Simon Benoit 
email: simon.benoit@univ-lorraine.fr
  
Catherine C Chaumontet 
  
Jessica Schwarz 
  
Céline Cakir-Kiefer 
  
Daniel Tomé 
  
Laurent Miclo 
  
  
Mapping in mice the brain regions involved in the anxiolytic-like properties of α-casozepine, a tryptic peptide derived

Keywords: 

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Amongst food protein-derived bioactive peptides targeting physiological systems [START_REF] Udenigwe | Food protein-derived bioactive peptides: Production, processing, and potential health benefits[END_REF], a tryptic hydrolysate of bovine a s1 -casein (CH) exerts anticonvulsant and anxiolytic properties when injected by intraperitoneal (i.p.) way to rats [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF] and displays anxiolytic-like profile when orally administered to rats [START_REF] Violle | Ethological comparison of the effects of a bovine alpha s1casein tryptic hydrolysate and diazepam on the behaviour of rats in two models of anxiety[END_REF], dogs [START_REF] Beata | Effects of alpha-casozepine (Zylkene) versus selegiline hydrochloride (Selgian, Anipryl) on anxiety disorders in dogs[END_REF][START_REF] Palestrini | Efficacy of a diet containing caseinate hydrolysate on signs of stress in dogs[END_REF], cats [START_REF] Beata | Effect of alpha-casozepine (Zylkene) on anxiety in cats[END_REF], horses [START_REF] Mcdonnell | Modestly improved compliance and apparent comfort of horses with aversions to mildly-aversive routine healthcare procedures following short-term alpha-casozepine supplementation[END_REF] and humans [START_REF] Kim | Efficacy of alphas1-casein hydrolysate on stress-related symptoms in women[END_REF][START_REF] Messaoudi | Effects of a tryptic hydrolysate from bovine milk alphaS1-casein on hemodynamic responses in healthy human volunteers facing successive mental and physical stress situations[END_REF]. It also demon-strated sleep-modulating effects in rodents (Dela [START_REF] Peña | A tryptic hydrolysate from bovine milk as1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor[END_REF][START_REF] Guesdon | A tryptic hydrolysate from bovine milk alphaS1-casein improves sleep in rats subjected to chronic mild stress[END_REF]. The industrially produced CH received health claims from national agencies (Australia, France, South Korea, United States) and is currently used in both human and veterinary medicines. In this hydrolysate, the decapeptide a-casozepine (a-CZP, YLGYLEQLLR, residues 91-100 of the mature chain of bovine a s1 -casein) was identified as potential carrier of the anxiolyticlike activity [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF].

Different properties of a-CZP lead to consider this peptide as a benzodiazepine (BZD)-like molecule, the most prescribed drug family to cure anxiety disorders: (i) the distance between the centres of the two tyrosine aromatic rings of the peptide in a micellar medium was similar with that of the aromatic rings of the BZD nitrazepam [START_REF] Lecouvey | Two-dimensional 1H-NMR and CD structural analysis in a micellar medium of a bovine alphaS1-casein fragment having benzodiazepine-like properties[END_REF]; (ii) the peptide displayed an affinity for the BZD site of the GABA A receptor (but 10,000 times lower than that of diazepam) [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF]; (iii) CH induced a GABA A receptors-mediated increase of Cl À influx in neuroblastoma cell culture (Dela [START_REF] Peña | A tryptic hydrolysate from bovine milk as1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor[END_REF]. In contrast, other results suggest a distinct mode of action between a-CZP and diazepam: (i) https://doi.org/10.1016/j.jff.2017.09.014 1756-4646/Ó 2017 Elsevier Ltd. All rights reserved.

Abbreviations: a-CZP, a-casozepine; AIS, anxiety-inducing situation; BNST, bed nucleus of the stria terminalis; BZD, benzodiazepine; CH, tryptic hydrolysate of bovine a s1 -casein; CS, control situation; GABA, c-amino butyric acid; i.p., intraperitoneal; LDB, light/dark box. compared to diazepam, CH induced neither habituation, dependence, sedation, memory impairment nor toxicity [START_REF] Peña | A tryptic hydrolysate from bovine milk as1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor[END_REF][START_REF] Messaoudi | Anxiolytic-like effects and safety profile of a tryptic hydrolysate from bovine alpha s1-casein in rats[END_REF]; (ii) CH may only exert its anxiolytic-like properties in stressed situation or amongst stressed populations as demonstrated by improvement of either sleep after chronic mild stress in rats [START_REF] Guesdon | A tryptic hydrolysate from bovine milk alphaS1-casein improves sleep in rats subjected to chronic mild stress[END_REF], stress-related symptoms in stressed women [START_REF] Kim | Efficacy of alphas1-casein hydrolysate on stress-related symptoms in women[END_REF], or anxiety in anxious Beagle dogs [START_REF] Palestrini | Efficacy of a diet containing caseinate hydrolysate on signs of stress in dogs[END_REF].

Despite these numerous studies, the mode of action of the peptide is still not clarified. As some gathering evidences point out a central mode of action [START_REF] Peña | A tryptic hydrolysate from bovine milk as1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor[END_REF][START_REF] Guesdon | A tryptic hydrolysate from bovine milk alphaS1-casein improves sleep in rats subjected to chronic mild stress[END_REF], the goal of this study was to evaluate the impact of a single i.p. injection of a-CZP compared to diazepam on neuronal activity, by evaluating c-Fos expression, a neuronal activity marker [START_REF] Chung | A brief introduction to the transduction of neural activity into fos signal[END_REF][START_REF] Kovács | C-Fos as a transcription factor: A stressful (re)view from a functional map[END_REF], both in a control and an anxiety-inducting (via a light/dark box device) situations.

