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Object and food novelty induce distinct patterns of c-fos immunoreactivity in amygdala and striatum in domestic male chicks (Gallus gallus domesticus)
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Introduction

A large range of avian species exhibit neophobia, a reluctance to approach novelty. This behaviour brings about both positive and negative consequences on their survival. It allows animals to adapt their reactions to changes or potential threats in their environment [START_REF] Greenberg | The role of neophobia in determining the degree of foraging specialization in some migrant warblers[END_REF]. When strongly expressed, neophobia can also impair foraging flexibility, innovations, and reduce home range size or species' niche breadth [START_REF] Greenberg | The role of neophobia in determining the degree of foraging specialization in some migrant warblers[END_REF][START_REF] Greenberg | The role of neophobia and neophilia in the development of innovative behavior of birds[END_REF][START_REF] Sol | Exploring or Avoiding Novel Food Resources? The Novelty Conflict in an Invasive Bird[END_REF][START_REF] Camín | Do neophobia and dietary wariness explain ecological flexibility? An analysis with two seed-eating birds of contrasting habits[END_REF][START_REF] Biondi | Inter-individual and age differences in exploration, neophobia and problem-solving ability in a Neotropical raptor (Milvago chimango)[END_REF]. On farm, it can be a cause for concern in relation to bird welfare as it can impair the capacity of fowl to adapt to changes in their feeding regime [START_REF] Murphy | Responses of domestic fowl to novel food and objects[END_REF]. Neophobia is also considered a trait to estimate behavioural syndromes or copying styles within populations, that is to say birds' capacity to cope behaviourally and physiologically with stressful environmental challenges [START_REF] Sol | Exploring or Avoiding Novel Food Resources? The Novelty Conflict in an Invasive Bird[END_REF][START_REF] Camín | Do neophobia and dietary wariness explain ecological flexibility? An analysis with two seed-eating birds of contrasting habits[END_REF][START_REF] Bókony | Personality Traits and Behavioral Syndromes in Differently Urbanized Populations of House Sparrows (Passer domesticus)[END_REF][START_REF] Moldoff | Foraging sparrows exhibit individual differences but not a syndrome when responding to multiple kinds of novelty[END_REF][START_REF] Lendvai | Coping with novelty and stress in free-living house sparrows[END_REF].

Although response to novelty has been shown to be important for bird's adaptation and survival, few studies investigated its neuro-physiological bases. Japanese quail (Coturnix coturnix japonica) exposed repeatedly to the sudden introduction of a novel object in their home cage showed a significant rise in plasma corticosterone levels [START_REF] Moses | Differential contributions of hippocampus, amygdala and perirhinal cortex to recognition of novel objects, contextual stimuli and stimulus relationships[END_REF]. This endocrine response induced by a novel object was also found in great tits (Parus major) exposed to a novel perch in their home cage [START_REF] Roth | Learning capabilities enhanced in harsh environments: a common garden approach[END_REF]. These results indicate exposure to novelty induces fearrelated responses in birds that are likely underpinned by the activation of brain regions involved in fear or emotions. In line with this, previous studies demonstrated that rats with amygdala lesions, a brain region involved in the processing of emotional cues and fear leaning, show attenuated response to novelty [START_REF] Rolls | Altered food preferences after lesions in the basolateral region of the amygdala in the rat[END_REF][START_REF] Burns | Effects of lesions to amygdala, ventral subiculum, medial prefrontal cortex, and nucleus accumbens on the reaction to novelty: Implications for limbic-striatal interactions[END_REF][START_REF] Dunn | Double dissociations of the effects of amygdala and insular cortex lesions on conditioned taste aversion, passive avoidance, and neophobia in the rat using the excitotoxin ibotenic acid[END_REF][START_REF] Moses | Differential contributions of hippocampus, amygdala and perirhinal cortex to recognition of novel objects, contextual stimuli and stimulus relationships[END_REF]. In birds, wild black-capped chickadees from Alaska that showed less of a neophobic response to a novel object than their Kansas counterpart [START_REF] Roth | Learning capabilities enhanced in harsh environments: a common garden approach[END_REF], had a larger arcopallium volume, a brain region that some authors considered as the homolog of the mammalian amygdala [START_REF] Roth | Variation in Brain Regions Associated with Fear and Learning in Contrasting Climates[END_REF]. This study highlighted that the birds from Alaska had a higher density of neurons in the lateral striatum, believed to be the homolog of the mammalian caudate nucleus and putamen. The mammalian striatum has been repeatedly shown to be involved in novelty seeking, motivation and reward processing [START_REF] Wilson | Dopaminergic correlates of motivated behavior: importance of drive[END_REF][START_REF] Schultz | Multiple reward signals in the brain[END_REF][START_REF] Cardinal | Emotion and motivation: the role of the amygdala, ventral striatum, and prefrontal cortex[END_REF][START_REF] Yin | Reward-guided learning beyond dopamine in the nucleus accumbens: the integrative functions of cortico-basal ganglia networks[END_REF][START_REF] Ogura | Dissociation of the neural substrates of foraging effort and its social facilitation in the domestic chick[END_REF]. These findings indicate that neophobia in birds is not only a fear response but also related to the processing of motivation triggering cues and goal directed behaviours. However, a clear relationship between neophobia and amygdala/arcopallium or striatum subnuclei activation still need to be investigated in birds.

