle, located in the eye, which play an important role for the constriction of the pupil and the contraction of the lens, respectively. These cells are preganglionic and were later shown to be cholinergic [START_REF] Ishikawa | The center for controlling the near reflex in the midbrain of the monkey: A double labelling study[END_REF][START_REF] Lauterborn | In situ hybridization localization of choline acetyltransferase mRNA in adult rat brain and spinal cord[END_REF][START_REF] Ruggiero | Anatomical substrates of cholinergic-autonomic regulation in the rat[END_REF][START_REF] Strassman | Choline acetyltransferase immunocytochemistry of Edinger-Westphal and ciliary ganglion afferent neurons in the cat[END_REF].

However, it quickly became clear that the EW is not composed of a single homogeneous population of preganglionic cells, as certain neurons in that region project centrally [START_REF] Klooster | The peripheral and central projections of the Edinger-Westphal nucleus in the rat. A light and electron microscopic tracing study[END_REF][START_REF] Loewy | Edinger-Westphal nucleus: Projections to the brain stem and spinal cord in the cat[END_REF][START_REF] Saper | Direct hypothalamo-autonomic connections[END_REF], and do not express classical markers of cholinergic neurons [START_REF] Hökfelt | Immunohistochemical studies on the localization and distribution of monoamine neuron systems in the rat brain. I. Tyrosine hydroxylase in the mes-and diencephalon[END_REF]. Thus, the cholinergic population was subsequently named the preganglionic EW (EWpg) while the centrally-projecting population became the centrally-projecting EW (EWcp) (Kozicz et al., 2011). Although the precise anatomical location of the EWcp varies with species, those cells are robustly conserved across taxa, suggesting that they might play a fundamental role in these species (Kozicz et al., 2011). Later studies demonstrated that neurons in the EWcp express a myriad of peptides related to functions such as stress, energy expenditure and reward, including Urocortin-1 (Ucn1) [START_REF] Bittencourt | Urocortin Expression in Rat Brain: Evidence Against a Pervasive Relationship of Urocortin-Containing Projections With Targets Bearing Type 2 CRF Receptors[END_REF][START_REF] Vaughan | Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor[END_REF], Cocaine-and Amphetamine-regulated transcript (CART) [START_REF] Koylu | Cocaine-and amphetamine-regulated transcript peptide immunohistochemical localization in the rat brain[END_REF], Substance-P (SP) [START_REF] Maciewicz | The distribution of substance P-containing neurons in the cat Edinger-Westphal nucleus: relationship to efferent projection systems[END_REF][START_REF] Otake | Cholecystokinin and substance P immunoreactive projections to the paraventricular thalamic nucleus in the rat[END_REF][START_REF] Phipps | Edinger-Westphal neurons that project to spinal cord contain substance P[END_REF], Cholecystokinin (CCK) [START_REF] Maciewicz | Edinger-Westphal nucleus: cholecystokinin immunocytochemistry and projections to spinal cord and trigeminal nucleus in the cat[END_REF] and Nesfatin-1 [START_REF] Bloem | Sex-specific differences in the dynamics of cocaine-and amphetamine-regulated transcript and nesfatin-1 expressions in the midbrain of depressed suicide victims vs. controls[END_REF], amongst others. Importantly, some of these neuropeptides are co-expressed within the same cells of the EWcp. Ucn1, CART and Nesfatin-1 for instance were shown to be expressed by the same neuronal populations in the EWcp (Fig. 15) [START_REF] Bloem | Sex-specific differences in the dynamics of cocaine-and amphetamine-regulated transcript and nesfatin-1 expressions in the midbrain of depressed suicide victims vs. controls[END_REF][START_REF] Kozicz | Neurons colocalizing urocortin and cocaine and amphetamine-regulated transcript immunoreactivities are induced by acute lipopolysaccharide stress in the Edinger-Westphal nucleus in the rat[END_REF][START_REF] Xu | Sex-specific effects of fasting on urocortin 1, cocaine-and amphetamine-regulated transcript peptide and nesfatin-1 expression in the rat Edinger-Westphal nucleus[END_REF]. A large proportion of these neurons were recently identified as also expressing CCK (Fig. 15) (Li et al., 2018;[START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF], pituitary adenylate cyclase-activating peptide (PACAP) and neuromedin-B (Nmb) [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF].

Consistently with the studies discussed above, in our hands, Ucn1, CART and CCK almost perfectly colocalized in the EWcp (Topilko et al., 2021) (Fig 2A). These neurons are also thought to be strictly peptidergic, meaning that they do not release fast-acting This is relatively unique in the brain as only few neuronal populations fall into that category, a good example being the neurosecretory cells of the PVN [START_REF] Merighi | Neuromodulatory function of neuropeptides in the normal CNS[END_REF]. The EWcp was also shown to contain a population of tyrosine hydroxylase (TH) positive neurons [START_REF] Bachtell | Alcohol-Induced c-Fos Expression in the Edinger-Westphal Nucleus: Pharmacological and Signal Transduction Mechanisms[END_REF]Li et al., 2018) (Fig. 15), and a third and separate neuronal population in the EWcp is thought to express both SP and CCK (Fig. 15) [START_REF] Innis | Cholecystokinin-containing and nociceptive neurons in rat edinger-westphal nucleus[END_REF][START_REF] Skirboll | Coexistence of substance P-and cholecystokinin-like immunoreactivity in neurons of the mesencephalic periaqueductal central gray[END_REF]. A recent study by Zhang and colleagues found that virtually all neurons expressing CCK in the EW region express vesicular glutamate transporter 2 (VGlut2),

suggesting that these neurons are glutamatergic (Fig. 15) (Zhang et al., 2019). In contrast to this finding, we and others found little to no evidence for the presence of VGlut2 in the EWcp neurons expressing CCK [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF][START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2A). It is clear however, that excitatory neurons expressing VGlut2 and inhibitory neurons expressing VGAT are present in this area, but almost none of them express markers specific to the peptidergic population of the EWcp such as Ucn1 or CART (Fig. 15) [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF][START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF][START_REF] Zuniga | Vesicular glutamate transporter 2-containing neurons of the centrally-projecting Edinger-Westphal nucleus regulate alcohol drinking and body temperature[END_REF]: (Fig. 2A). All in all, it is clear that the EWcp is an extremely heterogeneous region, with various neuronal populations expressing specific sets of markers and neuropeptides.

Although the c-Fos mapping experiment demonstrated that the EW is specifically active in the context of parental nest-building, it does not provide us with the molecular identity of the active neurons in this region. To answer this question we performed the same behavioral experiment but co-labeled the brains with an activity marker (c-Fos) and Ucn1, one of the neuropeptides specifically expressed by the EWcp. We found that activity in the EWcp was globally increased in nest-building animals independently of the physiological status [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2B). This is surprising as the activity in the EW was not significantly different in virgin female nest-builders compared to controls in the previous experiment [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 1D). It is important to understand, however, that ClearMap (Renier et al., 2016) -the software used to automatically quantify c-Fos positive neurons in the brain -calculates the density of c-Fos positive cells in an entire region. Thus, if other neurons are simultaneously active in an area of interest in the control conditions, or if only a small subpart of a region is active, such tools will most likely be unable to spot differences.

This is an important limitation to keep in mind. It is also essential to understand that annotations that define regions in the brain based on anatomical landmarks -such as the Allen Brain Atlas (ABA) (https://mouse.brain-map.org/static/atlas) used by ClearMap -do not necessarily reflect function.

The EW is a good example in this case as multiple neuronal populations that might have very different functions, intermingle in this area, and are thus indistinguishable for a tool that solely looks at c-Fos levels. In addition, using whole brain CART immunostaining in combination with the alignment and registration tools of ClearMap (Renier et al., 2016), we found that the peptidergic population of neurons in the EWcp maps partially outside of the ABA region labeled as EW, especially in its rostral and caudal extents [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. S3). Thus, for the entire study, we used a modified version of the ABA that we generated using ITK-SNAP (http://www.itksnap.org), following the three-dimensional CART staining in the EWcp [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S3). Nevertheless, following closer inspection, we found that the overall c-Fos activity in the peri-EW region (Fig. 16A) was similar between control groups and virgin females (Fig. 16C). This means that while the global activity in the peri-EW area is similar between virgin nest-builders and control animals, EWcp neurons are specifically activated by nest-building. In contrast, the activity was significantly higher in pregnant mice building preparatory nests compared to other groups [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2B). Thus, the EWcp is generally active when mice build a nest, but its activation is further increased when building a preparatory nest. Importantly also, the activity in the EWcp as well as the peri-EW region correlated with the time spent nest-building but not with the general locomotor activity (Fig. 16B+D). This strengthens the idea that the EWcp might be implicated in this behavior. Also, this suggests that some other neurons in the peri-EW area might similarly be involved in nest-building (Fig. 16D).

