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Differential distribution of tight junction proteins suggests a role for tanycytes in blood-hypothalamus barrier regulation in the adult mouse brain
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The median eminence is one of the seven so-called circumventricular organs. It is located in the basal hypothalamus, ventral to the third ventricle and adjacent to the arcuate nucleus. This structure characteristically contains a rich capillary plexus and features a fenestrated endothelium, making it a direct target of blood-borne molecules. The median eminence also contains highly specialized ependymal cells called tanycytes which line the floor of the third ventricle. It has been hypothesized that one of the functions of these cells is to create a barrier that prevents substances in the portal capillary spaces from entering the brain. In this paper, we report on our use of immunohistochemistry to study the expression of tight junction proteins in the cells that compose the median eminence in adult mice. Our results indicate that tanycytes of the median eminence express occludin, ZO-1, and claudin 1 and 5, but not claudin 3. Remarkably, these molecules are organized as a continuous belt around the cell bodies of the tanycytes that line the ventral part of the third ventricle. In contrast, the tanycytes at the periphery of the arcuate nucleus do not express claudin 1 and instead exhibit a disorganized expression pattern of occludin, ZO-1 and claudin 5. Consistent with these observations, permeability studies using peripheral or central injections of Evans blue dye show that only the tanycytes of the median eminence are joined at their apices by functional tight junctions, whereas tanycytes located at the level of the arcuate nucleus form a permeable layer. In conclusion, this study reveals a unique expression pattern of tight junction proteins in hypothalamic tanycytes, which yields new insights into their barrier properties.

INTRODUCTION

Tight junctions are the structural component of barriers in epithelial and endothelial sheets that control exchanges between two adjacent compositionally distinct compartments.

They consist of molecular complexes that mediate the adhesion between adjacent cells while preventing the free passage of ions and molecules through the paracellular pathway. Tight junction proteins also play an important role in the establishment and maintenance of cell apico-basal polarity by restricting the diffusion of apical and basolateral membrane components. This polarity provides the necessary spatial cues for substances to be transported in a specific direction along the apico-basal axis [START_REF] Cereijido | Role of tight junctions in establishing and maintaining cell polarity[END_REF][START_REF] Shin | Tight junctions and cell polarity[END_REF].

Structurally, tight junctions are comprised of transmembrane and membrane-associated proteins that are believed to assemble into stable complexes. Zonula occludens-1 (ZO-1) and occludin were the first identified constitutive tight junction proteins [START_REF] Furuse | Occludin: a novel integral membrane protein localizing at tight junctions[END_REF][START_REF] Stevenson | The tight junction: morphology to molecules[END_REF]. These proteins are present in all cell layers that display barrier properties. More recently, scientists have discovered a family of transmembrane proteins designated the claudins. This family consists of at least 24 members, each of which exhibits both organ and tissue-specific distribution patterns [START_REF] Morita | Claudin multigene family encoding fourtransmembrane domain protein components of tight junction strands[END_REF]).

In the central nervous system, tight junctions play a crucial role in the formation and maintenance of the blood-brain barrier. This barrier allows for the separation of internal environments between the blood and brain parenchyma compartments. However, there are discrete periventricular areas, known as the circumventricular organs, in which the brain endothelium is fenestrated. Several authors have noted that in these regions, the tight junction protein ZO-1 is expressed by ependymal as opposed to endothelial cells [START_REF] Petrov | Distribution of the tight junctionassociated protein ZO-1 in circumventricular organs of the CNS[END_REF][START_REF] Smith | Immunofluorescent labeling of tight junctions in the rat brain and spinal cord[END_REF], suggesting that the barrier has been shifted in these structures from the vascular to the ventricular side. The median eminence of the hypothalamus is one such circumventricular organ. Typically, the median eminence contains a rich capillary plexus and a fenestrated endothelium [START_REF] Schulz | The circumventricular organs participate in the immunopathogenesis of experimental autoimmune encephalomyelitis[END_REF]. It also contains tanycytes that constitute the specialized ependymoglial cellular sheet that lines the floor and the basolateral walls of the third ventricle. A dominant feature of tanycytes is their marked polarization: tanycyte cell bodies are located in the ventral border of the third ventricle, but they also send processes to the vascular walls, where they make contact through "end feet" specializations [START_REF] Ojeda | Glial-gonadotrophin hormone (GnRH) neurone interactions in the median eminence and the control of GnRH secretion[END_REF][START_REF] Prevot | Glial-neuronal-endothelial interactions are involved in the control of GnRH secretion[END_REF][START_REF] Rutzel | Prenatal and early postnatal development of the glial cells in the median eminence of the rat[END_REF]. Experimental evidence suggests that tanycytes are capable of transporting macromolecules between the blood and cerebrospinal fluid compartments via transcytosis [START_REF] Fernandez-Galaz | Endocrine-dependent accumulation of IGF-I by hypothalamic glia[END_REF][START_REF] Nakai | Uptake and bidirectional transport of peroxidase injected into the blood and cerebrospinal fluid by ependymal cells of the median eminence[END_REF][START_REF] Peruzzo | Polarized endocytosis and transcytosis in the hypothalamic tanycytes of the rat[END_REF]. The tanycytic cellular sheet lining the third ventricle is not composed of a homogenous cell population; four different types of tanycytes have been described based on their location, morphology, cytochemistry, ultrastructure and function (Akmayev and Fidelina, 1976;Akmayev et al., 1973;Akmayev and Popov, 1977;[START_REF] Rodriguez | Hypothalamic tanycytes: a key component of brain-endocrine interaction[END_REF][START_REF] Rodriguez | Cellular organization of the lateral and postinfundibular regions of the median eminence in the rat[END_REF].