To better characterize the neural circuit activated by novelty in birds, we labelled chicks brain with the early gene c-fos following exposure to novel food and novel object. In birds and mammals, c-fos cellular expression is widely used to reliably map the brain activity underlying behaviours such as fear-related behaviours, decision-making or learning [START_REF] Saint-Dizier | Subdivisions of the arcopallium/posterior pallial amygdala complex are differentially involved in the control of fear behaviour in the Japanese quail[END_REF][START_REF] Richard | Bases neuroanatomiques des comportements de peur chez la caille japonaise[END_REF][START_REF] Anokhin | Effects of early experience on c-fos gene expression in the chick forebrain[END_REF].

This study was conducted in the domestic chicken (Gallus gallus domesticus) which is particularly appropriate for such a study. Food and object neophobia are easily observed in young chicks in experimental conditions. A brain atlas as well as immunohistochemical procedures for studying c-fos expression are well established [START_REF] Marples | Effects of novel colour and smell on the response of naive chicks towards food and water[END_REF][START_REF] Jones | Food neophobia and olfaction in domestic chicks[END_REF][START_REF] Reiner | Revised nomenclature for avian telencephalon and some related brainstem nuclei[END_REF][START_REF] Bertin | Incubation temperature affects the expression of young precocial birds' fear-related behaviours and neuroendocrine correlates[END_REF]. We studied c-fos expression following exposure to both novel food and object because both types of neophobia have been described in chicks and can have an impact on animal adaptation. Moreover, we previously observed that responses to novel food did not correlate with responses to a novel object and were milder [START_REF] Bertin | Artificially Increased Yolk Hormone Levels and Neophobia in Domestic Chicks[END_REF]. This may suggest both types of neophobia may be associated with specific and distinct brain activations. We investigated c-fos expression in different subnuclei of both the arcopallium/amygdala and striatum, as these brain structures has previously been found to be engaged in novelty detection [START_REF] Burns | Effects of lesions to amygdala, ventral subiculum, medial prefrontal cortex, and nucleus accumbens on the reaction to novelty: Implications for limbic-striatal interactions[END_REF][START_REF] Roth | Variation in Brain Regions Associated with Fear and Learning in Contrasting Climates[END_REF].

Method

Ethics statement

All birds were maintained at the Experimental Unit PEAT of INRA (Nouzilly, France, license number B-37-175-1). All experiments were approved by the Ethics Committee for Animal Experimentation of Val de Loire, CEEA Vdl (reference number 2012-10-6) and were performed in accordance with the European Communities Council Directive 2010/63/UE. The remaining chicks were sold at the end of the experiment.

Chicks and housing conditions

The layer breeder Novogen (SCEA JEGOU, France) provided eggs from White Leghorn layers. The eggs were incubated at 37.8 °C and 56% relative humidity with automatic and continuous turning. Three days before hatching, the rotation was stopped and the temperature was reduced to 37.6 °C. The sex was determined at hatching (21st day of incubation) and we kept 60 chicks (30 males and 30 females). Each chick was identified with a numbered ring on its leg the day of hatching. The 60 chicks were placed in pairs (one male and one female) in wire-covered plastic tubs (50 cm × 40 cm × 30 cm; length × width × height) with wood shavings on the floor. Chicks were maintained in an 11 h light/13 h dark cycle, with water and food available ad libitum. The chicks were fed with a conventional starter mash (PEAT, INRA Val de Loire, France). The ambient temperature was maintained at 33 ± 1 °C from hatching until the chicks were 8 days old after which it was decreased. The chicks were weighted when they were 5 days old.

Behavioural characterization

Three independent groups of chicks were constituted with weight controlled across groups: a control group of chicks exposed to the familiar food (FF, N = 10 pairs of chicks); a group of chicks exposed to novel food (NF, N = 10 pairs of chicks) and a group of chicks exposed to a novel object (NO, N = 10 pairs of chicks; weight of chicks: FF chicks: 48.87 ± 0.93 g; NF chicks: 47.94 ± 0.68 g; 49.28 ± 0.56 g; F2,45 = 0.85, P = 0.43).