Material and methods

Drugs and molecules

a-CZP (1 mg/kg, Genosphere Biotechnologies, France) and diazepam (1 mg/kg, Valium, Roche, Switzerland) were respectively diluted or suspended in a 1% (v/v) glycerol, 0.2% (w/v) methylcellulose aqueous solution (vehicle). The doses used for the two compounds were evaluated in a preliminary study based on data from rodents (unpublished results).

Animals

All experiences were approved by the French « Ministère de l'Agriculture, de l'Agroalimentaire et de la Forêt » on the recommendation of the Comité d'Éthique en Expérimentation Animale of Jouy-en-Josas (N°02237.01). Male Swiss mice (n = 48) (Janvier Labs, France), aged of 9 weeks at arrival, were housed individually and maintained on a 12 h inversed light/dark cycle (lights off at 08:00 a.m.) and controlled environment (temperature 22 ± 1 °C, humidity 60%). Water and food were available ad libitum. Mice were handled every day by the same experimenter and particular care was taken to limit any kinds of external stress (variations in light, noise or odour). Behavioural tests were performed during their active period.

Light/dark box (LDB) test

The device was inspired by Crawley and Goodwin's previous work [START_REF] Crawley | Preliminary report of a simple animal behavior model for the anxiolytic effects of benzodiazepines[END_REF]. This homemade apparatus consisted in two connected boxes (12 Â 16 Â 20 cm and 24 Â 16 Â 20 cm). The smaller box was darkened. A light from a 60 W (1000 lux) desk lamp provided the only room illumination. The animals were individually tested in 5-min sessions. Mice were placed in the lit box facing the entrance to the dark box to start the test session. Behaviour was recorded using a camera (Logitech, Switzerland), while the experimenter was waiting outside of the room in order to not disturb the behaviour of the mice. The latency to enter the dark, unknown box, the total number of transitions between the two compartments, the time spent in the lit box and the number of rears in the lit box were recorded under blinded conditions using The Observer XT 8.0 (Noldus, The Netherlands).

To firstly assess the anxiolytic-like properties of a-CZP in the LDB model, animals (n = 8/group) were placed in the LDB, thirty minutes after an i.p. injection (5 mL/kg body weight) of either vehicle, a-CZP (1 mg/kg corresponding to 0.8 mmol/kg) or diazepam (1 mg/kg corresponding to 3.5 mmol/kg). Behaviours were recorded for five minutes and analysed before the beginning of the experimental procedure described below.

Experimental procedure: control and anxiety-inducing situations

After a week of acclimation to the housing conditions, animals received a soy protein-based diet (standard AIN-93M diet containing 20% of total energy as soy protein, 10% as fat and 70% as carbohydrate) in order to exclude a potential endogenous caseinderived formation of a-CZP (Fig. 1A). Two weeks later, animals (n = 8/group) received an i.p. injection of 5 mL/kg body weight of either vehicle, a-CZP (1 mg/kg) or diazepam (1 mg/kg). Half of the animals in each treatment group (n = 4/subgroup) were injected and returned to their housing room after injection this approach was called ''control situation" (CS; Fig. 1B). The other half (n = 4/subgroup) was placed back to its housing room for 30 min and subsequently in the LDB apparatus for 5 min leading mice to an anxiety-inducing situation (AIS; Fig. 1C). LDB was used as a stressor and not as an apparatus to evaluate anxiety. They were returned to their housing room after the 5-min session. The experiments were performed during six days divided in two weeks, during morning sessions (the behavioural tests were executed between 8:30 and 11:00 a.m.). In each session, six animals (one from each experimental group) were euthanized. All animal transfers as well as injections were performed in the dark or under a dim red light. All the animals have undergone exactly the same handlings with exception of the stressful situation.

Brain collection and sectioning

Protocol was inspired from past work [START_REF] Schwarz | Three-dimensional macronutrient-associated Fos expression patterns in the mouse brainstem[END_REF]. Two hours after the injection (Fig. 1B andC), mice received an i. p. injection of sodium pentobarbital (100 mg/kg, Ceva Santé Animale, France). They were subsequently transcardially perfused via a 21G needle (inner diameter: 0.514 mm) placed in the left cardiac ventricle with 50 mL of Dulbecco's Phosphate-Buffered Saline (DPBS) supplemented with 0.05% (w/v) NaNO 2 , followed by 100 mL of 4% (v/v) formaldehyde (Microm Microtech, France). Brains were afterwards harvested and post-fixed for 72 h in 4% (v/v) formaldehyde at 4 °C. Thereafter, for cryo-protection, brains were immersed for 24 h in 15% (w/v) sucrose (Alfa Aesar, Germany) solution at 4 °C and subsequently in 30% sucrose solution at 4 °C during 48 h. The brains were then snap-frozen at À80°C embedded in Tissue-Tek Ò (Sakura Finetek Europe, The Netherlands) and stored at À20°C until sectioning. The sagittal 20 mm-thick slices were sampled every 100 mm, covering the entire left hemisphere (approximately 25 slices per animal), using a CM1520 cryostat (Leica, Germany).

c-Fos immunofluorescence

Slices were rehydrated three times in a Phosphate-Buffered Saline (PBS) solution during 10 min. They were then incubated in the same PBS solution containing 0.5% (v/v) Triton X-100 and 2% (w/v) BSA during an hour at room temperature. Afterwards they were incubated in a new PBS/Triton X-100/BSA solution containing in addition 1.5% goat serum and rabbit anti-c-Fos antibody (primary antibody, 1:5000, Ab-5, Calbiochem, France) during 48 h at 4 °C. Slices were next rinsed three times 10 min in PBS solution and then incubated in the PBS/Triton X-100/BSA solution containing Alexa-Fluor 488 (secondary antibody, 1:200, Molecular Probes, France) for 2 h at room temperature. Eventually, slices were washed three times in PBS solution and mounted using a medium containing 4 0 ,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, France). Two c-Fos negative controls, obtained by omitting either the primary or the secondary antibody, were processed during each experiment to check for negative controls. No staining was observed on these two controls (data not shown).