Previous electron microscopic studies have mentioned the existence of tight junction complexes between tanycytes in the tuberal region of the hypothalamus based on morphological criteria [START_REF] Brightman | Junctions between intimately apposed cell membranes in the vertebrate brain[END_REF][START_REF] Flament-Durand | Tanycytes: morphology and functions: a review[END_REF].

Nevertheless, relatively little is known about the exact molecular nature of these putative tanycytic tight junction complexes. Moreover, there is still debate in the literature regarding the barrier properties of the ependymal sheet in this hypothalamic region [START_REF] Brightman | Intercellular junctions of special ependyma[END_REF][START_REF] Peruzzo | A second look at the barriers of the medial basal hypothalamus[END_REF].

Taking advantage of recent advances in the identification of the molecular components of tight junctions [START_REF] Matter | Holey barrier: claudins and the regulation of brain endothelial permeability[END_REF][START_REF] Tsukita | Multifunctional strands in tight junctions[END_REF], our present study used immunohistochemistry to examine the differential spatial expression of tight junction proteins in ependymal cells of the tuberal region of the hypothalamus of adult mice. In addition, we used intravenous and intracerebroventricular injections of Evans blue dye to determine 

MATERIALS AND METHODS

Animals and tissue preparation

Fifteen male C57Black6 mice (Charles River, France) were used in this study. All experiments were carried out in accordance with the European Communities Council Directive of November 24th, 1986 (86/609/EEC) and the experimental protocols were approved by the local institutional research animal committee. Animals were maintained on a controlled light cycle (14 hours on / 10 hours off) and provided with food and water ad libitum. The animals were anesthetized with an intraperitoneal (i.p.) injection of chloral hydrate (8%; 350 mg/kg) and were perfused transcardially with 0.9% saline. The brains were quickly removed, embedded in ice-cold OCT (Optimal Cutting Temperature embedding medium, Tissue-Tek®, Sakura, France, Villeneuve d'Ascq), frozen in isopentane (-55°C) and stored at -80°C until sectioning. Using a cryostat, 20-µm serial frozen sections were cut and collected on chrome-alum-gelatin-coated slides. Slide-mounted sections were fixed by immersion for either 1 minute at -20°C in methanol/acetone (vol/vol) for most immunostaining or for 10 minutes at 4°C in 2% paraformaldehyde for the detection of detyrosinated tubulin.

Antibody characterization

All primary antibodies used are listed in table 1.