Behavioural testing occurred in a room different from where the animals were housed but in an experimental cage that had the same features as the home cage (Fig. 1). As chicks become distressed when they are socially isolated, we tested cage mates together (N = 30 pairs). The day before the testing session the pairs of chicks were familiarized with the test cage and handling procedure. Pairs were transported to the test room in a box and were placed in an opaque enclosure within the test cage, opposite to the feeding trough (their home cage feeding trough filled with their usual food). After 30 seconds, the enclosure was removed and the chicks could freely explore the test cage for 4 minutes. After exposure to the test-cage, the chicks were placed back in their home cage.

For all testing sessions, chicks were tested 90 minutes after the feeder had been removed from the home cage. FF chicks were exposed to a familiar food for 4 minutes following the procedure described for habituation. Novel food and object tests followed protocols previously validated [START_REF] Bertin | Incubation temperature affects the expression of young precocial birds' fear-related behaviours and neuroendocrine correlates[END_REF][START_REF] Bertin | Artificially Increased Yolk Hormone Levels and Neophobia in Domestic Chicks[END_REF]. The procedures were similar to the habituation procedure except that, for NF chicks, the feeder was filled with millet seeds and for the novel object test (NO chicks), the familiar feeder was replaced by an unfamiliar coloured feeder (green and yellow plastic instead of grey metal) containing their familiar food. To reduce potential sex effects within a small sample size, we choose to follow and analyze male chicks only. An observer hidden behind a curtain recorded the behaviour of male chicks within each pair (tagged with a blue mark on the head the day before). Latency to touch the food with the beak, time spent eating, and the number of fear-trills vocalizations were recorded. After testing, the pairs of chicks were placed back in their home cage. The testing sessions were conducted between 7 and 10 days of age. Each day the treatments (familiar food, novel food, novel object) were tested alternatively and all observations were conducted between 9 am and 12 am.

Histology

The brains of 30 male chicks (10 FF, 10 NF and 10 NO) were collected 90 minutes after each testing session. Chicks were deeply anaesthetized by intraperitoneal injection of pentobarbital, perfused transcardially via the left ventricle with 15 mL of 1% sodium nitrite in phosphate buffer saline, then with 70 mL of ice-cold fixative (4% paraformaldehyde solution in 0.1 M phosphate buffer, pH 7.4). The brain was removed from the skull, post-fixed by immersion for one hour in the same fixative and then cryoprotected in 20% sucrose for two days [START_REF] Hanics | Multiple amygdaloid divisions of arcopallium send convergent projections to the nucleus accumbens and neighboring subpallial amygdala regions in the domestic chicken: a selective pathway tracing and reconstruction study[END_REF].

Brains were frozen in isopentane at -40°C and stored at -80°C before being cut into 20 µm coronal sections on a cryostat, in a caudal to rostral direction. Four series of alternate sections (with an equal distance of 200 µm to one another) were collected onto SuperFrost® glass slides. One series was stained with Cresyl Violet to provide accurate anatomical localization.

The other three series were stored at -80°C for immunohistochemistry analysis.

C-Fos immunohistochemistry

C-Fos protein staining

Due to perfusion failure in 6 chicks, immunohistochemistry was performed on 24 animals (10 FF, 7 NF, 7 NO chicks). All the incubations in bathes were made under gentle agitation. The slides were first immersed for 15mn in aceton bath at -20°C, dried and rehydrated in TBS.

They were then immersed for 15 mn in TBS at 4°C containing 0.1% hydrogen peroxide to inactivate endogenous peroxidase activity and rinsed in TBS for 15 mn at room temperature, followed by an incubation for 1h at room temperature in TBS containing 0.3% saponin, 0.1% sodium azide and 1% bovine serum albumin (BSA; Roche Diagnostics, USA). Sections were then incubated at 4°C for 24h with the same buffer containing the c-fos primary rabbit polyclonal antibody (ref K25, Santa Cruz, USA) diluted at 1:1000. They were rinsed four times for 5 mn and then incubated at 4°C for 3h in a sheep anti-rabbit gamma-globulin serum diluted in TBS-saponin-BSA. Sections were rinsed again with TBS and incubated overnight at 4°C with rabbit peroxidase-antiperoxidase complex (PAP, Jackson, USA) diluted at 1:1000 in TBS-saponine-BSA. The following day, the sections were rinsed twice in TBS and three times in Tris-HCl (50mM, pH7.6) for 5mn each time. The PAP complex was finally visualized using a metal-enhanced diaminobenzidine hydrochloride solution (0.04% DAB, 0.3% nickel ammonium sulphate, 0.003% H2O2) in Tris-HCl. Finally the sections were rinsed three times for 5mn in Tris-HCl, dried, dehydrated through graded alcohol, cleared in toluene and cover-slipped with Depex (BHD Laboratory Supplies, Poole, UK).

