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Sub-regions of the dorsal raphé nucleus receive different inputs from the brainstem

C.

Introduction

Based on the electrophysiological activity of its serotonergic (5-HT) neurons across the sleepwake cycle (ie. active during waking and silent during sleep) [START_REF] Mcginty | Dorsal raphe neurons: depression of firing during sleep in cats[END_REF][START_REF] Urbain | Electrophysiological diversity of the dorsal raphe cells across the sleep-wake cycle of the rat[END_REF][START_REF] Sakai | Sleep-waking discharge profiles of dorsal raphe nucleus neurons in mice[END_REF] and their largely distributed efferent projections to the forebrain [START_REF] Vertes | A PHA-L analysis of ascending projections of the dorsal raphe nucleus in the rat[END_REF], the dorsal raphe nucleus (DRN) is known to be a wakepromoting structure involved in a broad range of physiological functions and their pathological counterparts such as emotions, nociception, feeding, motor control, sleep-wake regulation and psychiatric disorders [START_REF] Jouvet | The role of monoamines and acetylcholine-containing neurons in the regulation of the sleep-waking cycle[END_REF][START_REF] Himmerich | Psychopharmacological advances in eating disorders[END_REF][START_REF] Monti | The role of dorsal raphe nucleus serotonergic and non-serotonergic neurons, and of their receptors, in regulating waking and rapid eye movement (REM) sleep[END_REF][START_REF] Artigas | Acceleration of the effect of selected antidepressant drugs in major depression by 5-HT1A antagonists[END_REF][START_REF] Holmes | Genetic variation in cortico-amygdala serotonin function and risk for stress-related disease[END_REF]. The DRN is a complex and heterogeneous structure that can be divided in five sub-regions based on the distribution of its 5-HT neurons, namely a rostral, dorso-central, ventro-central and caudal parts as well as lateral wings. While the ventro-central part contains almost exclusively 5-HT neurons [START_REF] Takeuchi | Immunohistochemical demonstration of the distribution of serotonin neurons in the brainstem of the rat and cat[END_REF], the content in neurotransmitters and neuropeptides of the other sub-regions is heterogeneous. For example, neurons expressing vasointestinal peptides are mainly located in the dorso-central part of the DRN [START_REF] Petit | VIP-like immunoreactive projections from the dorsal raphe and caudal linear raphe nuclei to the bed nucleus of the stria terminalis demonstrated by a double immunohistochemical method in the rat[END_REF], neurotensin neurons are present in the dorso-central part, the rostral and caudal parts of the DRN [START_REF] Shipley | Heterogeneous distribution of neurotensin-like immunoreactive neurons and fibers in the midbrain periaqueductal gray of the rat[END_REF], while somatostatin neurons are mainly located in the lateral wings of the DRN [START_REF] Smith | Distribution of messenger RNAs encoding enkephalin, substance P, somatostatin, galanin, vasoactive intestinal polypeptide, neuropeptide Y, and calcitonin gene-related peptide in the midbrain periaqueductal grey in the rat[END_REF]. Some 5-HT neurons co-express glutamate [START_REF] Liu | Dorsal raphe neurons signal reward through 5-HT and glutamate[END_REF] and nitric-oxyde synthase [START_REF] Johnson | Localization of NADPH diaphorase activity in monoaminergic neurons of the rat brain[END_REF] but not GABA. GABAergic neurons are located in the lateral wings, they are almost absent of the DRN midline but are distributed on the sides of 5-HT neurons [START_REF] Stamp | Extent of colocalization of serotonin and GABA in the neurons of the rat raphe nuclei[END_REF]. In addition to the heterogeneous neuronal populations, the DRN also possess a great diversity of 5-HT neuronal subtypes as demonstrated by their electrophysiological and morphological characteristics and their distribution into sub-regions [START_REF] Urbain | Electrophysiological diversity of the dorsal raphe cells across the sleep-wake cycle of the rat[END_REF][START_REF] Sakai | Sleep-waking discharge profiles of dorsal raphe nucleus neurons in mice[END_REF][START_REF] Descarries | The serotonin neurons in nucleus raphe dorsalis of adult rat: a light and electron microscope radioautographic study[END_REF]. It is thus likely that different sub-types of DRN 5-HT neurons receive a variety of inputs, modulating differentially their activity.