Peptidergic EWcp neurons are specifically active when a mouse builds a nest, and to a greater extent during pregnancy while building a preparatory nest. However, what is the functional significance of the activity of these neurons in relation with nest-building? To answer this question we used the CART-Cre mouse, which allowed us to specifically target the peptidergic EWcp (EW CART+ ), and performed genetically targeted lesioning (Fig. 17A-B) of the peptidergic EWcp in combination with chemogenetics, fiber-photometry and optogenetics in an attempt to elucidate the function of these neurons relative to nesting behavior. Lesioning the EW CART+ was specific and effective [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S4A-B) and resulted in overall lower nest-building capabilities of female mice, independently of physiological state [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B). This again, points towards the fact that the EW CART+ neurons seem to play a general role in nest-building behavior. Surprisingly however, when we looked at the precise dynamics of nesting behavior in virgin and pregnant females whose EW CART+ was lesioned, only pregnant females showed a difference in the overall time spent nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4C-E). This suggests that although the time spent nest-building by lesioned virgin mice might be similar, the resulting nest built is of poorer quality.

As both thermoregulatory and preparatory nest-building occur without the presence of pups, we sought to test whether pup-directed (parental) nest-building behavior was also affected by the lesion of EW CART+ (Fig. 17E) [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4F). To our surprise, primiparous EW CART+ lesioned animals did not show any defects in pup retrieval (Fig. 17E)

nor parental nest-building behavior [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4F). This is particularly interesting as it suggests that the core neuronal circuitry that orchestrates nest-building is not affected by the loss of EW CART+ neurons. Indeed, in the presence of a potent stimulus, such as pups, lesioned animals were still capable of building nests, suggesting that pup cues can readily access, and stimulate, the neural pathways implicated in this behavior. In contrast, as lesioning the EW CART+ populations globally affects both thermoregulatory and preparatory nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B), this suggests that nest-building outside of the parental context, is probably triggered through a separate pathway. Importantly, as the peptidergic EWcp neurons were implicated in anxiety and stress [START_REF] Gaszner | Urocortinergic neurons respond in a differentiated manner to various acute stressors in the Edinger-Westphal nucleus in the rat[END_REF][START_REF] Kozicz | On the role of urocortin 1 in the non-preganglionic Edinger-Westphal nucleus in stress adaptation[END_REF], food intake [START_REF] Weitemier | Lesions of the Edinger-Westphal Nucleus Alter Food and Water Consumption[END_REF] and thermoregulation (Zuniga et al., 2020) we sought to investigate the effect of lesioning the EW CART+ neurons on these different functions.

To our surprise, the lack of EW CART+ neurons did not alter food consumption and daily weight gain [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S6C) as previously reported [START_REF] Weitemier | Lesions of the Edinger-Westphal Nucleus Alter Food and Water Consumption[END_REF]. This however, could be explained by the fact that while we performed a genetically targeted lesion, an electrolytic lesion was used in the former study, which damages surrounding fibers and cells independently of their identity. Thus, it is likely that the effects previously observed on food intake arise from damage made to fibers passing through that region or a different neuronal population located in the EWcp. Similarly, we did not observe differences in general core body temperature in animals lacking the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S6A). This is in contrast with a previous report showing that pharmacological inhibition of the EWcp induces hyperthermia (Zuniga et al., 2020).

However, it is possible that the pharmacological inhibition (a cocktail of GABA agonists), in addition to the EWcp, also affected key GABAergic neurons, located in the close vicinity, known to be implicated in the regulation of core body temperature and whose inhibition triggers long-lasting hyperthermia [START_REF] Schneeberger | Regulation of Energy Expenditure by Brainstem GABA Neurons[END_REF]. Finally, using the elevated plus maze (EPM) and light-dark box paradigms, we failed to observe changes in anxiety levels in mice lacking the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF] (Fig. 17C-D). Although previous electrolytic lesions made to the EWcp, in mice, did not show alterations in anxiety levels using the EPM [START_REF] Weitemier | Lesions of the Edinger-Westphal Nucleus Alter Food and Water Consumption[END_REF], a recent study, using also the EPM, found that chemogenetic stimulation of the EW CART+ neurons increased anxiety while lesioning these neurons resulted in reduced anxiety [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF]. The main difference between our study and this one, is that the lesion was performed with a different viral construct, using the diphtheria toxin A, instead of the modified caspase 3 (taCasp3) (Yang et al., 2013), which does not really explain the observed differences.

Finally, we decided to look at the general sleep pattern of the EW CART+ lesioned mice, as a recent report found that glutamatergic neurons located in the EW area, expressing CCK, bidirectionally modulate arousal: their optogenetic activation triggers sleep, while their inhibition induces wakefulness (Zhang et al., 2019). Although we used simple manual scoring of sleep/wake states of the lesioned animals, we did not find any differences in the time spent sleeping in these mice, independently of the physiological state. This is in apparent contradiction with the previously mentioned paper as we and others found that most peptidergic EWcp neurons co-express CKK [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF]. However, as structures present in the close vicinity to the EW such as the VTA, the PAG and the rostral linear raphe nucleus (RL) express CCK, it is possible that the observed effect arose from a different neuronal population (https://mouse.brain-map.org : cck ish).

Furthermore, while inhibiting EW CART+ neurons in pregnant females using chemogenetics decreased the time spent nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4D-G), their optogenetic stimulation in virgin females resulted in a modest, yet significant, time-locked increase in the probability of performing nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4H-J). This suggests that EW CART+ neurons are both necessary and sufficient to elicit nest-building behavior. (LDB), we did not observe any major differences in anxiety between lesioned and control animals. (E)

Primiparous lesioned animals did not present any defects in pup retrieval.

Importantly, these manipulations specifically affected nest-building as they did not alter other behaviors such as grooming, eating, drinking or the general locomotion of the animals [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S7B-C). It is important to note however, that in contrast to the optogenetic stimulation, chemogenetic activation of EW CART+ neurons did not affect nest-building behavior in virgin females [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. S8). Although clozapine N-oxide (CNO) (which is supposed to stimulate the neurons expressing the chemogenetic construct) clearly induced c-Fos expression in the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. 7F), the pattern of activation of these neurons might not have been physiologically

relevant to elicit nest-building behavior.

Finally, using fiber-photometry in virgin females, we found that the EW CART+ neurons were generally active when the animals were awake and that their activity significantly increased during bouts of interaction with the nesting material [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B-C).

Interestingly, this increase in activity began a few seconds prior to the behavior and remained high throughout the behavioral sequence, suggesting that these neurons might be important for the initiation of the behavior as well as its maintenance [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B-C).

Importantly, while EW CART+ neurons were generally active during eating, digging and grooming events, their activity did not change significantly during these behaviors, meaning that nestlet interaction specifically increases activity in these neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. S7A).

In contrast, EW CART+ neurons were relatively quiet during sleep. Nevertheless, short bursts of activity were sometimes visible during sleep and correlated with startling/twitching of the animal [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B-C; Fig. 7A), which could correspond to so-called micro arousal events [START_REF] Watson | Network Homeostasis and State Dynamics of Neocortical Sleep[END_REF]. However, as we did not perform electroencephalogram nor electromyogram recordings on these animals, it would be difficult to draw any specific conclusions about what happens during sleep. Furthermore, we noticed that the activity of the EW CART+ neurons was slightly elevated right before sleep [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 5C, right panel). This is interesting as a recent report shows that CCK expressing neurons in the EW region bidirectionally control sleep (Zhang et al., 2019), and most EW CART+ neurons express also CCK [START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF][START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2A).