Staining quantification

The density of c-fos positive cells (c-fos + cells) was assessed using a motorized microscope (Axioskope 2; Zeiss, Germany) connected to the image analysis software Mercator® (Exploranova, La Rochelle, France) through a camera. We analyzed the expression of c-fos in the following subnuclei of the arcopallium/amygdala: intermediate (IA), medial (MA), dorsal (DA), posterior (PoA) and nucleus taeniae (TnA). In the striatal complex, we analyzed the expression of c-fos in the medial striatum (MSt), the lateral striatum (LSt) and the nucleus accumbens (Ac) [START_REF] Kuenzel | A stereotaxic atlas of the brain of the chick (Gallus domesticus)[END_REF]. The brain regions were identified in accordance with the stereotaxic atlas of the chick brain [START_REF] Veenman | Organization of the avian "corticostriatal" projection system: a retrograde and anterograde pathway tracing study in pigeons[END_REF] and its revised nomenclature [START_REF] Reiner | Revised nomenclature for avian telencephalon and some related brainstem nuclei[END_REF] (Fig. 2). With the help of the Cresyl Violet the areas of interest were outlined on a magnification of 2.5x for the arcopallium/amygdala nuclei and nucleus accumbens. The location of the nucleus accumbens in chick illustrated in the atlas of [START_REF] Kuenzel | A stereotaxic atlas of the brain of the chick (Gallus domesticus)[END_REF] [START_REF] Kuenzel | A stereotaxic atlas of the brain of the chick (Gallus domesticus)[END_REF] has been modified in accordance with recent studies [START_REF] Veenman | Organization of the avian "corticostriatal" projection system: a retrograde and anterograde pathway tracing study in pigeons[END_REF][START_REF] Mezey | Selective striatal connections of midbrain dopaminergic nuclei in the chick (Gallus domesticus)[END_REF][START_REF] Bálint | Nucleus accumbens subregions: hodological and immunohistochemical study in the domestic chick (Gallus domesticus)[END_REF]. These studies provided evidence the nucleus accumbens (or former lobus parolfactorius), at caudal level, is instead the bed nucleus of the stria terminalis pars lateralis (BSTl; [START_REF] Bálint | Nucleus accumbens subregions: hodological and immunohistochemical study in the domestic chick (Gallus domesticus)[END_REF]). To limit this, c-fos expression was counted only on rostral sections. Moreover, although it is not possible to totally exclude that c-fos expression was also partly counted in the BSTl, the BSTl represents only a small proportion of the total area considered for counting c-fos expression in the nucleus accumbens. The precise limits of the different nuclei of the striatum being difficult to determine, we choose to draw a standardized counting frame in the lateral striatum (350 µm X 700µm) and in the medial striatum (900 µm X 700 µm).

Then c-fos-immunoreactive cells were semi-automatically counted on a magnification of 20x, according to a predetermined grey scale, as well as size criteria : only dark and round or ovoid stains were counted as positive nuclei. Before each series of counting a reference slice containing a known number of immunoreactive cells was analyzed to verify the settings of the microscope and of the software. For each section, the density of positive cells (cells/mm2) was calculated as the total number of cells divided by the total area. Depending on the extent of the region, a mean of 9.3 ± 0.1 sections per bird and per subnucleus of the arcopallium/amygdala were analyzed and a mean of 7.5 ± 0.1 sections for the striatum. One experimenter blind to experimental conditions counted the right and left side of each section for all the structures.

Statistics

We used Kolmogorov-Smirnov tests to determine whether the data sets were normally distributed and Bartlett tests to assess homogeneity of variances. For behavioural data, the requirements for parametric statistics were not obtained despite transformation of data.

Therefore, we used the function aovp of the lmPerm package in R 3.4.2, to conduct an analysis of variance with permutation tests (method = Exact) with the Treatment (FF, NF, NO) as a fixed factor and the Day of testing (7, 8, 9, 10) as a random factor. We used the function pairwise.perm.t.test for post-hoc comparisons with holm correction for multiple comparisons. For the density of c-fos positive cells, we analysed the differences in each brain area according to the Treatment (FF, NF, NO), the Side of the brain (right or left), the interaction Treatment*Side, the Day of testing [START_REF] Bókony | Personality Traits and Behavioral Syndromes in Differently Urbanized Populations of House Sparrows (Passer domesticus)[END_REF][START_REF] Moldoff | Foraging sparrows exhibit individual differences but not a syndrome when responding to multiple kinds of novelty[END_REF][START_REF] Lendvai | Coping with novelty and stress in free-living house sparrows[END_REF][START_REF] Rolls | Altered food preferences after lesions in the basolateral region of the amygdala in the rat[END_REF] and the Identity of the bird with Generalized Linear Mixed Models (GLMMs) fitted by maximum likelihood. We assumed a Poisson error distribution and, in all models, Treatment, Side, Treatment*Side were entered as fixed effects while Day and Identity were considered as random factors. We used the function "glmmPQL" from the package MASS in R 3.4.2. The normal distribution and homogeneity of residuals were checked using "plotresid" function from "RVAideMemoire" package. We used the "pairwise.wilcox.test" function from "stats" package (non-paired data) for post-hoc comparisons between groups of chicks with holm correction for multiple comparisons. The "cor.test" function from the "stats" package was used to perform Pearson correlations tests independent of the treatment to estimate the correlations between the mean latency to touch the food and mean c-fos positive cells density in each brain area. Throughout the text, significance was accepted at P < 0.05.