Automatic c-Fos positive cell counting

Sagittal slices were digitised at INSERM UMR S996 (Paris, France) using a Nanozoomer (Hamamatsu, Japan) equipped with a Â20 objective lens and epifluorescence. Different image optimisation steps were thereafter performed on ImageJ v1.49 [START_REF] Rasband | ImageJ[END_REF] to facilitate the automated counting. First, the green channel was extracted and pictures were afterwards inversed. An automated counting was performed in a given region using the Find maxima function of ImageJ. This method was repeatedly attested with manual counting control on a non-transformed image in the central amygdaloid nucleus (Fig. 2). The automated cell counting method we optimised showed a strong correlation with the manual counts (y = 1.09x -1.7, R 2 = 0.9809). As this method was confirmed in our protocol, it allowed us to have a more objective counting method. The number of c-Fos positive cell nuclei within each brain region was counted in minimum six sections per animal and the average of them was expressed as number of c-Fos neurons/0.04 mm 2 . Investigated brain regions were upstream selected due to their implication in anxiety regulation [START_REF] Calhoon | Resolving the neural circuits of anxiety[END_REF][START_REF] Noori | Neurocircuitry for modeling drug effects[END_REF]. All regions were assessed using a stereotaxic atlas ( [START_REF] Paxinos | The Mouse Brain in Stereotaxic Coordinates[END_REF]; Figs. 4 and5).

Statistics

Data were evaluated with one-or two-way analysis of variance (ANOVA), after assessing the normal distribution of the residuals. Multiple comparison analysis was performed with Bonferroni post hoc tests using R (R Core Team, 2013). All data are reported as mean ± SEM. Differences were considered to be significant at the p < 0.05 level.

Results

Anxiolytic-like properties of a-CZP in mice in the LDB

The impact of i.p. injection of a-CZP on the behaviour of mice in an anxiogenic situation was evaluated using the LDB (Fig. 3). Α-CZP compared to the vehicle increased the time spent in the lit box (Â2.3, F (2,18) = 8.0112, p = 0.0043) as well as the number of rears in the lit box (Â2.6, F (2,18) = 5.608, p = 0.0170). a-CZP had no effect on the latency to enter the unknown dark compartment and on total transitions. Diazepam only increased the time spent in the lit box compared to the vehicle (Â2.3, F (2,18) = 8.0112, p = 0.0196).

c-Fos expression in the neural circuits of anxiety in vehicle-treated animals facing CS or AIS

c-Fos expression was measured in animals belonging to the vehicle-treated group and compared between CS and AIS (Table 1). All regions studied in the animals facing CS displayed a scarce distribution of c-Fos positive neurons (min: 0.85 cells/0.04 mm 2 in the caudate putamen -max: 4.32 cells/0.04 mm 2 in the dorsomedial nucleus of the hypothalamus), compared to those of animals facing AIS (min: 1.49 cells/0.04 mm 2 in the central nucleus of the amygdala -max: 18.75 cells/0.04 mm 2 in the ventromedial nucleus of the hypothalamus).

Prefrontal cortex

The AIS had an overall effect on c-Fos positive neurons in the prefrontal cortex, significantly increasing the number of these neurons compared to what was observed with the CS (Â3.6, F (1,18) = 109.0087, p < 0.0001).

Hippocampal formation

The AIS had a global influence on c-Fos positive neurons in the hippocampal formation, significantly increasing the number of these neurons compared to what was counted with the CS (Â5.4, F (1,18) = 111.287, p < 0.0001).

Accumbens nucleus

The AIS had an over-all effect on c-Fos positive neurons in the accumbens nucleus, significantly increasing the number of these neurons compared to what was observed with the CS (Â2.1, F (1,18) = 17.9776, p = 0.0003), but this increase was only significant in the core (Â2.6, F (1,18) = 36.8749, p < 0.0001).

Hypothalamus

The AIS compared to the CS had no effect on c-Fos positive neurons in the overall hypothalamic structure. However, the number of c-Fos positive neurons was significantly increased in some nuclei i.e. the dorsomedial (Â3.8, F (1,18) = 52.997, p < 0.0001), the paraventricular (Â4.4, F (1,18) = 476.173, p < 0.0001) and the ventromedial (Â5.2, F (1,18) = 57.615, p < 0.0001).

Amygdala

Compared to the CS, the AIS had no influence on c-Fos positive neurons in the overall amygdala, nor in the different sub-regions.

Other regions

The AIS increased the number of c-Fos positive neurons compared to what was noticed with the CS in the septum (Â3.7, F (1,18) = 31.4659, p = 0.0398) and the BNST (Â5.4, F (1,18) = 129.5467, p < 0.0001), but no effect was observed in the caudate putamen compared to the CS. In contrast, effects of an i.p. injection of a-CZP and diazepam could be observed in some regions in the AIS (Table 1 and Figs. 4 and5).

Prefrontal cortex

No effect of a-CZP was observed in the prefrontal cortex globally on the number of c-Fos positive neurons compared to what was noted with the vehicle. Nevertheless, a significant decrease of this number was observed in the frontal association cortex (Â0.4, F (2,18) = 19.468, p = 0.0146). On the other hand, diazepam decreased the number of c-Fos positive neurons in all the regions of the prefrontal cortex globally compared to the vehicle. The only difference between effects of a-CZP and diazepam was observed in the cingulate cortex (F (2,18) = 21.3798, p = 0.0001).