The occludin antiserum stained the expected band of 65 kD molecular weight on Western blots of mouse brain [START_REF] Beauchesne | Altered expression of tight junction proteins and matrix metalloproteinases in thiamine-deficient mouse brain[END_REF][START_REF] Koedel | Meningitis-associated central nervous system complications are mediated by the activation of poly(ADP-ribose) polymerase[END_REF], and stained a pattern of membrane-associated structures in endothelial cells (Fig. 4) that is identical with previous reports [START_REF] Hirase | Occludin as a possible determinant of tight junction permeability in endothelial cells[END_REF]. The Zonula Occludens-1 (ZO-1) antiserum stained the expected band of 225 kD molecular weight on Western blots of mouse brain [START_REF] Beauchesne | Altered expression of tight junction proteins and matrix metalloproteinases in thiamine-deficient mouse brain[END_REF][START_REF] Stamatovic | Monocyte chemoattractant protein-1 regulation of blood-brain barrier permeability[END_REF], and produced a pattern of staining in endothelial cells (Fig. 3A) and choroids plexus (data not shown) similar to that described elsewhere in the literature [START_REF] Smith | Immunofluorescent labeling of tight junctions in the rat brain and spinal cord[END_REF]Wolburg et al., 2001).

The claudin 1 antiserum had been previously characterized for immunocytochemical use by others in claudin 1 knockout mice [START_REF] Furuse | Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson from claudin-1-deficient mice[END_REF], and stained apical membraneassociated structures that exhibit the classical morphology of tight junction protein complexes (Fig. 10) that is identical with previous reports (Wolburg et al., 2001).

The claudin 3 antiserum had been previously shown to stain endothelial tight junctions in both human and mouse CNS [START_REF] Wolburg | Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental autoimmune[END_REF], and stains capillary-associated structures that exhibit the classical morphology of the tight junction protein complexes seen in blood brain barrier capillaries (Fig. 9).

The claudin 5 antiserum stained the expected band of 22 kD molecular weight on Western blots of mouse brain [START_REF] Mccoll | Systemic inflammation alters the kinetics of cerebrovascular tight junction disruption after experimental stroke in mice[END_REF][START_REF] Stamatovic | Monocyte chemoattractant protein-1 regulation of blood-brain barrier permeability[END_REF], and stained apical membrane-associated structures that exhibit the classical morphology of tight junction protein complexes (Fig. 8) that is identical with previous reports [START_REF] Norsted | Protein components of the blood-brain barrier (BBB) in the mediobasal hypothalamus[END_REF]. In addition, no staining was seen in mice in which the claudin 5 gene had been deleted [START_REF] Nitta | Sizeselective loosening of the blood-brain barrier in claudin-5-deficient mice[END_REF].

The detyrosinated tubulin antiserum [START_REF] Gundersen | Distinct populations of microtubules: tyrosinated and nontyrosinated alpha tubulin are distributed differently in vivo[END_REF] was shown to stain microtubules in neural tissue [START_REF] Paturle-Lafanechere | Accumulation of delta 2-tubulin, a major tubulin variant that cannot be tyrosinated, in neuronal tissues and in stable microtubule assemblies[END_REF], and primary cilia in vitro [START_REF] Gundersen | Microtubule arrays in differentiated cells contain elevated levels of a post-translationally modified form of tubulin[END_REF].

The vimentin antiserum produced a pattern of staining similar to that described elsewhere by others [START_REF] Kameda | Ultrastructural localization of vimentin immunoreactivity and gene expression in tanycytes and their alterations in hamsters kept under different photoperiods[END_REF][START_REF] Prevot | Glial-neuronal-endothelial interactions are involved in the control of GnRH secretion[END_REF][START_REF] Sanchez | Tanycyte pyroglutamyl peptidase II contributes to regulation of the hypothalamic-pituitary-thyroid axis through glial-axonal associations in the median eminence[END_REF] (Fig. 1). The von Willebrand factor antiserum produced a pattern of staining in vascular endothelial cells in the mouse CNS (Fig. 2) similar to that described elsewhere in the literature (Alliot et al., 1999).

The MECA 32 antiserum [START_REF] Leppink | Inducible expression of an endothelial cell antigen on murine myocardial vasculature in association with interstitial cellular infiltration[END_REF] was raised against a mouse endothelial cell surface antigen as described previously by others [START_REF] Streeter | Immunohistologic and functional characterization of a vascular addressin involved in lymphocyte homing into peripheral lymph nodes[END_REF]. This antibody has been shown to selectively recognize fenestrated capillaries in the circumventricular organs and the choroid plexus (Fig. 2) [START_REF] Hallmann | Novel mouse endothelial cell surface marker is suppressed during differentiation of the blood brain barrier[END_REF][START_REF] Schulz | The circumventricular organs participate in the immunopathogenesis of experimental autoimmune encephalomyelitis[END_REF]. It was a generous gift from Professor Britta Engelhardt (Switzerland).