Thanks to the development of new retrograde tracing technologies using modified rabies virus [START_REF] Wickersham | Monosynaptic restriction of transsynaptic tracing from single, genetically targeted neurons[END_REF], it is now possible to precisely map the inputs of genetically defined neuronal populations in specific brain areas. Experienced with this elegant tool, Weissbourd et al [START_REF] Weissbourd | Presynaptic partners of dorsal raphe serotonergic and GABAergic neurons[END_REF] recently identified long-range direct inputs to 5-HT or GABAergic neurons of the DRN and declared that, overall, DRN 5-HT and GABAergic neurons receive inputs from the same brain area but are generally densest onto 5-HT neurons. Using a modified version of this technology [START_REF] Miyamichi | Dissecting local circuits: parvalbumin interneurons underlie broad feedback control of olfactory bulb output[END_REF], they were also able to describe local connectivity within the DRN. However, these authors were not able to distinguish from the density of each long-range input onto the different sub-regions of the DRN. In a previous study [START_REF] Peyron | Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods[END_REF], we described forebrain inputs to the different sub-region of the DRN using retrograde and anterograde tracing techniques. We now report a detailed map of the long-range inputs to the DRN sub-regions that originate from the brainstem. 

Methods

Tracer injection protocol.

As previously described [START_REF] Peyron | Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods[END_REF], glass micropipettes (3-5μm diameter at the tip) were filled with 1% desalted CTb (List Biological Lab.) or Phaseolus vulgaris-leucoagglutinin (PHA-L) solution.

Experiments were carried out in accordance with the EU directive guidelines for animal experiments.

Prior to CTb injections, male OFA rats (IFFA Credo, France) weighing 260-310g were anaesthetized with sodium pentobarbital (40 mg/kg, i.p.) and placed in a stereotaxic frame. The stereotaxic coordinates of the DRN were defined with the atlas of Paxinos and Watson ([22]; 1mm rostral to the interaural, 0-600μm lateral to midline). An extracellular recording of the 5-HT-like neurons was done in order to precisely place the tip of the pipette in the DRN sub-regions. CTb was ejected iontophoretically by a 0.5-1μA pulsed positive current 7s "on/off" generated by a Midgard CS-4 for 10-15 min in the ventral (n= 10) or dorsal (n= 4) parts of the central DRN, in the rostral DRN (n= 9), or in the lateral wings of the DRN (n=3). Anterograde tracing controls were conducted with PHA-L anterograde tracer in structures determined as afferent to the DRN. PHA-L (2.5%, Vector labs; 10-15μm tip micropipettes) was iontophoretically ejected with 5μA pulsed current (7s "on/off' for 15-30min). Targeted structures were the lateral periaqueductal gray of the pons (n=2), the lateral parabrachial nucleus (n=6), the laterodorsal tegmental nucleus (n=3), the dorsal paragigantocellular area (n=2), the lateral paragigantocellular nucleus (n=2), the locus coeruleus (n=5), the perimesencephalic V area (n=1) and the raphe magnus (n=3).

Histology.

Two weeks after injections, rats were deeply anaesthetized by a sub-lethal dose of pentobarbital and brains rapidly perfused through the ascending aorta with a Ringer-lactate solution containing 0.1% heparin followed by 500 ml of an ice-cold fixative composed of 4% paraformaldehyde, 0.25% glutaraldehyde and 0.2% picric acid in 0.1M PB (pH 7.4). Then, brains were post-fixed overnight at 4°C in the same fixative without glutaraldehyde and cryoprotected in a 30% sucrose solution for 48h at 4°C. Brains were rapidly frozen at -30°C and sliced on a cryostat in 20μmthick coronal sections. The free-floating sections were stored at 4°C in 0.1 M PB, pH 7.4 containing 0.9% NaCl, 0.3% Triton X-100 (PBST) and 0.1% sodium azide (PBST-Az) until use.

Immunohistochemistry for CTb.