Hippocampal formation

a-CZP decreased the number of c-Fos positive neurons globally in the hippocampal formation (Â0.6, F (2,18) = 23.884, p = 0.0066) compared to the vehicle, and more specifically in the CA2 (Â0.4, F (2,18) = 25.123, p = 0.0002) and in the dentate gyrus (Â0.5, F (2,18) = 25.433, p = 0.0002). On the other hand, diazepam decreased the number of c-Fos positive neurons in the hippocampal formation globally (Â0.3, F (2,18) = 23.884, p < 0.0001) compared to the vehicle. A difference between effects of a-CZP and diazepam was observed globally in the hippocampal formation (F (2,18) = 23.884, p = 0.0092) and more specifically in the CA1 (F (2,18) = 21.485, p < 0.0001). Fig. 5. Photomicrographs illustrating the effect of the vehicle, a-CZP (1 mg/kg, i.p.), and diazepam (1 mg/kg, i.p.) on anxiety-induced c-Fos immunoreactivity in the prefrontal cortex (lateral 0.12 mm), hippocampal formation (lateral 0.48 mm), accumbens nucleus (lateral 0.84 mm), hypothalamus (lateral 0.12 mm) and amygdala (lateral 2.52 mm). Images followed the procedure as described in Fig. 2: green channel was extracted and images were inversed; black dots correspond to the c-Fos positive neurons extracted by ImageJ, using the Find Maxima function. Scale bar: 500 mm. Cg: cingulate cortex; PrL: prelimbic cortex; Orb: orbital cortex; CA1: field CA1 of hippocampus; CA2: field CA2 of hippocampus; CA3: field CA3 of hippocampus; DG: dentate gyrus; AcbC: accumbens nucleus, core; AcbSh: accumbens nucleus, shell; aci: anterior commissure, intrabulbar; acp: anterior commissure, posterior; AH: anterior hypothalamic nucleus; DMH: dorsomedial hypothalamic nucleus; PVN: paraventricular hypothalamic nucleus; VMH: ventromedial hypothalamus nucleus; Aco: anterior cortical amygdaloid nucleus; AHi: amygdalohippocampal area; BMA: basomedial amygdaloid nucleus; CeA: central amygdaloid nucleus; PLCo: postlateral cortical amygdaloid nucleus; PMCo: posteromedial cortical amygdaloid nucleus.

Table 1

The effects of an i.p. injection of a-CZP (1 mg/kg) or diazepam (1 mg/kg) on the anxiety-induced c-Fos immunoreactivity (positive cells/0.04 mm 2 ) in different areas of mice brains (n = 4/group). Data are mean ± SEM. Results were analysed using a two-way ANOVA (light/dark box  treatment) to detect the effects of an anxiety-inducing situation (A) and treatment (T) and the interaction (A * T) of these factors ( * p < 0.05, ** p < 0.01, *** p < 0.001). Subsequently, a Bonferroni post hoc test was performed to compare the effect of the anxiety-inducing situation and the effect of a-CZP and diazepam compared to vehicle within each situation: a, significantly different from the Vehicle/CS group; b, significantly different from the Vehicle/AIS group; c, significantly different between a-CZP/AIS and DZP/AIS groups ( * p < 0.05, ** p < 0.01, *** p < 0.001).

Brain region

Control Situation (CS) Anxiety-Inducing Situation (AIS) ANOVA Vehicle a-CZP 

Amygdala

Globally in the amygdala a-CZP increased the number of c-Fos positive neurons compared to both the vehicle (Â2.8, F (2,18) = 7.463, p = 0.0006) and the diazepam (Â1.8, F (2,18) = 7.463, p = 0.0206). An increasing number of c-Fos positive neurons by a-CZP was particularly observed in the amygdalohippocampal, the basolateral, the medial and the posteromedial cortical nuclei.

A difference was noted between the effects of a-CZP and diazepam but not between those of the peptide and the vehicle in the anterior cortical nucleus. Contrariwise, no effect of a-CZP or diazepam was observed in the anterior cortical, basomedial, central and posterolateral cortical nuclei.

Other regions

a-CZP decreased the number of c-Fos positive neurons in the bed nucleus of the stria terminalis (BNST; Â0.6, F (2,18) = 6.1655, p = 0.0015) compared to the vehicle. Diazepam decreased the number of c-Fos positive neurons in the septum (Â0.3, F (2,18) = 7.2480, p = 0.0005) and in the caudate putamen (Â0.3, F (2,18) = 3.7003, p = 0.0182) compared to a-CZP.