Immunohistochemistry

For dual-label immunofluorescence experiments, sections were rinsed 4 times in 0.1M phosphate buffer saline (PBS) (pH 7.4) and blocked for 1h using blocking solution (PBS containing 4% normal goat serum and 0.3% Triton X-100) at 4°C. Sections were incubated overnight at 4°C with primary antibodies diluted in blocking solution. The sections were then subjected to 4 washes in 0.1 M PBS and were incubated for 1h at room temperature with a mix of secondary Alexa Fluor-conjugated antibodies (1:500 dilution; all purchased from Molecular Probes, Invitrogen, San Diego, CA) in the blocking solution. The sections were rinsed 4 times in 0.1 M PBS. A nuclear counterstaining operation was performed by incubating the sections for 1 min in Hoechst (1:1,000 dilution; Molecular Probes, Invitrogen) diluted in 0.1 M PBS. Finally, sections were washed 4 times in 0.1 M phosphate buffer and coverslipped using Permafluor® (ThermoFisher, Illkirch, France). The slides were stored at 4°C until analysis. A special procedure was used to visualize the claudin 3 and 5 content.

Antigen retrieval was performed using a microwave before the blocking step. Briefly, slides were incubated with 0.01 M citrate buffer (pH 6.0) and subjected to microwave irradiation (800W, 4 min then 400W, 2x5min) before the blocking step. For triple-labeling studies, anti-vimentin antibodies were visualized using a goat anti-chicken biotin-conjugated antibody (1:500 dilution, 1h at room temperature; Vector Laboratories, Burlingame, CA) and AMCA-conjugated streptavidin (1:500 dilution, 1h at room temperature; Vector Laboratories).

Evans blue injection procedure

Evans blue is a dye with high affinity for serum albumin, commonly used to assess the permeability of the blood-brain barrier [START_REF] Hawkins | Fluorescence imaging of blood-brain barrier disruption[END_REF][START_REF] Uyama | Quantitative evaluation of vascular permeability in the gerbil brain after transient ischemia using Evans blue fluorescence[END_REF].

Adult male mice were subjected to either intravenous (i.v.) (n = 3) or intracerebroventricular (i.c.v., n = 3) injections of sterile 1% Evans blue (Sigma) in 0.9% saline, respectively. Animals injected into the tail vein with Evans blue (50 µL) were killed by decapitation 20 minutes post-injection. For i.c.v. injections, mice were placed in a stereotactic frame (Kopf® Instruments, California) under anesthesia (0.06 g/kg ketamine and 0.01 g/kg xylazine, both i.p.), and a burr hole was drilled 1 mm lateral to the Bregma and 0.3 mm posterior to the Bregma, according to a mouse brain atlas (Paxinos & Franklin, 2001). A 10 µL Hamilton syringe was slowly inserted into the left lateral ventricle (2.5 mm deep relative to the dura).

The cisterna magna was exposed to the atmosphere and 2 µL of Evans blue was immediately injected into the left lateral ventricle using an infusion pump (KD Scientific, Holliston, MA) over 1 min. The needle of the Hamilton syringe was removed 1 min after the injection ended and the mice were killed by decapitation.

Brains of the injected mice were quickly removed, frozen in O.C.T. and stored at -80°C until use. Serial frozen sections (20 µm) were cut on a cryostat and collected on gelatin-coated glass slides. The Evans blue staining was directly visualized and imaged with a fluorescent microscope. Slide-mounted sections were then fixed in methanol/acetone (vol/vol) at -20°C for 1 minute, dried at room temperature and processed immediately for immunohistochemistry analyses as described above. 

Microscopic analysis

Sections were analyzed using an Axio Imager.Z1 ApoTome microscope (Zeiss, Germany), equipped with a motorized stage and an AxioCam MRm camera (Zeiss, Germany). Specific filter cubes were used for the visualization of green (EX: 475/40 nm, DM: 500 nm, BA: 530/50 nm), red (EX: 550/25 nm, DM: 570 nm, BA: 605/70 nm), and UV (bisbenzimide) or AMCA (amino-methyl-coumarin-acetate) fluorescence (EX: 365 nm, DM: 395 nm, BA: 445/50 nm).

To create photomontages, single-plane images were captured using the MosaiX module of the AxioVision 4.6 system (Zeiss, Germany) and a Zeiss 20X objective (N.A. 0.8) for each fluorophore sequentially. Adobe Photoshop (Adobe Systems, San Jose, CA) was then used to process, by applying adjustments for brightness and contrast, and merge the photomontages.