Free-floating sections were successively incubated in (i) a goat antiserum to CTb (List Biological Lab., 1:40,000 in PBST-Az) for 3 days at 4°C; (ii) a biotinylated rabbit anti-goat immunoglobulin (Vector Lab., 1:2000 in PBST) for 90 min at room temperature (RT); and (iii) streptavidin-HRP (Jackson ImmunoResearch Lab., (1:40,000 in PBST) for 90 min at RT. Incubations were carried out under gentle stirring and stopped by 2 x 15 min washes in PBST. Sections were then immersed in 0.025% 3,3-diaminobenzidine-4HCl solution (DAB; Sigma) containing 0.6% nickel ammonium sulphate (DAB-Ni) in 0.05 M Tris-HCl buffer (pH 7.6) and 0.003% H2O2 for 15-30 min at RT. The reaction was stopped by two rinses in PBST-Az. Finally, the sections were mounted on gelatin-coated glass slides, dried, dehydrated and cover-slipped with Depex.

Immunohistochemistry for PHA-L.

As above, the sections were successively incubated in (i) a rabbit antiserum to PHA-L (DAKO, 1:5000 in PBST-Az) for four days at 4°C; (ii) a biotinylated goat anti-rabbit immunoglobulin (Vector Lab., 1:2000 in PBST) for 90 min at RT; (iii) streptavidin-HRP (Jackson ImmunoResearch Lab., 1:40,000 in PBST) for 90 min at RT. Finally, the sections were immersed for 10-15min in DAB-Ni.

Immunohistochemistry of serotonin.

Sections were incubated in (i) a rabbit antiserum to serotonin (Incstar Corporation; 1:20,000 in PBST-Az) for four days at 4°C; (ii) a donkey anti-rabbit immunoglobulin (Jackson ImmunoResearch Lab., 1:1000 in PBST) for 90 min at RT and (iii) a rabbit peroxidase-antiperoxidase complex (PAP; Dakopatts, 1:1000 in PBST) for 90 min at RT. Then, the sections were immersed for 10-15 min in DAB with or without nickel.

Immunohistochemistry of GAD67.

To label cell bodies of GABAergic neurons, immunoshistochemistry for GAD67, the synthesis enzyme of GABA, was performed. As reported previously [START_REF] Gervasoni | Role and origin of the GABAergic innervation of dorsal raphe serotonergic neurons[END_REF] pretreatment with 80 mg of colchicine (Sigma) in 4 ml of NaCl 0.9% was intracerebroventricularly injected 2 days before perfusion/fixation. Brain sections were incubated in (1) a 3% swine serum for 90 min (Life Technologies, Rockville, MD),

(2) a rabbit antiserum to GAD with 1% of swine serum over 3-4 days at 4°C (1:10,000; Chemicon International, Temecula, CA), (3) a donkey biotinylated anti-rabbit IgG (1:1000; Vector); and (4) ABC-HRP (1:1000; Elite kit, Vector), both for 90 min at RT. Finally, GAD67 was revealed by DAB.

Data analysis of the retrograde labeling.

Sections immunostained for CTb were analyzed with a computerized image analysis system (Biocom, France). Outlines of sections and major structures were drawn at low power magnification (2.5x) while retrograde-labeled cells were plotted at higher magnification (16x). To determine the respective contribution of each structure projecting to the DRN, counts of the retrograde-labeled cells were made on sections taken every 160μm in each structure on one hemisphere. The number of sections counted for each structure depended on its rostro-caudal extension. The number of afferent neurons was counted from rats injected in the ventro-central DRN (n=5), the dorso-central DRN (n=3), the lateral wings of the DRN (n=2) and the rostral DRN (n=3) (Table 1). Maps from representative large injections (700-800μm diameters) in the ventral (RD27), dorsal (S5) parts of the central DRN, lateral wing (K1) and rostral DRN (N4) are illustrated in figures 2,3,5-7. The photomicrographs were taken with a Kodak Ektar film (25 ASA) using a Leitz Ortoplan microscope connected to a camera (Vario-orthomat). The negatives were then scanned and the digital microphotographs were stored on a Kodak Photo CD disk. To get an optimal reproduction of the CTb and PHA-L stainings, we modified contrast, luminosity and color dominance of the crude scans with Photoshop 3.0 (Adobe).