Discussion

The present results show that the conflict generated by the LDB compared to a non-stressful situation in Swiss mice significantly increased c-Fos expression in the prefrontal cortices, hippocampal formation, accumbens nucleus, hypothalamus, septum, and BNST. These results are consistent with previous studies using an elevated plus-maze test [START_REF] Duncan | Neuroanatomical characterization of Fos induction in rat behavioral models of anxiety[END_REF][START_REF] Kovács | C-Fos as a transcription factor: A stressful (re)view from a functional map[END_REF], which is partly based on anxiogenic cues close to LDB (i.e. bright light and inescapable area). The i.p. injection of a reference anxiolytic molecule, diazepam at a dose of 1 mg/kg, modulated neural activity in the different regions of the CNS involved in anxiety. Our study indicates that a unique 1 mg/kg i.p. injection of a-CZP in Swiss mice also induced changes in neuronal activity of brain regions implicated in anxiety regulation. These changes happened only when the animal faced a situation generating anxiety, as the LDB-induced stressful situation in mice and were due to the anxiolytic-like properties of a-CZP that were confirmed in the present mouse model after an i.p. injection of 1 mg/kg. These anxiolytic-like properties resulted in the decrease in time spent in the dark area in the LDB test. Light area of LDB induces anxiety in Swiss mice, as injection of 1 mg/kg of diazepam reduces by 46% the time spent in the dark area of this apparatus [START_REF] Bourin | The mouse light/dark box test[END_REF]. Our results are in line with previous observation in rodents that identified an anxiolytic-like effect after i.p. injection of 0.4 mg/kg of a-CZP in the conditioned defensive burying test in rats [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF], an i.p. injection of 1 mg/kg in the elevated plus-maze in rats [START_REF] Cakir-Kiefer | In vitro digestibility of a-casozepine, a benzodiazepine-like peptide from bovine casein, and biological activity of its main proteolytic fragment[END_REF], or after oral administration of 4.4 mg/kg in the elevated plus-maze in mice [START_REF] Mizushige | Characterization of Tyr-Leu-Gly, a novel anxiolytic-like peptide released from bovine aS-casein[END_REF].

The dose of 1 mg/kg diazepam used as reference anxiolytic molecule induced a reduction of c-Fos expression in most regions implicated in anxiety regulation both in the control (CS) and in the stressful situation (AIS). These results are in agreement with previous observation [START_REF] Lkhagvasuren | Distribution of Fos-immunoreactive cells in rat forebrain and midbrain following social defeat stress and diazepam treatment[END_REF]) that a single i.p. injection of 1 mg/kg diazepam in a control situation decreases c-Fos expression in only two location, the shell of the accumbens nucleus and the paraventricular nucleus of the hypothalamus, the latter being responsible for the glucocorticoid release regulation in stress-related situations [START_REF] Herman | Neurocircuitry of stress: Central control of the hypothalamo-pituitary-adrenocortical axis[END_REF]). In contrast, in the stressful situation, a reduction of c-Fos expression in all the areas of the prefrontal cortex, the hippocampal formation, and the accumbens nucleus, as well as in the dorsomedial, paraventricular and ventromedial hypothalamic nuclei was observed after i.p. injection of 1 mg/kg diazepam, as described before [START_REF] Beck | Conditioned fear-induced changes in behavior and in the expression of the immediate early gene c-fos: With and without diazepam pretreatment[END_REF][START_REF] De Medeiros | Stress-induced c-Fos expression is differentially modulated by dexamethasone, diazepam and imipramine[END_REF][START_REF] Lkhagvasuren | Distribution of Fos-immunoreactive cells in rat forebrain and midbrain following social defeat stress and diazepam treatment[END_REF]. Differences between studies are explained by the dose and the type of stimuli as different kinds of stimuli induce different c-Fos brain pattern sensitivity to anxiolytics [START_REF] Beck | Conditioned fear-induced changes in behavior and in the expression of the immediate early gene c-fos: With and without diazepam pretreatment[END_REF][START_REF] Kovács | C-Fos as a transcription factor: A stressful (re)view from a functional map[END_REF]. The specificity of the effect of diazepam in the reduction of c-Fos expression has been explained by the density of GABA A /BZD receptors in the brain [START_REF] De Medeiros | Stress-induced c-Fos expression is differentially modulated by dexamethasone, diazepam and imipramine[END_REF]. Indeed, these receptors are highly localised in the prefrontal cortices, the hippocampal formation, the hypothalamus and the accumbens nucleus [START_REF] Richards | Benzodiazepine receptors[END_REF]. In the present study, a reduction of the c-Fos expression was observed after injection of 1 mg/kg diazepam in all these regions. However, despite a high abundance of these receptors also in the amygdala, no modulation of c-Fos expression in this area after diazepam injection was observed. This result was also witnessed in previous studies (de [START_REF] De Medeiros | Stress-induced c-Fos expression is differentially modulated by dexamethasone, diazepam and imipramine[END_REF][START_REF] Lkhagvasuren | Distribution of Fos-immunoreactive cells in rat forebrain and midbrain following social defeat stress and diazepam treatment[END_REF][START_REF] Panhelainen | Evidence for a role of inhibition of orexinergic neurons in the anxiolytic and sedative effects of diazepam: A c-Fos study[END_REF][START_REF] Salminen | Expression of Fos protein in various rat brain areas following acute nicotine and diazepam[END_REF]. This makes it possible to conclude that the conditions used were suitable for demonstrating the modulation of the neuronal activity by an anxiolytic molecule.

The present findings also provide neurobiological evidence supporting previous behavioural observations only done with CH in rats [START_REF] Guesdon | A tryptic hydrolysate from bovine milk alphaS1-casein improves sleep in rats subjected to chronic mild stress[END_REF], dogs [START_REF] Palestrini | Efficacy of a diet containing caseinate hydrolysate on signs of stress in dogs[END_REF] or humans [START_REF] Kim | Efficacy of alphas1-casein hydrolysate on stress-related symptoms in women[END_REF], suspecting that an anxious or stressful situation was needed to a-CZP for displaying anxiolytic-like properties. In the present study, in a non-stressful situation, i.e. the CS, a single i.p. injection of 1 mg/kg a-CZP did not affect c-Fos expression in any brain area. In contrast, in the AIS induced by the LDB, i.p. injection of 1 mg/kg a-CZP compared to the vehicle modified c-Fos expression in several brain regions. This included a reduction in the frontal association cortex, hippocampal formation especially CA2 and dentate gyrus, accumbens nucleus, dorsomedial, paraventricular and ventromedial nuclei of the hypothalamus as well as BNST. The global expression of c-Fos in this latter region will need to be refined as BNST is involved in a wide range of different functions. Moreover, an increase of about 185% in amygdala, and no global effect in the prefrontal cortices despite a local effect in the frontal association cortex were detected.