High magnification microphotographs represent maximal intensity projections derived from 20-25 triple-apoTome images collected using the z-stack module of the AxioVision 4.6 system and a Zeiss 63X oil immersion objective (N.A. 1.4). All images were captured in a stepwise fashion over a defined z-focus range corresponding to all visible staining within the section and consistent with the optimum step size for the corresponding objective and the wavelength (=500 nm).

Confocal laser scanning microscopy was used to confirm the spatial organization and distribution of all tight junction proteins. Sections were examined with a Leica SP2 upright confocal laser scanning microscope (DM RAX-UV) equipped with the Acousto-Optical Beam Splitter (AOBS) and using a 100X, N.A. 1.4, oil immersion objective (Leica Microsystems, Rueil-Malmaison, France). DAPI was excited at 405 nm and observed from 420 to 495 nm, Alexa 488 was excited at 488 nm and observed from 495 to 580 nm, Alexa 568 was excited at 594 nm and observed from 599 to 680 nm. The selection of the spectral emission window for each fluorophore was determined through  scan analysis of single stained membrane fragments. The gain and offset for each photomultiplier were adjusted to optimize nucleic acid, tight junction protein and vimentin detection events. Images of the confocal laser scanning microscopy observations (1024 by 1024 pixels) were acquired sequentially, between stacks, to eliminate spectral crosstalk from the data. The frequency was set to 200 Hz and the signal/noise ratio was enhanced through frame averaging. Overlays and maximum projections of the z-stack files were performed post-acquisition by using the Leica Confocal Software to obtain the presented images. Original z-stack Leica files were imported into the Imaris 6.0 software package (Bitplane AG, Zürich, Switzerland) to perform 3D modeling.

Distributions of the different ependymoglial cell types in the tuberal region of the hypothalamus

Cell counts were assessed 1.9 mm posterior to the Bregma (Paxinos & Franklin, 2001).

Single-plane images were acquired from two 20-µm-thick frontal sections separated by 40µm, using the ApoTome technology. Different ependymoglial cell types were identified according to anatomical criteria, vimentin immunoreactivity, and their pattern of occludin expression (honeycomb or unorganized). For quantification purposes, the wall of the third ventricle was divided into four parts depending on the hypothalamic structure adjacent to the ventricle: the median eminence (ME), the arcuate nucleus of the hypothalamus (ARH), the ventromedial nucleus of the hypothalamus (VMH) and the dorsomedial nucleus of the hypothalamus (DMH) respectively. For each image and subdivision, we counted the total number of cell nuclei lining the third ventricle. Cells of each different ependymoglial cell type were counted.

Using this method, each cell was counted only once and was thus categorized under a single group. The results from our analysis of two sections per animal were combined and the percentages of cells belonging to each category were calculated. Quantifications were performed using 3 animals. To avoid observer bias, quantifications were repeated by an independent investigator who was unaware of the respective experimental conditions. 

RESULTS

First, we briefly assessed the normal anatomical distribution and morphology of vimentin-positive cells and their association with brain capillaries. Vimentin immunoreactivity was distributed throughout the cells lining the third ventricle, exhibiting a different expression pattern in tanycytes located in the ventral region of the ventricle as compared with that seen in the "typical" ependymal cells [START_REF] Knowles | Ependyma of the third ventricle in relation to pituitary function[END_REF][START_REF] Mathew | Regional analysis of the ependyma of the third ventricle of rat by light and electron microscopy[END_REF] that are mainly located in the dorsal third of the ventricle (red, Fig 1). The tanycytes exhibited intense apical vimentin immunostaining and extended long and slender vimentin-positive processes towards the nervous parenchyma (Fig. 1A,D,E). Of note, the "typical" ependymal cells that are known to be devoid of process, typically displayed intense vimentin immunostaining restricted to a prominent, round and centrally located nucleus (Fig. 1A-C).