Results

1 Behavioural characterization

We found a significant effect of the treatment on the latency to touch the food (F2,20 = 32.6, P < 0.01; Fig. 3). Post-hoc analyses showed that NF and NO chicks had longer latencies to touch the food than control FF chicks (P < 0.01 for both comparisons) and, that NO chicks had longer latencies than NF chicks (P = 0.05; Fig. 3). The time spent eating during testing differed significantly between treatments (F2,20 = 24.02, P < 0.01; Fig. 3). Post-hoc analyses showed that the time spent eating was lower in NF and NO chicks than in FF chicks (P < 0.01 for both comparisons) whereas NF and NO chicks did not differ significantly (P = 0.99; Fig. 3). There was a significant effect of the treatment on the number of fear-trills expressed during testing (F2,20 = 10.61, P = 0.01). Post-hoc analyses showed NF and NO chicks expressed a significantly higher number of fear-trills than FF chicks (NF vs. FF chicks, 4.5 ± 1 trills vs. 0, P < 0.01; NO vs. FF chicks, 7.1 ± 3 trills vs. 0, P < 0.01). NF and NO chicks did not differ significantly (P = 0.55). The random factor Day had no significant effect on any of the parameters (P > 0.05).

Immunohistochemistry: c-fos expression

Arcopallium/amygdala complex

The density of c-fos positive cells differed significantly between groups in all the sub-nuclei of the acorpallium/amygdala observed (Table 1, Fig. 4 and Fig. 6). Post-hoc analyses showed that the density of positive cells was significantly higher in NF and NO chicks than in the control FF chicks in all the subnuclei (Fig. 4). In the intermediate arcopallium (IA), the medial arcopallium (MA), and the posterior amygdala (PoA) the density of positive cells was also significantly higher in NO than in NF chicks (Fig. 4). A trend in the same direction was observed in the nucleus taeniae (TnA). No significant Side and Treatment*Side effects on cell density were observed (Table 1). The random factors Day and Identity had no significant effect on any of the parameters (P > 0.05).

Striatum complex

The density of c-fos positive cells differed significantly between groups in the medial striatum (Mst) and the nucleus accumbens (Ac) but not in the lateral striatum (Lst) (Table 1, Fig. 5 and Fig. 6). In the medial striatum (Mst), post-hoc analyses failed to show significant differences between groups. In the nucleus accumbens (Ac), the density of positive cells was significantly higher in NF and NO chicks than in the control FF chicks and, the density did not differ significantly between NF and NO chicks (Fig. 5). No significant effects of the side or the interaction Side*Treatment were found (Table 1). The random factors Day and Identity had no significant effect on any of the parameters (P > 0.05).

Correlations

A significant positive correlation was found between the latency to touch the food and c-fos positive cell density in the posterior amygdala PoA (cor = 0.49, P = 0.01) and in the nucleus accumbens (Ac) (cor = 0.41, P = 0.04). Non significant trends in the same direction were found with the others nuclei of the arcopallium/amygdala (IA: cor = 0.35, P = 0.08; MA: cor = 0.29, P = 0.14; DA: cor = 0.33, P = 0.10; TnA: cor = 0.33, P = 0.09). No significant correlations were observed in the striatum (Lst: cor = -0.01, P = 0.92; Mst: cor = 0.09, P = 0.64).

Discussion

Our aim was to deepen our understanding of the underlying mechanisms of neophobia in birds. Clear behavioral differences were observed when chicks are exposed to novel food or object compared to the control condition. Chicks exposed to either novel food or object showed higher latencies to touch the food, lower time spent eating and a higher number of fear-trill vocalizations compared to controls. In addition, NO chicks showed a higher latency to touch food than NF chicks. At the brain level, exposure to novel food or object was associated with a significant increase in c-fos expression in all the subnuclei of the arcopallium/amygdala complex and two nuclei of the striatum, the Mst and Ac. Mirroring the behavioral data, c-fos expression was also higher in NO chicks in comparison to NF chicks in specific nuclei of the arcopallium/amygdala complex, the IA, MA and PoA nuclei.