The results showed analogies and some differences between the action of 1 mg/kg a-CZP and diazepam in the central nervous system and, although the same dose was applied on a weight basis (1 mg/kg) for the two molecules, a dose difference effect when expressed on a molar basis (0.8 mmol/kg and 3.5 mmol/kg for a-CZP and diazepam, respectively) cannot also be excluded. Nevertheless, in behavioural tests, the reduction of the anxiety observed after injection of 1 mg/kg of the peptide is absolutely the same that observed after administration of 1 mg/kg of diazepam despite a molar quantity ratio of 4 [START_REF] Cakir-Kiefer | In vitro digestibility of a-casozepine, a benzodiazepine-like peptide from bovine casein, and biological activity of its main proteolytic fragment[END_REF]. No effect of diazepam on c-Fos expression was observed in the amygdala whereas a-CZP increased this expression by about 185% in this area. Interestingly, the anxiolytic-like effect of 1 mg/kg a-CZP was associated with the absence of side effects sedation and addiction [START_REF] Peña | A tryptic hydrolysate from bovine milk as1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor[END_REF][START_REF] Messaoudi | Anxiolytic-like effects and safety profile of a tryptic hydrolysate from bovine alpha s1-casein in rats[END_REF] that may be due to a selective binding of a-CZP on subtype(s) of GABA A receptors as a-CZP also displays an affinity for the BZD binding site of GABA A receptors [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF]. Indeed, the anxiolytic properties of these receptors rely on the a 2 subunit [START_REF] Löw | Molecular and neuronal substrate for the selective attenuation of anxiety[END_REF] whereas the a 1 subunit carries the sedation action of the diazepam [START_REF] Rudolph | Benzodiazepine actions mediated by specific gamma-aminobutyric acid(A) receptor subtypes[END_REF]. GABA A receptor subtypes also show a specific distribution in the brain. GABA A a 2 -containing receptors are mostly located in the hippocampal formation, as well as the amygdala,

where a-CZP act on c-Fos expression. GABA A a 1 -containing receptors are located in the prefrontal cortices [START_REF] Fritschy | GABAA-receptor heterogeneity in the adult rat brain: differential regional and cellular distribution of seven major subunits[END_REF][START_REF] Pirker | GABA(A) receptors: Immunocytochemical distribution of 13 subunits in the adult rat brain[END_REF] where a-CZP had no global impact on c-Fos expression since its effect was only detected in the frontal association cortex. An interaction of a-CZP with GABA A receptor subtypes other than those having the a 2 subunit cannot be ruled out because no data on the interaction of this peptide with GABA A receptor subtypes is available. Indeed, the affinity of the peptide for the benzodiazepine site of the GABA A receptor was determined in competition with flunitrazepam [START_REF] Miclo | Characterization of alpha-casozepine, a tryptic peptide from bovine alpha(s1)-casein with benzodiazepine-like activity[END_REF]. Flunitrazepam is a non-selective benzodiazepine that can bind to GABA A receptors that have either an a 1 , a 2 , a 3, or a 5 subunit, and which also demonstrated an affinity for receptors possessing the a 4 subunit, though GABA A receptors having an a 4 or a 6 subunit are said to be insensitive to diazepam [START_REF] You | Benzodiazepine modulation of the rat GABAA receptor a4b3c2L subtype expressed in Xenopus oocytes[END_REF].

In conclusion, the anxiolytic-like properties of a-CZP administrated by i.p. way at 1 mg/kg were confirmed in a Swiss mice model of anxiety using the LDB. Administration of this dose of a-CZP had somewhat similar effects as diazepam on neuronal activity modulation compared to vehicle in an anxiety-inducing situation and did not have any effect on neuronal activity compared to vehicle in a control situation (housing room). To our knowledge, a limited number of studies have demonstrated the modulation of neuronal activity via a peptide of food origin [START_REF] Sun | Beta-casomorphin induces Fos-like immunoreactivity in discrete brain regions relevant to schizoprenia and autism[END_REF] and this study can help to better understand the neurological effects of molecules produced during the digestion of food proteins. It can also be noted that our study has shown that the decapeptide, which was unmodified by intestinal digestion or absorption steps, since it has been administered intraperitoneally, is able to trigger this cerebral modulation. Nonetheless, whether it is the whole sequence or a shorter sequence which is responsible for this modulation remains to be determined. Indeed, the peptides YLGYLEQ [START_REF] Cakir-Kiefer | In vitro digestibility of a-casozepine, a benzodiazepine-like peptide from bovine casein, and biological activity of its main proteolytic fragment[END_REF], YLG [START_REF] Mizushige | Characterization of Tyr-Leu-Gly, a novel anxiolytic-like peptide released from bovine aS-casein[END_REF] or YL [START_REF] Kanegawa | Dipeptide Tyr-Leu (YL) exhibits anxiolytic-like activity after oral administration via activating serotonin 5-HT1A, dopamine D1 and GABAA receptors in mice[END_REF] have also previously shown an anxiolytic activity.

Fig. 2 .

 2 Fig. 2. Procedure used for the c-Fos positive neurons automated count. (A) Zoom on the amygdala region on a digitalised slice (position: lateral 2.52 mm). Extraction of the green canal. Scale bar: 500 mm. (B) The same slice after colour inversion. Scale bar: 500 mm. (C) Automated counting using the Find maxima function of ImageJ on the inversed image. Black dots correspond to the c-Fos positive neurons counted by the software. Scale bar: 500 mm. (D) Automated cell counts plotted against manual cell counts. Cells were counted on 20 different slices in the central amygdaloid nucleus. The regression line (solid line, y = 1.09x -1.7, R 2 = 0.9809) was close to y = x (broken line).