As the EW CART+ neurons seem to be both necessary and sufficient for nest-building behavior, and more particularly for preparatory nesting during pregnancy, we sought to investigate whether hormonal treatment could rescue the behavioral defect observed in EW CART+ lesioned animals during pregnancy. We were first able to confirm that the sole administration of P (Sahores et al., 2013) in intact virgin females readily increased nest-building capabilities, to levels comparable to that of pregnant females [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6A, middle panel), as previously reported [START_REF] Lisk | Oestrogen and progesterone synergism and elicitation of maternal nest-building in the mouse (Mus musculus)[END_REF]Lisk et al., 1969). Strikingly, animals with lesioned EW CART+ neurons experienced a significantly smaller increase in nest-building than control animals [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6A-B). This suggests that the EW CART+ neurons account, at least partially, for the effects of P on the display of hormonally induced preparatory nest-building. Notably, the circulating levels of P were not different between control and lesioned animals, independently of the animals physiological condition [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. S10B). Also, mice lacking the EW CART+ neurons were still globally receptive to P as the daily body temperature fluctuations were blunted by P administration [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. S10D), a phenomenon observed during physiological pregnancy (Smarr et al., 2016). If the EW CART+ neurons are able to directly sense and are receptive to hormonal cues, such as P, they could adjust their neurophysiological behavior accordingly, and modulate nest-building behavior. We thus checked whether the EW CART+ neurons are sensitive to P and might express P receptors. While research in the past decades focused on the function of the classical nuclear P receptor (PR) [START_REF] Jacobsen | Progesterone receptors, their isoforms and progesterone regulated transcription[END_REF], recently, a myriad of non-canonical P receptors that act, mainly, through non-genomic mechanisms, have been identified [START_REF] Petersen | Novel progesterone receptors: neural localization and possible functions[END_REF]. The non-canonical P receptors can be further subdivided into 2 classes. First, the class II progestin and adipoQ receptors (PAQR), otherwise known as membrane progestin receptors (mPR), currently have five members: mPRα (PAQR7), mPRβ (PAQR8), mPRγ (PAQR5), mPRδ (PAQR6), and mPRε (PAQR9). The second family of non-canonical P receptors, the b5-like heme/steroid-binding protein family, is composed of four members:

progesterone receptor membrane component 1 (PGRMC1), PGRMC2, neudesin, and neuferricin [START_REF] Petersen | Novel progesterone receptors: neural localization and possible functions[END_REF]. While EW CART+ neurons did not express the canonical PR (Data not shown), they did express, to a certain extent, some of the non-canonical mPR, namely mPRβ and mPRγ [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6F). This suggests that EW CART+ could potentially be directly sensitive to P. To investigate the potential effect of P on EW CART+ neurons, we performed electrophysiological recordings on these neurons and applied P to the bath [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6D-H). Prior to testing potential effects of P, we decided to characterize some basic electrophysiological properties of the EW CART+ neurons. Previous to our study, several papers looked at the electrophysiological properties of neurons in that area but did not specifically target the EW CART+ neurons [START_REF] Fujii | Repetitive firing properties in subpopulations of the chick Edinger Westphal nucleus[END_REF]Laursen and Rekling, 2006).

EW CART+ neurons were spontaneously active and received substantial excitatory inputs [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6D). Evoked firing unraveled a striking heterogeneity in the electrophysiological behavior of the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6E). While some neurons clearly displayed a repetitive pattern of evoked firing, some were irregular and others were transient, with an initial burst of action potentials, creating a continuum within the nucleus [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6E). In addition, we did not notice any rostro-caudal biais in the distribution of these different neurons (Data not shown). This is consistent with previous reports that found a similar heterogeneity of neurons in the EW region of chicks and juvenile rats [START_REF] Fujii | Repetitive firing properties in subpopulations of the chick Edinger Westphal nucleus[END_REF]Laursen and Rekling, 2006). Laursen and colleagues hypothesized that the repetitive neurons might have ocular functions while the transient neurons could correspond to the EWcp and have a non-ocular function (Laursen and Rekling, 2006).

Our results do not support this hypothesis as none of the EW CART+ neurons, theoretically, project to the CG of the eye (Kozicz et al., 2011). Next, as the EW CART+ neurons express certain P receptors, we investigated the impact of P on them. Surprisingly, P reduced the firing rate of the recorded EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6G). This is counter-intuitive as pregnancy, which corresponds to high levels of P, significantly increased c-Fos levels in the EW CART+ neurons following bouts of nest-building behavior [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2D-E). Importantly, this reduction of firing frequency, following P administration, was associated with an almost systematic switch in firing behavior of the recorded neurons, which became transient [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2H). This effect was specific to P as the administration of a control substance (dimethyl sulfoxide (DMSO)), showed no effect [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2H). One attractive hypothesis, although purely speculative, could be that this transient firing regime, composed of a burst of initial activity, could help peptide release from these atypical, purely peptidergic neurons. Bursting activity in several neuronal populations has already been shown to enable adequate peptide release.

Each oxytocin (OXT) release, for instance, during suckling and milk ejection, is preceded by a short, synchronized burst of activity in most OXT cells in the PVN and supraoptic nucleus (SO) [START_REF] Lincoln | Factors governing the periodic activation of supraoptic and paraventricular neurosecretory cells during suckling in the rat[END_REF][START_REF] Wang | Milk Ejection Burst-Like Electrical Activity Evoked in Supraoptic Oxytocin Neurons in Slices From Lactating Rats[END_REF]. Similarly, high frequency bursts of activity in the gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus, which play key reproductive functions, enables effective GnRH release [START_REF] Hasebe | High-Frequency Firing Activity of GnRH1 Neurons in Female Medaka Induces the Release of GnRH1 Peptide From Their Nerve Terminals in the Pituitary[END_REF].

Next, we decided to try and understand the brain circuit logic underlying preparatory nest-building behavior. To do so, we first mapped, automatically, the efferent projections from the EW CART+ neurons, using a recently developed machine learning tool, optimized for transparized brains: TrailMap (Friedmann et al., 2020), in combination with ClearMap (Renier et al., 2016) (Fig. 18) [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7A-D). In accordance with previous reports (Júnior et al., 2015;[START_REF] Priest | Peptidergic modulation of fear responses by the Edinger-Westphal nucleus[END_REF], we found that the EW CART+ neurons send axons through the majority of the brain, with particularly high densities of projections in areas of the brainstem, midbrain and hypothalamus (Fig. 18B-C). In addition, we did not observe any major changes in the brain-wide projection densities from the EW CART+ neurons between virgin and pregnant animals (Fig. 18D), suggesting that these neurons do not undergo long range remodelling of their projections during pregnancy.

It is possible however, that the tools used to perform the quantifications are not precise enough to capture more subtle effects. It is important to note, also, that the projections hereby quantified, don't imply a functional connection between the EW CART+ neurons and the target regions, as some would merely be fibers of passage in these areas. Thus, in order to study the functional connections of the EW CART+ neurons, it would be important, in the future, to perform similar experiments with viruses expressing proteins that target axonal terminals, such as the membrane-bound synaptophysin [START_REF] Broussard | Dopamine Regulates Aversive Contextual Learning and Associated In Vivo Synaptic Plasticity in the Hippocampus[END_REF][START_REF] Hanson | GABAergic Input From the Basal Forebrain Promotes the Survival of Adult-Born Neurons in the Mouse Olfactory Bulb[END_REF].

Nevertheless, in an attempt to identify potential regions, downstream of the EW CART+ neurons, that could be implicated in preparatory nest-building, we combined and intersected the data of the activity and projection mapping experiments [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7H). We decided to also include data for whole brain activity mapping following chemogenetic activation of the EW CART+ neurons, as the activation of certain regions in the brain, during nest-building, could be unrelated to the activity of the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]:

(Fig. 7H). Importantly, despite the fact that chemogenetic activation did not show any effect on nest-building performance, CNO induced c-Fos expression in the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7F-G), suggesting that they were activated by the drug. Strikingly, we found multiple regions that met all three conditions of being active during preparatory nest-building, activated by chemogenetic stimulation, as well as receiving projections from the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7I-J)

Out of all these regions, many have already been shown to play an important role in nest-building behavior. In the POA, both the MPO (Chapter 3: 3.1) and LPO [START_REF] Tossell | Sleep deprivation triggers somatostatin neurons in prefrontal cortex to initiate nesting and sleep via the preoptic and lateral hypothalamus[END_REF] were shown to modulate nest-building, while activity in the MnPO (MEPO) might signal the transition of the animal into sleep as it completes nest construction [START_REF] Harding | A Neuronal Hub Binding Sleep Initiation and Body Cooling in Response to a Warm External Stimulus[END_REF]. Similarly, the hippocampal formation has extensively been implicated in relation to nest-building behavior (Chapter 3: 3.4). CA2, which is part of the hippocampus, is traditionally known to process social memory information [START_REF] Hitti | The hippocampal CA2 region is essential for social memory[END_REF].

Recent insights however, show a broader implication of this region in various functions [START_REF] Lehr | CA2 beyond social memory: Evidence for a fundamental role in hippocampal information processing[END_REF], amongst which the recognition of salient objects [START_REF] Alexander | Social and novel contexts modify hippocampal CA2 representations of space[END_REF]. It is thus possible that the activity observed in the CA2 region might be related to the presence of nesting material in the cage, as it represents a particularly salient object for a pregnant mouse.