Latency to touch food is the most classical parameter used to estimate neophobia in avian species. When birds get in contact with novel food or with the familiar food close to a novel object, it is assumed that they have overcame their neophobia [START_REF] Greenberg | The role of neophobia and neophilia in the development of innovative behavior of birds[END_REF][START_REF] Greggor | Neophobia is not only avoidance: improving neophobia tests by combining cognition and ecology[END_REF][START_REF] Mettke-Hofmann | Neophobia[END_REF]. Here, the higher latencies to touch the food in the novel food and novel object tests in comparison to the control condition show that the birds perceived novelty. In conjunction with higher numbers of fear-trill vocalizations during novel food and novel object tests than in the control condition, the data support the hypothesis of an emotional-induced response related to fear. In our testing conditions, and as previously observed [START_REF] Bertin | Artificially Increased Yolk Hormone Levels and Neophobia in Domestic Chicks[END_REF], the time taken to overcome neophobia was higher during the novel object test than during the novel food test. These findings confirm that the latency to touch food is a suitable behavioral marker of neophobia. Our results also show that chicks were more fearful towards the novel feeder than toward the novel food.

Our data support the hypothesis that exposure to novelty (food or object) is associated with activation of the arcopallium/amygdala system in birds. We found higher density of c-fos positive cells following exposure to novelty than in the control condition in all the subnuclei of the arcopallium/amygdala: the intermediate, medial, dorsal, and posterior amygdaloid and nucleus taeniae. We also found a positive correlation between the latency to touch food and the activation of the PoA. Although non significant, the same tendency was observed for the other nuclei of the amygdala complex. Within the striatum, a correlation was only observed between the latency and c-fos expression in the nucleus accumbens. Our results highlight an important and overall involvement of the arcopallium/PoA complex in neophobia. A previous study using lesions of the arcopallium/amygdala suggested that this structure was not involved in the avoidance of novel objects since chicks, lesioned or not, did not differ in their avoidance behaviour [START_REF] Lowndes | The effect of archistriatal lesions on 'open field' and fear/avoidance behaviour in the domestic chick[END_REF]. In this previous study, tested chicks were isolated from their cage mates and importantly the novel object was presented in a novel environment (open-field).

The processing of spatial cues has been shown to require the hippocampus both in mammals and birds [START_REF] Moses | Differential contributions of hippocampus, amygdala and perirhinal cortex to recognition of novel objects, contextual stimuli and stimulus relationships[END_REF][START_REF] Hampton | Hippocampal lesions impair memory for location but not color in passerine birds[END_REF][START_REF] Fremouw | Impaired place learning and unimpaired cue learning in hippocampal-lesioned pigeons[END_REF][START_REF] Mcdonald | A triple dissociation of memory systems: hippocampus, amygdala, and dorsal striatum[END_REF][START_REF] Lormant | Role of the hippocampus in spatial memory in Japanese quail[END_REF]. It is thus possible to postulate the arcopallium/amygdala may be specialized in object or food neophabia but not required for spatial novelty. To test this possibility further experiment are required. In birds, several functional studies have demonstrated that the arcopallium/PoA complex is engaged in the expression of fear-related behaviours [START_REF] Saint-Dizier | Subdivisions of the arcopallium/posterior pallial amygdala complex are differentially involved in the control of fear behaviour in the Japanese quail[END_REF][START_REF] Richard | Distribution of corticotropinreleasing factor-immunoreactive neurons in the central nervous system of the domestic chicken and Japanese quail[END_REF][START_REF] Zeier | The archistriatum of the pigeon: organization of afferent and efferent connections[END_REF][START_REF] Cohen | Involvement of the avian amygdalar homologue (archistriatum posterior and mediale) in defensively conditioned heart rate change[END_REF]. Activation of the arcoppallium/PoA complex may thus be related to the fear related components of food and object novelty.

Our results showed c-fos expression was different according to the type of novelty (food or object) in different nuclei of the arcopallium. Indeed c-fos expression was higher in the IA, MA, PoA nuclei of the arcopallium/amygdala complex in chicks exposed to novel object compared to those exposed to novel food. This suggests the arcopallium is engaged in the processing or appraisal of the situation. Numerous studies in mammals reported that the amygdala complex is not solely involved in the expression of fear behaviors but also in the processing of emotional cues [START_REF] Yaniv | The amygdala and appraisal processes: stimulus and response complexity as an organizing factor[END_REF][START_REF] Desmedt | Adaptive emotional memory: the key hippocampal-amygdalar interaction[END_REF][START_REF] Ledoux | Emotion Circuits in the Brain[END_REF]. Commonly considered as a temperament trait, neophobia is rarely tested using both novel objects and novel foods despite suggestions that they may represent two independent behavioral traits in adult or young birds [START_REF] Bókony | Personality Traits and Behavioral Syndromes in Differently Urbanized Populations of House Sparrows (Passer domesticus)[END_REF][START_REF] Bertin | Artificially Increased Yolk Hormone Levels and Neophobia in Domestic Chicks[END_REF]. Different cognitive appraisal processes may thus be involved when assessing the threatening properties of novel foods or objects. Our findings support this idea and show that amygdala activation is also differentially modulated by food and object neophobia in bird.