Fig. 1 .

 1 Fig. 1. Schematic representation of the experimental design. (A) Common branch of the experiment: after a week of acclimation to the housing conditions, mice were given a soy protein diet ad libitum. Two weeks later, mice were randomised into two different situations. (B) Control situation: after an i.p. injection (vehicle, a-CZP or diazepam), mice were placed back in their housing room for 120 min before in situ perfusion. (C) Anxiety-inducing situation: 30 min after an i.p. injection (vehicle, a-CZP or diazepam), mice were placed in the light/dark box (LDB) device for 5 min; 90 min later mice, were perfused in situ.

Fig. 3 .

 3 Fig. 3. Effects of an i.p. injection of a-CZP (1 mg/kg), and diazepam (1 mg/kg) in Swiss mice on the behavioural response in the light/dark box. Results were analysed using a one-way ANOVA to detect the effect of the treatment on the studied behavioural scores. Data are mean ± SEM (n = 7-8/group). * p < 0.05, ** p < 0.01 compared to the vehicle.

Fig. 4 .

 4 Fig. 4. Photomicrographs illustrating c-Fos immunoreactivity in the amygdala (lateral 2.52 mm) of mice administrated with vehicle (left), a CZP (1 mg/kg i.p.; middle), and diazepam (1 mg/kg i.p.; right) before facing an anxiety-inducing situation. The green channel was extracted and the images were inversed. Contrast was increased to 40% in the images from line 2 to line 7. Global amygdala in first line, scale bar: 500 mm. Regions of amygdala in the following lines, scale bar: 100 mm.

  specifically in the shell (Â0.3, F (2,18) = 29.2793, p = 0.0146) as well as in the paraventricular nucleus of the hypothalamus (Â0.3, F (2,18) = 43.780, p = 0.0318) compared to the vehicle.

  Both i.p. injection of a-CZP or diazepam decreased the number of c-Fos positive neurons globally in the accumbens nucleus (Â0.5, F (2,18) = 35.6236, p = 0.0006 and Â0.2, F (2,18) = 35.6236, p < 0.0001, respectively) compared to the vehicle. No difference was observed between a-CZP and diazepam.