Following the recognition of the nesting material, the ZI, as mentioned previously, might motivate the investigation of the nestlets prior to nest construction [START_REF] Ahmadlou | A cell type-specific cortico-subcortical brain circuit for investigatory and novelty-seeking behavior[END_REF].

Many parts of the amygdala, namely the MeA, central amygdala (CeA), and basolateral amygdala (BLA) were also activated, and received substantial projections from the EW CART+ neurons. Recently, a GABAergic population of neurons in the MeA was shown to play a key role in many aspects of parental behaviors [START_REF] Chen | Sexually Dimorphic Control of Parenting Behavior by the Medial Amygdala[END_REF]) (Chapter 3: 3.2). Although nest-building was not investigated in this study [START_REF] Chen | Sexually Dimorphic Control of Parenting Behavior by the Medial Amygdala[END_REF], it would be interesting to test the possibility that these neurons could also be implicated in nest-building behavior. The BLA and CeA, which have traditionally been studied in the context of fear responses, were also shown to process rewards and use them to motivate behavior [START_REF] Janak | From circuits to behaviour in the amygdala[END_REF][START_REF] Ledoux | The amygdala[END_REF]. Thus, these two regions, together, could be implicated in the motivational aspects of nesting behavior. Many of the activated regions that also received strong projections from the EW CART+ neurons were part of the brainstem reticular formation, namely the paragigantocellular reticular nucleus (PGRN), the magnocellular reticular nucleus (MARN) and the parvocellular reticular nucleus (PARN), all of which bear important motor related functions and could be implicated in the motor aspects of the behavior. The supraoptic nucleus (SO) was also activated, and, according to our data, is the structure that receives the highest projection density from the EW CART+ neurons (Fig. 18C). The relationship between SO activation and its potential function in relation to nesting, however, is elusive. The SO is composed of large neurosecretory neurons that produce OXT and AVP and have classically been involved in lactation and the modulation of stress response [START_REF] Lopes-Azevedo | The Supraoptic Nucleus of the Hypothalamus Modulates Autonomic, Neuroendocrine, and Behavioral Responses to Acute Restraint Stress in Rats[END_REF][START_REF] Moos | Release of oxytocin within the supraoptic nucleus during the milk ejection reflex in rats[END_REF]. Strikingly, some SO neurons produce a similar peptidergic cocktail to the EWcp neurons. They were shown, for instance, to express CART [START_REF] Elias | Characterization of CART neurons in the rat and human hypothalamus[END_REF], and Ucn1 [START_REF] Spina | Colocalization of urocortin and neuronal nitric oxide synthase in the hypothalamus and Edinger-Westphal nucleus of the rat[END_REF]. Additionally, they seem to be sensitive to CCK [START_REF] Caquineau | Effects of Cholecystokinin in the Supraoptic Nucleus and Paraventricular Nucleus are Negatively Modulated by Leptin in 24-h Fasted Lean Male Rats[END_REF][START_REF] Neumann | Stimulation of oxytocin release within the supraoptic nucleus and into blood by CCK-8[END_REF] as well as Ucn1 [START_REF] Pett | Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat and mouse[END_REF]. These peptides, in the SON, were hypothesized to contribute to endocrine and behavioral regulation, through the release of OXT and AVP [START_REF] Landgraf | Vasopressin and oxytocin release within the brain: a dynamic concept of multiple and variable modes of neuropeptide communication[END_REF][START_REF] Ludwig | Dendritic peptide release and peptide-dependent behaviours[END_REF][START_REF] Wotjak | Vasopressin from hypothalamic magnocellular neurons has opposite actions at the adenohypophysis and in the supraoptic nucleus on ACTH secretion[END_REF]. Thus, an exciting, though speculative hypothesis would be that the EWcp could modulate nest-building behavior through its connection with the SO. This hypothesis awaits further investigation.

All in all, a complex picture as to how the EW CART+ neurons might orchestrate preparatory nest-building is starting to emerge (Fig. 19) [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7J). As the EW CART+ neurons exhibit such a wide-spread projection pattern (Fig. 18B-C), and activate a diverse set of downstream brain targets [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7I-J), it seems unlikely that a single downstream brain region could modulate preparatory nest-building, following the activation of the EW CART+ neurons. On the contrary, complex behaviors such as nest-building, result from the processing of sensory cues (e.g. pups, ambient temperature), internal cues (hormones), and the integration of internal states (e.g. hunger, stress). Consequently, it would seem logical that the EW CART+ neurons modulate nest-building behavior, and more specifically preparatory nest-building during pregnancy, via a more global, neuromodulatory effect on the brain, releasing neuropeptides through its diffuse long-range projections.

However, what are the neuropeptides used by the EW CART+ neurons that drive the observed effects? To test the implication of the neuropeptides expressed by the EW CART+ neurons in nest-building, we performed virally targeted knock-downs of several of them using the clustered regularly interspaced short palindromic repeats (CRISPR) technology [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 3C-D). To our surprise, none of the single peptide knock-downs tested (Ucn1, CART, CCK) disturbed preparatory nest-building behavior. In contrast, removing all three had a modest, yet significant effect on nest-building [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 3D).

This not only suggests that those peptides might be redundant, but also suggests that some other, untested peptides might play an important role in modulating nest-building behavior. All in all, our study implicates, for the first time, a small neuronal population located in the EW nucleus of the midbrain, in the modulation of a complex ethological behavior: nest-building. More specifically, during pregnancy, these neurons seem to orchestrate the behavioral transition leading to preparatory nest-building. However, what could be the role of these neurons in relation to nesting? A large body of literature points towards the importance of the peptidergic EWcp in stress adaptation. One of the reasons that motivated the study of the peptidergic EWcp in relation to stress is the fact that they express the Ucn1 neuropeptide [START_REF] Vaughan | Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor[END_REF]. Indeed, Ucn1 belongs to the corticotropin-releasing factor (CRF) family of proteins, an important group of peptides implicated in stress [START_REF] Dedic | The CRF Family of Neuropeptides and their Receptors -Mediators of the Central Stress Response[END_REF].

This group is composed, in mammals, of CRF [START_REF] Vale | Chemical and biological characterization of corticotropin releasing factor[END_REF], Ucn1 [START_REF] Vaughan | Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor[END_REF], Ucn2 [START_REF] Hsu | Human stresscopin and stresscopin-related peptide are selective ligands for the type 2 corticotropin-releasing hormone receptor[END_REF] and Ucn3 [START_REF] Lewis | Identification of urocortin III, an additional member of the corticotropin-releasing factor (CRF) family with high affinity for the CRF2 receptor[END_REF]. Ucn1 binds two receptors, CRF-R1 and CRF-R2, which are differentially expressed in the brain and are involved in different functions [START_REF] Dedic | The CRF Family of Neuropeptides and their Receptors -Mediators of the Central Stress Response[END_REF]. Importantly, while Ucn1 binds both receptors, it has a stronger affinity for CRF-R2 and more potently stimulates adrenocorticotropic hormone (ACTH) release from anterior pituitary cells than CRF itself [START_REF] Vaughan | Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor[END_REF]. Thus, as the peptidergic EWcp is the main source of Ucn1 in the central nervous system [START_REF] Bittencourt | Urocortin Expression in Rat Brain: Evidence Against a Pervasive Relationship of Urocortin-Containing Projections With Targets Bearing Type 2 CRF Receptors[END_REF][START_REF] Vaughan | Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor[END_REF][START_REF] Weitemier | Lesions of the Edinger-Westphal Nucleus Alter Food and Water Consumption[END_REF], these observations prompted the idea that the EWcp might play an important role in stress response. Accordingly, in rats, exposure to a wide variety of stressors such as acute restraint [START_REF] Weninger | Urocortin Expression in the Edinger-Westphal Nucleus Is Up-Regulated by Stress and Corticotropin-Releasing Hormone Deficiency1[END_REF], pain [START_REF] Kozicz | The Activation of Urocortin Immunoreactive Neurons in the Edinger-Westphal Nucleus Following Acute Pain Stress in Rats[END_REF], cold exposure [START_REF] Cano | Anatomical substrates for the central control of sympathetic outflow to interscapular adipose tissue during cold exposure[END_REF], cage exchange [START_REF] Cano | Neural Circuitry of Stress-Induced Insomnia in Rats[END_REF], lipopolysaccharide injection [START_REF] Kozicz | Neurons colocalizing urocortin and cocaine and amphetamine-regulated transcript immunoreactivities are induced by acute lipopolysaccharide stress in the Edinger-Westphal nucleus in the rat[END_REF], and ether [START_REF] Korosi | Chronic ether stress-induced response of urocortin 1 neurons in the Edinger-Westphal nucleus in the mouse[END_REF] induced c-Fos in the peptidergic EWcp, and even, for some of them, triggered an increase of Ucn1 mRNA expression in the same cells [START_REF] Korosi | Chronic ether stress-induced response of urocortin 1 neurons in the Edinger-Westphal nucleus in the mouse[END_REF][START_REF] Kozicz | The Activation of Urocortin Immunoreactive Neurons in the Edinger-Westphal Nucleus Following Acute Pain Stress in Rats[END_REF][START_REF] Weninger | Urocortin Expression in the Edinger-Westphal Nucleus Is Up-Regulated by Stress and Corticotropin-Releasing Hormone Deficiency1[END_REF]. This did not apply to every type of stressor, however, as hyperosmotic and hypotensive hemorrhage stresses did not activate these neurons despite the induction of adrenal response [START_REF] Gaszner | Urocortinergic neurons respond in a differentiated manner to various acute stressors in the Edinger-Westphal nucleus in the rat[END_REF]. Also, some of these effects seem to be species specific, as restraint stress, in mice, did not induce c-Fos expression in the peptidergic EWcp [START_REF] Spangler | Differential sensitivity of the perioculomotor urocortin-containing neurons to ethanol, psychostimulants and stress in mice and rats[END_REF][START_REF] Turek | Expression of c-Fos in the mouse Edinger-Westphal nucleus following ethanol administration is not secondary to hypothermia or stress[END_REF].