It is important to consider that the functional role of the arcopallium is still under debate. It has been compared to different cortical and subcortical areas. Arcopallium (or archistriatum) has been shown to be involve in sensori-motor control [START_REF] Zeier | Archistriatal lesions and response inhibition in the pigeon[END_REF], such as orofacial control [START_REF] Wild | Telencephalic connections of the trigeminal system in the pigeon (Columba livia): a trigeminal sensorimotor circuit[END_REF]. In line with this, lesion of the intermediate arcopallium alters the capacity of pigeons to hold grains with their beaks [START_REF] Zeier | Archistriatal lesions and response inhibition in the pigeon[END_REF]. It is also involved in working memory [START_REF] Knudsen | Disruption of auditory spatial working memory by inactivation of the forebrain archistriatum in barn owls[END_REF]. Recent studies provided solid evidence for a role of this region in reward anticipation, time and ∕ or energetic cost for food consumption [START_REF] Aoki | Localized lesions of arcopallium intermedium of the lateral forebrain caused a handling-cost aversion in the domestic chick performing a binary choice task[END_REF][START_REF] Aoki | Neural correlates of memorized associations and cued movements in archistriatum of the domestic chick[END_REF] and the social facilitation of foraging [START_REF] Xin | Selective contribution of the telencephalic arcopallium to the social facilitation of foraging efforts in the domestic chick[END_REF]. It is thus not impossible to exclude that under our condition, exposure to novel food or to familiar food in a novel feeder is associated with cost / benefit processes that involve the arcopallium.

Functional and anatomical studies converge to indicate the arcopallium may be analogous to the mammalian prefrontal cortex, and more specifically the anterior cingulate cortex. However, lesion, electrical stimulation studies showed also an involvement of the arcopallium in fear or anxiety related processing or responses [START_REF] Saint-Dizier | Subdivisions of the arcopallium/posterior pallial amygdala complex are differentially involved in the control of fear behaviour in the Japanese quail[END_REF][START_REF] Lowndes | The effect of archistriatal lesions on 'open field' and fear/avoidance behaviour in the domestic chick[END_REF][START_REF] Cohen | Involvement of the avian amygdalar homologue (archistriatum posterior and mediale) in defensively conditioned heart rate change[END_REF][START_REF] Dafters | Active avoidance behavior following archistriatal lesions in pigeons[END_REF][START_REF] Phillips | Wildness" in the mallard duck: Effects of brain lesions and stimulation on "escape behavior" and reproduction[END_REF][START_REF] Phillips | Unilateral kainic acid lesions reveal dominance of right archistriatum in avian fear behavior[END_REF][START_REF] Putkonen | Electrical stimulation of the avian brain. Behavioral and autonomic reactions from the archistriatum, ventromedial forebrain and the diencephalon in the chicken[END_REF]. Together with anatomical [START_REF] Hanics | Multiple amygdaloid divisions of arcopallium send convergent projections to the nucleus accumbens and neighboring subpallial amygdala regions in the domestic chicken: a selective pathway tracing and reconstruction study[END_REF] and neurochemical [START_REF] Martınez-Garcıa | 15 The Evolution of the Amygdala in Vertebrates[END_REF] considerations these findings point also toward a similarity between arcopallium and the mammalian basolateral amygdala. Further studies will be thus necessary to elucidate the neocortical or the amygdala part of the arcopallium.

Within the striatal complex, c-fos expression was higher in the medial striatum and the nucleus accumbens in birds exposed to novelty in comparison with controls. Anatomical studies have reported the existence of different sub regions for the chicken accumbens, the core and shell subregions [START_REF] Bálint | Nucleus accumbens subregions: hodological and immunohistochemical study in the domestic chick (Gallus domesticus)[END_REF][START_REF] Bálint | Neurotensin: revealing a novel neuromodulator circuit in the nucleus accumbens-parabrachial nucleus projection of the domestic chick[END_REF]. These findings point to the view the nucleus accumbens in chicken is, as in mammals, a complex brain region. This subdivision was not included in our study. Indeed, c-fos staining did not allow the possibility to easily separate these subdivisions.