Results

Based on the distribution of the 5-HT neurons, as previously reported [START_REF] Peyron | Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods[END_REF], the DRN can be divided into five sub-regions, the rostral and caudal parts, the dorso-central and ventro-central parts and the lateral wings (Fig. 1A). The ventro-central DRN is located just dorsally to the medial longitudinal fasciculi at the level of the anterior tegmental nucleus. The dorso-central part is situated on the midline, just ventrally to the aqueduct. The rostral DRN is located at the level of the trochlear motor nucleus and the caudal DRN lies at the level of the ventral tegmental nucleus of Gudden.

Besides 5-HT neurons, the DRN also contains GABAergic cells which distribution is mainly avoiding the central midline of the nucleus (Fig. 1B). To identify the specific brainstem inputs to these DRN sub-regions, we have injected the CTb retrograde tracer in each of them (Figs. 1 C-F) and analyzed retrograde-labeled cells. Of interest, the same animals were used in a previous study reporting forebrain inputs to the DRN sub-regions [START_REF] Peyron | Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods[END_REF]. ). Density of efferent projections to the different sub-regions is detailed in table 1. We found structures similarly and strongly labeled following CTb injections in the different sub-regions of the DRN, namely the mesencephalic periaqueductal gray (Figs. 234), the mesencephalic reticular formation, the lateral parabrachial nucleus, the oral pontine reticular formation and the dorsal paragigantocellular area (Table 1) indicating no topographical organization of their terminals in the DRN. In contrary, many nuclei projected preferentially to a sub-region of the DRN. Interestingly, the number of brainstem nuclei sending axonal projections to the ventro-central DRN was limited compare to those projecting to the other sub-regions. The main inputs to the ventro-central part, in addition to those cited above, were the pontine ventrolateral central gray and the paramedian nucleus (Table 1).

The brainstem nuclei projecting preferentially to the dorso-central DRN were the substantia nigra, the superior colliculi, the pontine central gray (except its dorsal part), the laterodorsal tegmental nucleus, the dorsal subcoeruleus nucleus and the caudal part of the nucleus of the solitary tract (Table 1). Brainstem nuclei projecting preferentially to the lateral wings of the DRN were the dorsal and dorsolateral pontine central gray, the median raphe nucleus, the medial parabrachial nucleus, the kölliker-Fuse and the gigantocellular reticular nuclei.

Of interest, we noticed that a densely packed group of retrograde-labeled cells was located in the ventral mesencephalic central gray at the level of the 3rd oculomotor nuclei following all CTb injections (Figs. 4A-B). In addition, we identified a group of retrograde-labeled cells (we named the undefined pontine nucleus) located lateral to the laterodorsal tegmental nucleus and projecting preferentially to the central DRN (Fig. 4C, Table 1). Finally, all PHA-L anterograde-tracing experiments confirmed the topographical organization revealed by using retrograde labeling and reported in table 1 (data not shown). 

Discussion

In the present work, we provide a detailed map of brainstem projections to the different subregions of the DRN. If some structures project homogeneously to all sub-regions of the DRN (ie. the lateral parabrachial nucleus, the pontine ventrolateral central gray, the pontine oralis nucleus, the dorsal paragigantocellular nucleus), we also show that most brainstem long-range inputs project to the DRN in a topographically organized manner. For instance, the supramammillary nucleus, the substantia nigra, the ventral tegmental area and the dorsal subcoeruleus preferentially send their projections to the dorso-central DRN. In contrast, the dorsal central gray, the median raphe nucleus, the ventral subcoeruleus and the gigantocellular reticular area preferentially project to the lateral wings of the DRN. However, no brainstem areas projected preferentially to the ventro-central DRN.

Finally we found a rich local connectivity between sub-regions of the DRN.

Technical considerations.