Strikingly, the temporal activation of these neurons by stressors dramatically contrasted with other neurons known to mediate stress responses, such as the CRF neurons in the PVN (PVN CRF+ ). While the PVN CRF+ neurons are quickly activated by a stressor [START_REF] Viau | Hypophysiotropic neurons of the paraventricular nucleus respond in spatially, temporally, and phenotypically differentiated manners to acute vs. repeated restraint stress: Rapid publication[END_REF], peptidergic EWcp neurons show a delayed activation that lasts for long periods of time [START_REF] Kozicz | The Activation of Urocortin Immunoreactive Neurons in the Edinger-Westphal Nucleus Following Acute Pain Stress in Rats[END_REF]. Moreover, while PVN CRF+ clearly show habituation to chronic stressors (their activation is reduced if the stress is chronic), peptidergic EWcp neurons do not [START_REF] Korosi | Chronic ether stress-induced response of urocortin 1 neurons in the Edinger-Westphal nucleus in the mouse[END_REF][START_REF] Xu | Stress-related changes in the activity of cocaine-and amphetamine-regulated transcript and nesfatin neurons in the midbrain non-preganglionic Edinger-Westphal nucleus in the rat[END_REF]. This led to the idea that the peptidergic EWcp might play a role in stress adaptation and the restoration of homeostasis following challenge [START_REF] Kozicz | On the role of urocortin 1 in the non-preganglionic Edinger-Westphal nucleus in stress adaptation[END_REF][START_REF] Rouwette | Differential responses of corticotropin-releasing factor and urocortin 1 to acute pain stress in the rat brain[END_REF][START_REF] Xu | Stress-related changes in the activity of cocaine-and amphetamine-regulated transcript and nesfatin neurons in the midbrain non-preganglionic Edinger-Westphal nucleus in the rat[END_REF]. Consistent with this idea, mice that cope better with chronic stress have a stronger activation of the peptidergic EWcp [START_REF] Kim | Whole-Brain Mapping of Neuronal Activity in the Learned Helplessness Model of Depression[END_REF].

To recontextualize, we have seen that nests are essential structures, built by animals to cope with a variety of stressors as they offer protection against predators, and enable proper thermoregulation. Thus, it is possible that the activation observed in the peptidergic EWcp of virgin females could reflect their "need" to build a nest to reduce both the thermal stress and the psychological stress induced by the behavioral experiment, as the animals were deprived of a nest for the night preceding the behavioral recording [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2D-E).

However, as this activation required the presence of nesting material (control virgin females did not show an activation of the peptidergic EWcp), this suggests that the peptidergic EWcp might not be directly important to cope with the stressful situation per se, but more to enable its termination. Thus, in the right conditions (if nesting material is available, and no nest is present), the recruitment of the peptidergic EWcp might signal the need of the animal to build a nest, probably, to put an end to a physically and psychologically challenging situation. As the presence of nesting material seems to be necessary for the activation of the peptidergic EWcp, an interesting experiment would be to provide visible, yet inaccessible nesting material to a mouse, as activation of the peptidergic EWcp in this case would encode the "necessity" to build a nest and not the motor execution of the behavior itself. Nest-building is also well known to be sensitive to stress, pain and is often considered a sign of well-being in mice [START_REF] Deacon | Assessing Burrowing, Nest Construction, and Hoarding in Mice[END_REF]Jirkof, 2014;Jirkof et al., 2013;[START_REF] Loo | Impact of "living apart together" on postoperative recovery of mice compared with social and individual housing[END_REF][START_REF] Otabi | Subchronic and mild social defeat stress alter mouse nest building behavior[END_REF][START_REF] Otabi | The acute social defeat stress and nest-building test paradigm: A potential new method to screen drugs for depressive-like symptoms[END_REF][START_REF] Otabi | Assessment of nest building and social interaction behavior in mice exposed to acute social defeat stress using a three-dimensional depth camera[END_REF]. As the EWcp is implicated in stress adaptation, this could explain why the activation of the EWcp enables the natural unwinding of nest-building behavior, even in stressful conditions, such as the laboratory.

In addition, we have seen that pregnancy is an extremely challenging and stressful period for the mother, as she has to supply nutrients to the growing fetus(es) as well as her own, adapting, body (Chapter 2:2.3). Thus, during pregnancy, a nest is especially important as it helps the mother to lower her overall energy expenditure and reallocate this energy to grow healthier young, and prepare for their birth. As the activation of the peptidergic EWcp was even higher in mice building a preparatory nest [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 2B), it is thus tempting to speculate that the peptidergic EWcp might differentially modulate nest-building behavior during pregnancy, as the necessity to cope with stressful and challenging situations during this period is dramatically enhanced. Importantly, while we show that the EWcp expresses certain non-canonical receptors for P, and seem to be directly sensitive to P [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6), several other lines of evidence point towards the fact that the peptidergic EWcp is receptive to the hormones of pregnancy. Peptidergic EWcp neurons, both in mice and rats, were shown to express estrogen receptor beta (ER-β), but not estrogen receptor alpha (ER-α) [START_REF] Derks | Presence of estrogen receptor β in urocortin 1-neurons in the mouse non-preganglionic Edinger-Westphal nucleus[END_REF][START_REF] Derks | Sex-specific expression of BDNF and CART in the midbrain non-preganglionic Edinger-Westphal nucleus in the rat[END_REF]. Additionally, ER-β as well as Ucn1 mRNA levels strongly fluctuate during the estrous cycle, reaching high levels in proestrus (high E)

and low levels in diestrus (low E) [START_REF] Derks | Sex differences in urocortin 1 dynamics in the non-preganglionic Edinger-Westphal nucleus of the rat[END_REF]. Ucn1 immunoreactivity was also shown to decrease during late stages of pregnancy [START_REF] Fatima | Reduced urocortin 1 immunoreactivity in the non-preganglionic Edinger-Westphal nucleus during late pregnancy in rats[END_REF]. This is particularly interesting, as E was shown to inhibit nest-building activity in mice [START_REF] Lisk | Oestrogen and progesterone synergism and elicitation of maternal nest-building in the mouse (Mus musculus)[END_REF]Lisk et al., 1969;[START_REF] Murakami | Distinct Effects of Estrogen on Mouse Maternal Behavior: The Contribution of Estrogen Synthesis in the Brain[END_REF], which is at the opposite of the effects of P. One exciting possibility would be that the EWcp can bidirectionally modulate nest-building behavior, during pregnancy, based on the hormonal regime that it is exposed to. In other words, P at the beginning of pregnancy, in mice, would induce change at the level of the EWcp, that could facilitate its peptide release, while E in the late stages of pregnancy would inhibit the EWcp, and thus hamper nest-building behavior to enable successful delivery.