For this, a double staining approach (with c-Fos and a specific marker such as DARPP-32) would need to have been used. Moreover, the choice of counting only c-fos positive cells on very anterior planes limits the possibility to analyse the core and shell division of the nucleus accumbens. Indeed, the subdivision of the nucleus accumbens into a core and shell part was reported on planes located more caudally than those analysed in our study. Further studies will be thus required to test whether different types of neophobic responses may be associated with different involvement of the different subdivisions of the nucleus accumbens. Finally, it is not possible to totally exclude c-fos expression in the nucleus accumbens also partly includes c-fos expression in the BSTl, a very thin sub-region that represents a very limited surface of the area considered for the nucleus accumbens. Our results are in line with a previous study indicating the striatum could be engaged in novelty detection in birds [START_REF] Roth | Variation in Brain Regions Associated with Fear and Learning in Contrasting Climates[END_REF]. They also support findings indicating a general role of the striatum in novelty seeking [START_REF] Bardo | Psychobiology of novelty seeking and drug seeking behavior[END_REF].

However, the role of the striatum is not limited to the detection of novelty.

Electrophysiological and lesion studies provided evidence that the chick's ventral striatum was engaged in decision-making and impulsivity [START_REF] Aoki | Neural correlates of memorized associations and cued movements in archistriatum of the domestic chick[END_REF][START_REF] Izawa | Localized lesion of caudal part of lobus parolfactorius caused impulsive choice in the domestic chick: evolutionarily conserved function of ventral striatum[END_REF][START_REF] Aoki | Localized lesions of ventral striatum, but not arcopallium, enhanced impulsiveness in choices based on anticipated spatial proximity of food rewards in domestic chicks[END_REF]. These findings indicate the ventral striatum and more specifically the nucleus accumbens is involved in guiding the chick's behaviour to approach food ressources. C-fos expression in the nucleus accumbens following exposure to novel food or to a novel feeder may thus reflect neural correlates underlying goal-directed behaviors.

Neophobia is a behavior well observed from invertebrates to vertebrates including humans [START_REF] Dovey | Food neophobia and 'picky/fussy' eating in children: A review[END_REF]. In mammals, the amygdala and the nucleus accumbens were also found to be involved in the processing and expression of food neophobia [START_REF] Burns | Effects of lesions to amygdala, ventral subiculum, medial prefrontal cortex, and nucleus accumbens on the reaction to novelty: Implications for limbic-striatal interactions[END_REF][START_REF] Lin | Taste neophobia and c-Fos expression in the rat brain[END_REF][START_REF] Nicklaus | The role of food experiences during early childhood in food pleasure learning[END_REF]. Our data provide additional evidence of convergence between mammals and avian species by revealing comparable patterns of brain activation during neophobia. Additional work is still needed to understand how these different regions of the brain interact and produce cognitive responses in birds.
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Figure 1 :

 1 Figure 1: time schedule of the experiment. Pairs of chicks composed of one female and one male (N=30 pairs) were habituated to a test-cage for 4 minutes when they were between 6-9 days of age. The test-cage was similar to their home cage. It contains a trough similar to the one placed in their home cage, filled with their usual food. The day following habituation, pairs of chicks were placed back in the same test cage for 4 minutes. Depending on the group, this test cage contains the familiar trough filled with familiar food (FF, N=10 pairs), the familiar trough filled with novel food (NF, N= 10 pairs) or a new trough filled with familiar food (NO, N = 10 pairs). Ninety minutes following the test, brains of male chicks were collected.

Figure 2 .

 2 Figure 2. Illustration of the boundaries of the different subregions analyzed in the

Figure 3 .

 3 Figure 3. Behavioural characterization. Mean ± SE latency to touch the food, time spent eating during testing and number of vocalizations of control chicks exposed to their familiar food (FF, N = 10 pairs), chicks exposed to novel food (NF, N = 10 pairs) and chicks exposed to novel feeder (novel object, NO, N = 10 pairs) filled with their familiar food and post-hoc analyses outcomes (P-value corrected for multiple comparisons). **P < 0.01, *P < 0.05.

Figure 4 .

 4 Figure 4. Effect of exposure to novelty on Fos expression in the arcopallium/amygdala complex. Expression of immediate early gene c-fos (mean ± SE positive cell density) in the nuclei of the arcopallium/amygdala of FF (familiar food, N = 10), NF (novel food, N = 7) and NO (novel object, N = 7) chicks and post-hoc analyses outcomes (P-value corrected for multiple comparisons). **P < 0.01, *P < 0.05, # 0.05< P > 0.1.

Figure 5 .

 5 Figure 5. Effect of exposure to novelty on Fos expression in the striatum. Expression of immediate early gene c-fos (mean ± SE positive cell density) in the nuclei of the striatum of FF (familiar food, N = 10), NF (novel food, N = 7) and NO (novel object, N = 7) chicks and post-hoc analyses outcomes (P-value corrected for multiple comparisons). ** P < 0.01; NS P > 0.05.

Figure 6 .

 6 Figure 6. Neurobiological characterization. Representative photomicrographs of c-fos immunoreactivity for the three groups (FF, NF and NO) in the areas shown on Figure 2. V : lateral ventricle, * : artefacts. Scale bar = 50 µm.