	Diazepam No effect of both i.p. injection of a-CZP and diazepam compared 3.3.4. Hypothalamus	Vehicle	a-CZP	Diazepam	A F (1,18)	p	T F (2,18)	p	A * T F (2,18)	p
	Prefrontal cortices Global to that of vehicle was observed globally in the hypothalamus, as 2.11 ± 0.40 1.72 ± 0.24 0.72 ± 0.26 Cingulate cortex 2.50 ± 0.40 1.93 ± 0.23 0.90 ± 0.34 well as in the anterior and lateral nuclei. However, both a-CZP Frontal association cortex 2.44 ± 0.19 2.02 ± 0.39 1.05 ± 0.49 and diazepam decreased the number of c-Fos positive in the dorso-	7.67 ± 0.42, a *** 9.92 ± 0.39, a *** 11.28 ± 1.41, a ***	5.73 ± 0.86 9.81 ± 1.26, c *** 4.25 ± 0.83, b ***	3.89 ± 0.53, b *** 3.57 ± 0.82, b *** 3.99 ± 0.55, b ***	109.0087 118.3641 57.703	*** *** ***	13.5196 21.3798 19.468	*** *** ***	2.9927 9.1502 11.663	ns ** ***
	Prelimbic cortex medial (Â0.3, F (2,18) = 27.226, p < 0.0001 and Â0.4, F (2,18) = 27.226, 1.86 ± 0.40 1.62 ± 0.40 0.61 ± 0.31	6.75 ± 0.96, a ***	4.60 ± 0.50	3.16 ± 0.76, b **	50.2738	***	8.1627	**	2.1766	ns
	Orbital cortex p < 0.0001, respectively), paraventricular (Â0.6, F (2,18) = 43.780, 2.13 ± 0.48 1.65 ± 0.22 0.68 ± 0.22	7.33 ± 0.59, a ***	5.31 ± 0.91	4.23 ± 0.59, b *	83.4489	***	8.4173	**	1.3760	ns
	Hippocampal formation Global p < 0.0001 and Â0.6, F (2,18) = 43.780, p < 0.0001, respectively) and 1.14 ± 0.18 1.04 ± 0.13 0.45 ± 0.08 CA1 0.89 ± 0.22 0.77 ± 0.20 0.40 ± 0.10 ventromedial (Â0.3, F (2,18) = 22.149, p < 0.0001 and Â0.4, CA2 1.51 ± 0.27 1.81 ± 0.26 0.70 ± 0.11 F (2,18) = 22.149, p < 0.0001, respectively) nuclei compared to the CA3 1.29 ± 0.16 1.05 ± 0.19 0.45 ± 0.11 vehicle. No difference was observed between effects of a-CZP	6.16 ± 0.64, a *** 4.05 ± 0.33, a *** 5.84 ± 0.72, a *** 5.90 ± 1.10, a ***	3.96 ± 0.50, b ** , c *** 4.14 ± 0.60, c *** 2.63 ± 0.35, b *** 4.04 ± 0.76	1.85 ± 0.27, b *** 0.91 ± 0.18, b *** 1.25 ± 0.28, b *** 2.06 ± 0.27, b **	111.287 81.377 37.193 44.0876	*** *** *** ***	23.884 21.485 25.123 8.5467	*** *** *** **	12.684 12.628 15.372 3.5008	*** *** *** ns
	Dentate gyrus and diazepam.	1.47 ± 0.36	1.27 ± 0.16	0.46 ± 0.09	8.32 ± 0.80, a ***	4.29 ± 0.69, b ***	2.50 ± 0.35, b ***	101.229	***	25.433	***	13.836	***
	Accumbens nucleus												
	Global	2.22 ± 0.16	2.09 ± 0.40	0.80 ± 0.13, a *	4.58 ± 0.37, a ***	2.39 ± 0.37, b ***	1.13 ± 0.17, b ***	17.9776	***	35.6236	***	8.3374	***
	Core	2.05 ± 0.18	2.13 ± 0.39	0.77 ± 0.19	5.42 ± 0.41, a ***	3.19 ± 0.52, b **	1.54 ± 0.26, b ***	36.8749	***	27.5811	***	8.2868	**
	Shell	2.58 ± 0.17	2.31 ± 0.54	0.88 ± 0.16, a *	3.82 ± 0.34	1.70 ± 0.29, b *	0.85 ± 0.10, b ***	0.6746	ns	29.2793	***	4.8089	***
	Hypothalamus												
	Global	2.56 ± 0.13	2.43 ± 0.36	1.97 ± 0.20	4.85 ± 0.43	5.58 ± 1.05	3.24 ± 0.58	24.8310	***	3.5982	*	1.4455	ns
	Anterior area	2.09 ± 0.18	2.12 ± 0.49	2.67 ± 0.29	5.12 ± 0.46	5.14 ± 1.37	3.75 ± 0.63	17.9134	***	0.2351	ns	1.3269	ns
	Dorsomedial nucleus	4.32 ± 0.67	3.21 ± 0.38	1.27 ± 0.16	16.62 ± 1.56, a ***	4.82 ± 1.63, b ***	5.96 ± 0.90, b ***	52.997	***	27.226	***	13.910	***
	Lateral area	2.87 ± 0.34	2.50 ± 0.26	1.74 ± 0.34	3.46 ± 0.34	2.38 ± 0.64	1.93 ± 0.46	0.4148	ns	5.1283	*	0.3682	ns
	Paraventricular nucleus	4.17 ± 0.54	3.95 ± 0.27	1.25 ± 0.17, a *	18.41 ± 0.48, a ***	10.89 ± 0.15, b ***	10.93 ± 1.16, b ***	476.173	***	43.780	***	20.376	***
	Ventromedial nucleus	3.61 ± 0.42	3.38 ± 0.23	1.20 ± 0.14	18.75 ± 1.85, a ***	5.41 ± 1.57, b ***	6.69 ± 1.67, b ***	57.615	***	22.149	***	15.534	***
	Amygdala												
	Global	1.24 ± 0.13	1.16 ± 0.07	1.22 ± 0.09	2.80 ± 0.63	7.95 ± 1.23, b *** , c ***	4.33 ± 0.90	47.9560	***	7.4363	**	7.8751	**
	Anterior cortical nucleus	1.27 ± 0.13	1.53 ± 0.24	1.50 ± 0.31	3.29 ± 0.85	5.51 ± 0.79, c ***	2.66 ± 0.49	29.3636	***	4.1712	*	3.5805	*
	Amygdalohippocampal nucleus	1.28 ± 0.13	1.27 ± 0.19	1.16 ± 0.25	2.29 ± 0.34	8.40 ± 0.94, b *** , c ***	2.80 ± 0.73	57.727	***	21.134	***	20.616	***
	Basolateral nucleus	1.26 ± 0.19	0.94 ± 0.18	0.88 ± 0.22	1.78 ± 0.25	7.85 ± 0.77, b *** , c ***	4.03 ± 0.94	67.587	***	15.519	***	18.662	***
	Basomedial nucleus	0.97 ± 0.21	1.23 ± 0.24	1.15 ± 0.36	3.43 ± 0.89	5.39 ± 0.94	2.73 ± 0.54	30.5536	***	2.8715	ns	2.3217	ns
	Central nucleus	1.45 ± 0.23	1.21 ± 0.19	1.19 ± 0.25	1.68 ± 0.47	3.68 ± 0.51	3.98 ± 1.16	15.1802	**	1.8538	ns	2.9585	ns
	Medial nucleus	1.47 ± 0.19	1.60 ± 0.37	1.43 ± 0.24	2.33 ± 0.55	13.53 ± 2.87, b *** , c ***	7.55 ± 1.27	34.5245	***	9.2979	***	8.8684	**
	Posterolateral cortical nucleus	1.20 ± 0.18	1.42 ± 0.18	1.36 ± 0.34	4.75 ± 1.92	5.22 ± 0.86	1.96 ± 0.50	13.0093	**	1.8918	ns	1.9710	ns
	Posteromedial cortical nucleus	1.27 ± 0.14	1.34 ± 0.16	1.23 ± 0.26	3.70 ± 0.70	9.41 ± 1.20, b *** , c ***	3.32 ± 0.59	66.564	***	15.136	***	14.206	***
	Other regions												
	Septum	1.08 ± 0.19	1.21 ± 0.28	1.29 ± 0.18	3.93 ± 0.29, a *	6.04 ± 1.30, c ***	1.56 ± 0.30	31.4659	***	7.2480	**	7.8071	**
	Bed nucleus of the stria terminalis	0.91 ± 0.24	0.91 ± 0.21	1.24 ± 0.14	4.92 ± 0.47, a ***	2.84 ± 0.21, b **	3.57 ± 0.37	129.5467	***	6.1655	**	6.9068	**
	Caudate putamen	0.85 ± 0.42	0.90 ± 0.20	0.90 ± 0.18	1.49 ± 0.19	2.12 ± 0.40, c ***	0.63 ± 0.08	5.6923	*	3.7003	*	3.7279	*
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