Conclusion

Some animal nests are true architectural marvels (Fig. 1). Although their complexity has, for a long time, captured the interest of many famous scientists [START_REF] Darwin | The Descent of Man and Selection in Relation to Sex[END_REF][START_REF] Tinbergen | Specialists in nest-building[END_REF][START_REF] Wallace | The philosophy of birds' nests[END_REF], surprisingly little is known as to how this elaborate behavior is orchestrated within the brain. While nests play essential roles for the survival of their owners (Chapter 1:1.3-1.6), they are instrumental for the proper development and survival of their offspring (Chapter 2:2.2). In consequence, many parents build better, more insulating nests to welcome their young (Chapter 2). While several brain regions have been implicated in thermoregulatory and parental nest-building behavior throughout the last decade (Chapter 3), the mechanisms controlling preparatory nest-building behavior remain elusive. Although hormones play a pivotal role in the induction of preparatory nest-building in many species (Chapter 2:2.4), very little is known about their targets in the brain which are at the origin of these effects (Chapter 3:3.11). In this study, we identified a small population of peptidergic neurons, located in the Edinger-Westphal nucleus of the midbrain (EW CART+ ), as a key node in the control of nest-building behavior. We demonstrated that the EW CART+ neurons are both necessary and sufficient for the proper unwinding of nest-building behavior [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 45). Strikingly, the absence of these neurons dramatically hampered the transition towards preparatory nest-building during pregnancy, a characteristic feature of gestation [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 4B). Thus, in addition to their more general role in thermoregulatory nesting, these neurons also orchestrate the transition towards preparatory nesting during pregnancy. Importantly, we demonstrated that these neurons are directly receptive to progesterone [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6F), a key hormone of pregnancy, and that progesterone directly modulates the electrophysiological properties of the EW CART+ neurons [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 6G-H), which could, in turn, directly improve their capacity to release peptides. Importantly, we found that the EW CART+ neurons modulate a widespread circuit of downstream brain regions, many of which have already been implicated in nest-building behavior [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]: (Fig. 7I-J). All these results point towards the general importance of the EW CART+ neurons in nesting behavior.

The EW CART+ neurons have historically been implicated in stress adaptation and are thought to be important for the restoration of homeostasis following challenge. As nests provide safe environments that reduce the overall stress levels of an animal [START_REF] Kulesskaya | Evaluation of Social and Physical Enrichment in Modulation of Behavioural Phenotype in C57BL/6J Female Mice[END_REF], the EW CART+ might stimulate nest-building behavior to cope with a variety of challenges. These challenges can be variable, like the need to maintain a stable body temperature in a cold environnement, for instance, or more generally to restore homeostasis in a stressful situation.

Many of these challenging situations were shown to activate the EW CART+ neurons [START_REF] Cano | Anatomical substrates for the central control of sympathetic outflow to interscapular adipose tissue during cold exposure[END_REF][START_REF] Weninger | Urocortin Expression in the Edinger-Westphal Nucleus Is Up-Regulated by Stress and Corticotropin-Releasing Hormone Deficiency1[END_REF], and usually, building a nest helps to terminate them (Chapter 1:1.5) [START_REF] Kulesskaya | Evaluation of Social and Physical Enrichment in Modulation of Behavioural Phenotype in C57BL/6J Female Mice[END_REF]. Additionally, pregnancy constitutes a time of extreme psychological and physical stress as the mother has to sustain the development of her young in addition to her own energy requirements. Thus, pregnancy should be the time during which the adaptation to stress is the most effective. During this period, the EWcp plays a critical role in the construction of an improved, preparatory nest [START_REF] Topilko | Portal Orientation and Architecture of Burrows in Tympanoctomys barrerae (Rodentia, Octodontidae)[END_REF]. Such a nest helps the mother to cope with her enhanced energy requirements but also, indirectly, prepares a safe home for the young to come. Nevertheless, pregnancy is also a time of extreme fragility [START_REF] Davis | Pregnancy as a period of risk, adaptation, and resilience for mothers and infants[END_REF], as many women are particularly vulnerable to depression during this period [START_REF] Ajinkya | Depression during pregnancy: Prevalence and obstetric risk factors among pregnant women attending a tertiary care hospital in Navi Mumbai[END_REF]. Similarly, the malfunction of the EWcp has been linked to stress maladaptation and depression [START_REF] Gaszner | The behavioral phenotype of pituitary adenylate-cyclase activating polypeptide-deficient mice in anxiety and depression tests is accompanied by blunted c-Fos expression in the bed nucleus of the stria terminalis, central projecting Edinger-Westphal nucleus, ventral lateral septum, and dorsal raphe nucleus[END_REF][START_REF] Kozicz | Gender-related urocortin 1 and brain-derived neurotrophic factor expression in the adult human midbrain of suicide victims with major depression[END_REF]. All in all, I suggest that the EWcp modulates nest-building to dynamically adjust to diverse challenging situations. Amazingly, as these neurons are also receptive to hormonal cues, they can act differentially on nest-building based on the physiological context of the animal. At the end, who has never felt homesick? Being home feels good, and this, for a 
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 3 Figure 3: The role of experience in nest-building capabilities. An example picture of a nest built by an
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 4 Figure 4: The nest represents a protected site against predators. (A) Scheme representing the different
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 5 Figure 5: The nest facilitates the transition into sleep. By building a nest, the animal creates a warm microclimate that increases skin and body temperature. The warmth information is conveyed through the spinal cord to the lateral parabrachial nucleus (LPb) in the brainstem (Nakamura and Morrison, 2008), which activates glutamatergic (GLU) neurons in the median preoptic nucleus (MEPO) and the medial preoptic area (MPO)
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 6 Figure 6: Nests are integral for courtship. (A) In the three-spined sticklebacks (Gasterosteus aculeatus), the nest plays a fundamental role in courtship behavior. (B) Similarly, many bowerbirds (here satin bowerbirds (Ptilonorhynchus violaceus)) build a "nest-like" structure, called the bower, which plays a critical role in courtship behavior, and is pivotal for male selection.
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 7 Figure 7: The important distinction between thermoregulatory, preparatory and parental nest-building.
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 8 Figure 8: Hormones differentially modulate preparatory nest-building across mammalian species.
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 9 Figure 9: Summary of brain regions and their connections involved in nest-building behavior. Regions in red were shown to positively affect nest-building activity while blue regions were shown to negatively affect nesting. The AHN and PAG were correlated with poor nest-building performance but their implication was not functionally tested. Areas bearing the two colors both stimulate and inhibit nest-building behavior based on different neuronal populations. Arrows represent direct evidence of a connection stimulating nesting, while flat-ended lines represent direct proof of a projection inhibiting nest-building. The brain regions represented are: the main olfactory bulb (MOB); accessory olfactory bulb (AOB); septum (Sep); prefrontal cortex (PFC); nucleus accumbens (NAc); anterior hypothalamic nucleus (AHN); medial preoptic area (MPO); lateral preoptic area (LPO); medial amygdala (MeA); arcuate nucleus (ARC), lateral hypothalamus (LHA); paraventricular nucleus of the hypothalamus (PVN); ventral tegmental area (VTA); Hippocampus (HIP); periaqueductal gray (PAG) and dorsal raphe (DR).
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 10 Figure 10: Summary of brain regions and their connections involved in nest-building behavior. This table aims to summarize a large body of literature implicating numerous brain regions in nest-building behavior.
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 1 Figure 1. Preparatory nesting is a plastic behavior enabled by the elongation of nesting bouts in wake-to-sleep sequences.

(

  C) Rolling average curve of the mean daily nest score of virgin, pseudopregnant and pregnant mice, and the mean score calculated for each mice in the first and second weeks of pregnancy. (D) Event plots of nesting, grooming and sleep behaviors recorded for 1h after the addition of nestlets in virgin and pregnant mice at E15 (each row is a mouse). Nesting bouts are longer and occupy most of the active time in pregnant females. (E) Detail of a wake-to-sleep behavioral sequence in a virgin and an E15 pregnant mice. While the grooming bouts are comparable in both mice, nesting bouts are extended in pregnant females. (F) Cumulative curve of nest time based on (D). E15 Pregnant females initiate nesting sooner, and spend more time nesting than virgin females. (G) Comparisons of the overall uninterrupted nesting time (bouts of 1 minute or more) of virgin and pregnant females. E15 pregnant females maintain long uninterrupted nesting bouts.

Figure 2 .

 2 Figure 2. Brain-wide search identifies the peptidergic neurons of the Edinger-Westphal nucleus as selectively more active in pregnant female nest builders. (A) Strategy to map activity-dependent Fos expression in nest builders. (B) Generation of statistical maps of Fos+ cell distribution using iDISCO+ clearing and light sheet microscopy. (C) Design of the different experimental groups: 5 groups of 2 conditions were considered for the comparative study of nesting-induced regions. Two types of induced regions are further considered: nesting-induced regions found in all groups (greige) and regions specific to both pregnant and pseudopregnant mice (orange). (D) Volcano plot of nesting-induced regions in pregnant females as fold-change in Fos+ cells (nest-builders over controls). Significant regions appearing in all nest-builder groups are the MEPO, GRN, ZI and CA1 and 3 (tan-colored). Significant regions present only in pregnant and pseudopregnant animals are the motor pontine formation and the Edinger-Westphal nucleus (EW). (E) Coronal and sagittal views of the p-value of the voxel maps of Fos+ cell densities at the level of the EW nucleus in virgin, pregnant and pseudopregnant female mice, showing the

Figure 3 .