We used retrograde and anterograde tracing techniques available twenty years ago which do not allow the discrimination of a specific neurochemically defined neuronal population as it is now possible with viral vectors technology. Nevertheless, iontophoretic injections of CTb with glass pipettes have demonstrated high tracing efficiency [START_REF] Peyron | Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods[END_REF][START_REF] Luppi | Afferent projections to the rat locus coeruleus demonstrated by retrograde and anterograde tracing with cholera-toxin B subunit and Phaseolus vulgaris leucoagglutinin[END_REF], are devoid of lesions at the site of injection, thus avoiding the capture of CTb by fibers of passage [START_REF] Luppi | Iontophoretic application of unconjugated cholera toxin B subunit (CTb) combined with immunohistochemistry of neurochemical substances: a method for transmitter identification of retrogradely labeled neurons[END_REF]. Another major advantage of this technique is that injections sites are restricted to small area. Injection sites as small as 150µm in diameter can be obtained, allowing the identification of inputs to a very limited brain sub-region. We were thus able to uncover the local interconnections between sub-regions and neighboring central gray, and our data are corroborated by the recent description of Weissbourd and colleagues [START_REF] Weissbourd | Presynaptic partners of dorsal raphe serotonergic and GABAergic neurons[END_REF] using viral vector tracing technology.

Potential role of brainstem inputs to DRN sub-regions in regards to the sleep-wake cycle.

DRN 5-HT neurons are generally considered as waking neurons. This is supported by the fact that the DRN receives convergent excitatory inputs from wake-active neurons located in the forebrain such as, for example, the orexin/hypocretin neurons of the lateral hypothalamus that fire during wakefulness and are nearly silent during sleep [START_REF] Peyron | Neurons containing hypocretin (orexin) project to multiple neuronal systems[END_REF][START_REF] Henny | Immunohistochemical evidence for synaptic release of glutamate from orexin terminals in the locus coeruleus[END_REF][START_REF] Lee | Discharge of identified orexin/hypocretin neurons across the sleep-waking cycle[END_REF]. In regards to brainstem projections, we show here by retrograde and anterograde tracing that all DRN sub-regions receive a weak projection from the wake-active locus coeruleus and a strong projection from the wake-promoting lateral parabrachial nucleus. In agreement with our data, the lateral parabrachial nucleus, a hypercapnic sensitive region, was shown to trigger arousal via its glutamatergic inputs to many wakepromoting nuclei, including the DRN [START_REF] Kaur | Glutamatergic signaling from the parabrachial nucleus plays a critical role in hypercapnic arousal[END_REF][START_REF] Kaur | A Genetically Defined Circuit for Arousal from Sleep during Hypercapnia[END_REF].

We have previously reported that 5-HT DRN neurons are submitted to a GABAergic tonic inhibition during sleep [START_REF] Gervasoni | Role and origin of the GABAergic innervation of dorsal raphe serotonergic neurons[END_REF]. We found that the inhibitory brainstem projections shared by all DRN sub-regions are originating from the ventrolateral central gray and the dorsal paragigantocellular nucleus. Electrophysiological data from our laboratory also revealed that neurons of these two structures are particularly active during paradoxical sleep [START_REF] Sapin | Localization of the brainstem GABAergic neurons controlling paradoxical (REM) sleep[END_REF][START_REF] Goutagny | Role of the dorsal paragigantocellular reticular nucleus in paradoxical (rapid eye movement) sleep generation: a combined electrophysiological and anatomical study in the rat[END_REF] indicating that they are good candidates to keep 5-HT neurons silent during sleep. Interestingly, we also showed in a previous study [33] that the compact group of neurons of the ventral mesencephalic central gray projecting to all sub-regions of the DRN is in part glycinergic in nature, possibly participating to the inhibition of the 5-HT neurons during sleep.

Finally, several subtypes of 5-HT neurons have been distinguished based on their different electrophysiological characteristics across the sleep wake cycle [START_REF] Urbain | Electrophysiological diversity of the dorsal raphe cells across the sleep-wake cycle of the rat[END_REF][START_REF] Sakai | Sleep-waking discharge profiles of dorsal raphe nucleus neurons in mice[END_REF]. It is likely that their firing profile may relate to the differential innervation received by the different sub-regions of the DRN, that we have uncovered here.