 3 Figure 3. CART and CCK signaling by Edinger-Westphal neurons is necessary for high nest scores in virgin and pregnant mice. (A) Sections at the level of the EWcp nucleus, immunolabeled for Ucn1 and CART, and hybridized for cck, slc32a1 (vgat), slc17a6 (vGluT2) or cartpt (CART). Ucn1+ neurons of the EWcp nucleus co-express CART and CCK, but no markers of fast neurotransmission (vglut2 or vgat). (B) Ucn1 and Fos immunolabeling in virgin and pregnant controls or nest builders. Fos colocalization is significantly increased in Ucn1+ neurons during nesting in pregnant nest builders. Fos/Ucn1+ double positive neurons are also significantly increased in virgin nest builders. (C) Sections at the level of the EW nucleus in animals injected in the EW with 3 AAVs expressing a saCas9 and one of 3 gRNAs targeting Ucn1, CART or CCK expression, showing the specific deletion of each gene. (D) Rolling-average nest scores of these animals. Only the triple knock-down has significantly reduced scores (red arrow), but the CART and CCK curves stay below the brooding nests scores (yellow and pink arrows).(E) Proportion of mice transitioning to preparatory nesting in the cohort. CART and CCK knock-downs reduce the proportion of mice consistently building preparatory nests.

Figure 4 .

 4 Figure 4. Peptidergic neurons of the Edinger-Westphal are required for preparatory nesting during pregnancy (A) CART+ neurons specific lesion: brain sections immunolabeled for CART at different levels of the EWcp nucleus following an injection of an AAV1 virus carrying a loxed endogenously activated taCasp3-TEVp construct. The number of CART+ neurons is strongly reduced in CART-cre animals compared to controls injected WT.

Figure 5 .

 5 Figure 5. Peptidergic Edinger-Westphal neurons activation precedes nesting and control behavioral transitions to nesting. (A) Fiber photometry recording of EWcp neurons calcium activity with GCaMP7s. (B) Motion-corrected (isosbestic point) calcium-dependent fluorescence over a full sequence of behavior, with zooms at the level of the waking, nesting and sleep transitions in virgin females. Two different modes of activity are visible, during wakefulness and during sleep. (C) Peri-event plots of awakening, nesting and sleep transitions in virgin females. Activity of the EWcp CART+ neurons peaks after the animal wakes up, and rises before nesting onset, and falls at sleep onset. (D) Acute inhibition of EWcp CART+ neurons with HM4Di in Cart-Cre mice. (E) Cumulative nestlets interaction time in E14-E15 pregnant females injected with an AAV2 expressing HM4Di or mCherry, following saline or CNO IP injections over 5h. CNO injected females spend less time nesting and more time sleeping than saline injected mice for the hM4Di injected group only. (F) Pairwise comparisons of total nesting and sleep times in mice injected with the control or HM4Di virus, following saline and CNO injections. (G) Behavioral transitions following saline or CNO injections in hM4Di-injected pregnant females, with a significant reduction in switches towards nesting. (H) Regimen of acute stimulations of the EWcp CART+ neurons with ChrimsonR in virgin Cart-Cre females.

Figure 6 .

 6 Figure 6. Peptidergic Edinger-Westphal neurons properties are modulated by progesterone and are required for the action of progesterone on preparatory nesting. (A) Progesterone implantation in virgin mice. Subcutaneous implantation of progesterone triggers the onset of preparatory nesting by itself. The effect of the implants on preparatory nesting is blunted in Cart-Cre lesioned mice compared to WT controls. (B) Quantification of nests scores following implantation in WT controls and Cart-Cre lesioned mice. Nest scores are significantly reduced in lesioned mice over controls. (C) Only 22% of lesioned mice transition to preparatory nesting 2 weeks after implantation instead of 71% of control mice. (D) Patch recording in acute slices of the CART+ EWcp neurons in Cart-Cre mice injected with an AAV1-DIO-eYFP virus to visually guide the patch pipette. Spontaneous tonic firing and postsynaptic excitatory currents (sEPSC) at resting membrane potential and -70mV respectively. (E) Evoked firing at the -70mV holding potential reveals 3 types of responses in the CART+ population: repetitive regular firing, repetitive irregular and transient bursting neurons. (F) Section at the level of the EW nucleus immunolabeled for CART and mPR or mPR , showing expression of membrane progesterone receptors in some CART neurons (arrows). (H) Firing frequency at resting membrane potential of CART+ EWcp neurons, showing a decrease of the spontaneous firing rate 15 minutes after the application of progesterone at 1µM. Frequency changes are represented in % of control measured at the onset of the recording in control condition (DMSO) or at the time of drug application. (I) Conversion of the evoked firing following the application of progesterone, from repetitive or intermediate to bursting firing.

Figure 7 .

 7 Figure 7. Peptidergic neurons of the EWcp enable preparatory nesting through the modulation of a broad network of downstream arousal and nesting centers in the brain. (A) Whole brain mapping of labeled CART+ EWcp projections with iDISCO+ clearing. Sagittal projection of the lightsheet data is shown. (B) Atlas-aligned raw data (coronal projections). (C) Segmented projections of CART+ EWcp neurons using TrailMap and ClearMap, showing dense projections in the brainstem and hypothalamus. (D) Coronal section of the segmented data highlighting regions of dense projections. (E) Strategy to map the brain-wide activation pattern elicited by the stimulation of CART+ EWcp neurons in HM3Dq or mCherry injected pregnant mice. (F) Sections at the level of the EW in mice injected with CNO or saline, immunolabeled for Fos and mCherry, showing the induction of Fos expression following CNO injection. (G) Whole-brain mapping with iDISCO+ of Fos expression evoked by CNO injections in E15 pregnant females over saline-injected pregnant females, showing induction of Fos in the EW. (H) Combined whole brain datasets of projection and activation patterns. (I) Overlap of projection and activation maps reveal regions downstream of the CART+ EWcp neurons in the preoptic areas and brainstem reticular formation. (J) Volcano plot of Fos expression in brain regions induced by CNO over saline in CART-cre mice injected with AAV2-DIO-HM3Dq. Regions highlighted in green are also significantly activated during nesting (based on voxel maps) and receive projections from CART+ EWcp neurons.
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 3 AAVs expressing different gRNAs were obtained for each gene. Catalogue numbers are AA01-MCP001598-AD01-3-200 a, b and c (UCN1, both variants NM_021290.2 & NM_001346010.1), 217AA01-CCPCTR01-AD01-100 (scrambled), 217AA01-MCP291368-AD01-3-200 a, b and c (CCK, NM_031161.4) and 217AA01-MCP299483-AD01-3-200 (Cartpt, NM_013732.7). AAV1-flex-taCasp3-TEVp (28) DNA was obtained from Addgene (ref. 45580) and produced at the Paris Brain Facility viral core. pAAV-EF1a-DIO-ChrimsonR-mRuby2-KV2.1-WPRE-SV40 (32) AAV9 particules were obtained from Addgene (ref 124603-AAV9). pAAV-Ef1a-DIO-EYFP AAV2 particules were obtained from Addgene (ref 27056-AAV2). pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (AAV1) (30) AAV1 particules were obtained from Addgene (ref 104491-AAV1). pAAV-hSyn-DIO-hM3D(Gq)-mCherry, pAAV-hSyn-DIO-mCherry and pAAV-hSyn-DIO-hM4D(Gi)-mCherry AAV2 particules (31) were obtained from Addgene (ref 44361-AAV2, 50459-AAV2 and 44362-AAV2).

  pregnant female Cart-Cre mice injected with a Cre-dependent eYFP AAV expressing eYFP in the EW for evoked firing. Virus injection was performed at least one week before the recordings. Animals were deeply anesthetized with isoflurane and decapitated. Brains were quickly removed and immersed in ice-cold (4°C) cutting solution containing (in mM): 200 sucrose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7 MgSO4, 0.5 CaCl2, 3 pyruvic acid, 3 myoinositol, 0.4 ascorbic acid and 16 glucose, saturated with 95% O2 / 5% CO2. Slices were cut with a vibratome (Leica) in cutting solution and incubated in oxygenated artificial cerebrospinal fluid (aSCF) containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25 NaH2PO4, 26 NaHCO3 and 16 glucose (pH 7.4), initially at 34°C for 30 min, and subsequently at room temperature, before being transferred to the recording chamber. Whole cell patch-clamp recordings were obtained at 30°C from visually identified GFP+ CART neurons of the EW.Glass electrodes (tip resistance of 2-4 MΩ) were filled with the following solution (in mM): 133 K-gluconate, 11 KCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 4 Naphosphocreatine; pH adjusted to 7.2 with KOH; 280-300 mOsm. The estimated E Cl was approximately -65 mV based on the Nernst equation, without correction for gluconategenerated liquid junction potential. Spontaneous AMPA receptor-mediated excitatory synaptic events were pharmacologically isolated in the presence of 50 µm picrotoxin (0.0005% DMSO final) and 50 µm D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5) in the aCSF bath perfusion to block inhibitory GABAA receptors-mediated and glutamatergic NMDA receptormediated synaptic events, respectively, and recorded in voltage-clamp mode at a holding potential of -70 mV. During current clamp recordings, slices were continuously perfused with aCSF containing 20 µm 6,7-Dinitroquinoxaline-2,3-dione (DNQX), an AMPA/kainate antagonist in addition to picrotoxin and D-AP5 to completely block fast inhibitory and excitatory synaptic transmission. For progesterone incubations, 1 µM progesterone (Sigma)

  size. Investigators were blind to the experimental conditions. Multivariate data was analyzed by non-parametric one-way ANOVA (Kruskal-Wallis test) with Dunn's multiple comparisons test and two-way ANOVA with Tukey-Kramer's multiple comparisons test. Comparisons between two conditions were analyzed by unpaired Mann-Whitney ranked U test. Paired analysis were done with Wilcoxon's signed rank test. Statistical analysis was performed using R through Python 3.8 (rpy2, scipy) and GraphPad PRISM version 8.2.0. Python 3.8 (matplotlib)

Figure 11 :

 11 Figure 11: Parental behaviors underlie a widespread circuit in the brain and are plastic throughout the life of an animal. (A) Parental behaviors are widely diversified and highly conserved across many animal

Figure 12 :

 12 Figure 12: Inter-individual variability of daily nest-building behavior in virgin female mice. While nest-building capabilities of virgin mice were relatively poor compared to pregnant females, we noticed a strong inter-individual variability in nest-building performance of virgin female mice. The top row depicts the simple

Figure 13 :

 13 Figure 13: The system used for video recordings and automated nest-building tracking. To automatically segment nest-building behavior, we developed and built our own system. (A) The homemade cage, built to perform the video recordings of nest-building behavior. The cage was inspired by a previously published design (Chaumont et al., 2019) and used a Kinect v2 (Microsoft ® ) to record both color and depth video streams. (B) Example color image obtained with the Kinect v2. Red arrows point towards nesting material. (C) Example depth image obtained with the Kinect v2. Darker colors represent elevated objects (closer to the camera sensor), while yellow objects are the furthest. As we can see, the nesting material clearly pops out from the background in terms of height (darker colors compared to the cage bedding, red arrows). (D) Example plots generated by the automated nest-building segmentation software that we developed(https://github.com/Tom-top/TopMouseTracker). The top plot depicts the general locomotion of the animal (position tracking). Blue traces correspond to the period prior to nest-building initiation, while red traces correspond to the period after nesting has been initiated. The middle plot represents the average computed cotton height over time (mean pixel value of the nesting material mask applied to the depth channel). The bottom plot represents an example of an automated nest-building raster plot generated from the temporal height data of the nesting material.

Figure 14 :

 14 Figure 14: The MPO and BNST are activated during preparatory nest-building. (A) Cartoon representing the pipeline used to perform the automated c-Fos mapping experiment, similarly to what was previously done

Figure 17 :

 17 Figure 17: Genetically targeted lesion of the EWcp does not affect anxiety, nor pup retrieval in the lesioned animals. (A) Cartoon presenting the viral construct used (Yang et al., 2013) to perform the genetically targeted lesion of the EWcp, as well as the mechanism of action leading to the lesion of the Cre + infected cells. (B) Example histology sections spanning the whole rostro-caudal extent of the EWcp showing the effective lesioning of the EWcp. (C) Using the elevated plus maze paradigm (EPM), we did not observe any major differences in anxiety between lesioned and control animals. (D) Similarly, using the light-dark box paradigm

Figure 18 :

 18 Figure18: 3D mapping of the efferent projections from the EW CART+ neurons. (A) Cartoon depicting the experimental procedure used to map the efferent projections from EW CART+ neurons. Briefly, CART-Cre animals were injected, in the EW, with a Cre-dependent anterograde adenovirus expressing a reporter gene (enhanced yellow fluorescent protein: EYFP). Brains were harvested, stained to amplify the EYFP staining, cleared using iDISCO +[START_REF] Renier | iDISCO: A Simple, Rapid Method to Immunolabel Large Tissue Samples for Volume Imaging[END_REF], imaged with the LaVision Biotec Ultramicroscope (light-sheet), and the projections were segmented and quantified using a combination of the TrailMap(Friedmann et al., 2020) and ClearMap(Renier et al., 2016) tools. (B) Example 3D views of the EW CART+ efferent projections. (C) Brain-wide quantification of projection densities from the EW CART+ neurons. The hypothalamus, midbrain, and brainstem receive very dense projections. (D) Comparing brain-wide projection densities from the EW CART+ neurons between virgin and pregnant females did not show any differences.

Figure 19 :

 19 Figure 19: Summary of brain regions stimulated by the activation of the EW CART+ neurons and nest-building behavior. This cartoon summarizes the results from (Topilko 2021): (Fig. 7I-J). Nest-building as well as the chemogenetic stimulation of the EW CART+ neurons elicits the activation of many brain regions that have already been implicated in nest-building behavior. Regions colored in red and blue were previously shown to positively and negatively influence nest-building, respectively. Regions with a yellow glow were c-Fos positive in the context of nest-building, were activated by chemogenetic stimulation of the EW CART+ neurons and received projections from these neurons. The brain regions represented are: The median preoptic area (MEPO); medial preoptic area (MPO); lateral preoptic area (LPO); supraoptic nucleus (SO); central amygdala (CeA); basolateral amygdala (BLA); medial amygdala (MeA); Zona incerta (ZI); centrally-projecting Edinger-Westphal nucleus (EWcp); hippocampus (HIP) and its CA2 region; periaqueductal gray (PAG); parvicellular reticular nucleus (PARN); paragigantocellular reticular nucleus (PGRN) and the magnocellular reticular nucleus (MARN).

  simple reason: Home is a safe environment, full of positive memories, where one is surrounded by the ones they love and enjoy being surrounded by (well, at least most of the time). Paper 3: Kirst C. et al., (2020). Cell. Full citation: Kirst C, Skriabine S, Vieites-Prado A, Topilko T, Bertin P, Gerschenfeld G, Verny F, Topilko P, Michalski N, Tessier-Lavigne M, Renier N. Mapping the Fine-Scale Organization and Plasticity of the Brain Vasculature. Cell. 2020 Feb 20;180(4):780-795.e25. doi: 10.1016/j.cell.2020.01.028. Epub 2020 Feb 13. PMID: 32059781.
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Midbrain peptidergic neurons enable maternal nesting
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SUMMARY

Optimizing reproductive fitness in mammalian females requires behavioral adaptations during pregnancy. Maternal preparatory nesting is an essential behavior for the survival of the upcoming litter. Brain-wide immediate early gene mapping in mice evoked by nesting sequences revealed that phases of nest construction strongly activate peptidergic neurons of the Edinger-Westphal nucleus in pregnant mice. Genetic ablation, bidirectional neuromodulation, and in vitro and in vivo activity recordings demonstrated that these neurons are essential to modulate arousal before sleep to promote nesting specifically. We show that these neurons enable the behavioral effects of progesterone on preparatory nesting by modulating a broad network of downstream targets. Overall, our study deciphers the role of midbrain neurons in behavioral adaptations during pregnancy vital for reproductive fitness. (C) long-term evolution of nesting through pregnancy and after weaning in a cohort of mice.
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After the weaning of the litter, nesting scores return to their baseline in primiparous females.

(D) Nesting scores in males are on average higher than in virgin females, but mating doesn't induce preparatory nesting in males.

(E) Segmentation of male nesting behavior before and after mating during 1h at the onset of the light phase, showing no effect of mating on the cumulative time spent nesting. 
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