Although not self-sufficient, the knowledge of a brain region connectome is highly informative of its potential function. Based on the present observations, we can propose that the ventro-central DRN may promote wakefulness in a generalized manner, while the dorso-central DRN and its lateral wings receiving strong inputs from the nucleus of the solitary tract and the lateral 

FIG. 1 .

 1 FIG. 1. A, B. Photographs of frontal sections illustrating the distribution (A) of 5-HT neurons (in black) in the ventro-central, dorso-central and the lateral wings sub-regions of the DRN on a neutral red counterstained section, and (B) of the GAD-immunoreative neurons (in brown). C-F. Photographs illustrating CTb injection sites (in black) targeting the ventro-central (C), dorso-central (D), lateral wing (E) and rostral (F) sub-regions of the DRN where 5-HT neurons are orange-brown labeled. Abbreviations: 4: trochlear nucleus; Aq: aqueduct of Sylvius; mlf: medial longitudinal fasciculus. Scale bars = 150µm.

FIG. 2 .FIG. 3 .

 23 FIG. 2. Drawings illustrating the distribution of retrograde-labeled cells in the mesencephalon after CTb injections in the ventro-central DRN (A-B), the dorso-central DRN (A'-B') or the lateral wings of the DRN (A"-B"). Each black dot represents a CTb retrograde-labeled neuron. 3V: third ventricle; APT: anterior pretectal nucleus; Arc: arcuate nucleus; CG: central gray; cp: cerebral peduncle; Dk: nucleus of Darkschewitsch; IMLF: interstitial nucleus of the medial longitudinal fasciculus; EW: Edinger-Westphal nucleus; fr: fasciculus retroflexus; LM: lateral mammillary nucleus; MGV: medial geniculate nucleus; ml: medial lemniscus; MM: medial mammillary nucleus; mp: mammillary peduncle; MT: tuberomammillary nucleus; pc: posterior commissure; RLi: rostral linear nucleus of the raphe; SNc: substantia nigra, compact; SNl: substantia nigra, lateral; SNr: substantia nigra, reticular; SC: superior

FIG. 4 .FIG. 5 .FIG. 6 .FIG. 7 .

 4567 FIG. 4. Photograph of frontal section following CTb immunoshistochemistry illustrating (A) a compact group of small-sized neurons in the ventral mesencephalic central gray (A) after CTb injection in the ventro-central sub-region of the DRN. B is an enlargement of the inner box of A. C. Photograph of the compact group of CTb-labeled neurons in the undefined nucleus located lateral to the lateral tegmental nucleus following the CTb injection in the ventro-central DRN. Scale bars= 200µm. 3: oculomotor nucleus; 4V: fourth ventricle; Aq: aqueduct of sylvius; LdT: lateral tegmental nucleus; Su3: supraocculomotor nucleus.
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 1234567 FIG. 1. A, B. Photographs of frontal sections illustrating the distribution (A) of 5-HT neurons (in black) in the ventro-central, dorso-central and the lateral wings sub-regions of the DRN on a neutral red counterstained section, and (B) of the GAD-immunoreative neurons (in brown). C-F. Photographs illustrating CTb injection sites (in black) targeting the ventro-central (C), dorso-central (D), lateral wing (E) and rostral (F) sub-regions of the DRN where 5-HT neurons are orange-brown labeled. Abbreviations: 4: trochlear nucleus; Aq: aqueduct of Sylvius; mlf: medial longitudinal fasciculus. Scale bars = 150µm.

Table 1

 1 Quantitative distribution of retrograde-labeled neurons in the mesencephalon, the pons and the medulla following CTb injections targeting respectively the ventral or dorsal parts of the central DRN or the rostral sub-region or the lateral wings of the DNR _____________________________________________________________________________________________________

	Ventral	Dorsal	Rostral	Lateral wings
				Ipsi	Contro

Quantification of CTb-labeled cells: ± : 1-2 cells ; + : 3-5 cells ; ++ : 6-10 cells ; +++ : 11-20 cells ; ++++ : 21-50 cells ; +++++>50 cells.
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