Unlike the tanycytes, these cuboidal ependymal cells exhibit tufts of cilia on their luminal (apical) surfaces. This feature was assessed using detyrosinated-tubulin immunoreactivity (Fig. 1A-D). The first ciliated ependymal cells appeared dorsal to the arcuate nucleus in the portion of the ventricular wall adjacent to the ventromedial nucleus (VMH). Ciliated ependymal cells became more abundant in the dorsal portion of the third ventricle, at the level of the dorsomedial nucleus (DMH), while the population of tanycytes gradually declined until only ciliated ependymal cells were present. Demonstrating the relationship of tanycytes with brain capillaries, Figure 2 shows that vimentin immunoreactive tanycytes bordering the floor of the third ventricle were in direct contact with the MECA 32-immunoreactive fenestrated capillaries (blue, Fig. 2B,D) at the external zone of the median eminence (ME). By contrast, dorsolateral tanycytes were in contact with MECA 32-immunonegative, von Willebrand factor-immunopositive brain capillaries (Fig. 2B,C). These observations thus suggest that there are at least two different populations of tanycytes that can be distinguished according to the type of blood vessels they interact with in the tuberal region of the hypothalamus. 

Co-distribution of ZO-1 and occludin immunoreactivities in ependymoglial cells lining the third ventricle within the tuberal region of the hypothalamus

The presence of tight junction protein immunoreactivity in the wall of the third ventricle at the median eminence has not been fully investigated to date. Accordingly, we analyzed the distribution of ZO-1 and occludin immunostaining as these are intracellular and transmembrane proteins, respectively, which are known to physically interact at tight junction complexes [START_REF] Tsukita | Multifunctional strands in tight junctions[END_REF]. As expected, ZO-1 (Fig. 3A,B) and occludin (Fig. 4A,B) immunoreactivities were recorded in brain capillaries throughout the nervous tissue.

Predominant staining of ZO-1 and occludin in choroid plexus epithelium was observed, also as expected (data not shown). Importantly, ZO-1-and occludin-immunostaining was also identified close to the ventricular surface (Fig. 3B,4B). Greatly magnified images revealed that ZO-1 and occludin expression was closely associated with ependymocytes, with distinct expression patterns among the different ependymal cell types. In tanycytes located at the levels of the median eminence, ZO-1 and occludin immunoreactivities were organized around the cell bodies in a continuous belt, giving rise to a honeycomb-like shape (Fig. 3F,G,4F,G).

In contrast, tanycytes lining the region of the ventricle adjacent to the ARH exhibited a diffuse pattern of ZO-1 and occludin immunoreactivity in the apical region of the cells (Fig. 3E,4E). Similar to tanycytes of the median eminence, an organized pattern of ZO-1 and occludin labeling was observed in ependymal cells dorsal to the ARH (Fig. 3C,4C).

Confocal analysis (Fig. 5A,C) and 3-D reconstruction (Fig. 5B,D) of 20-m-thick sections suggested that the diffuse apical occludin staining found in ARH tanycytes was not an orientation-related or tangential sectioning artifact. To further confirm that the unorganized pattern of tight-junction protein immunoreactivity observed in ARH tanycytes was not due to the potential orthogonal orientation of these cells in the section plane, we studied occludin immunoreactivity in sagittal sections. Figure 6 shows that in contrast to median eminence Remarkably, a combination of cells harboring either organized or unorganized patterns of and occludin (Fig. 4D) was found in the region of the ventricular wall adjacent to the VMH. To determine the identities of these cells, we performed quantitative analyses based on morphological criteria. Each individual cell was categorized according to its pattern of vimentin and tight junction protein immunoreactivity. The results in Figure 7 indicate that the cells in the ventricular wall apposed to the VMH that exhibited a honeycomb pattern of occludin expression were cuboidal ependymal cells, while the tanycytes exhibited the typical diffuse occludin expression. Within the median eminence, 79.71  3.06 % of the cells on the ventricular surface were tanycytes harboring a honeycomb pattern of occludin expression (Fig. 7M). The proportion of these cells dropped dramatically at the ARH, VMH and DMH (< 20 %; one way ANOVA, p < 0.001, n = 3 animals). Conversely, the proportion of tanycytes exhibiting an unorganized pattern of occludin labeling was very low at the median eminence (9.25  1.22 %), increased noticeably at the ARH (79.28  4.37 %; one way ANOVA, median eminence vs. ARH, p < 0.05), remained high at the VMH (57.08  14.71 %; one way ANOVA, median eminence vs. VMH, p < 0.05) and fell back under 10 % at the DMH (one way ANOVA, ARH vs. DMH and VMH vs. DMH, p < 0.05). In contrast, cuboidal ependymal cells, which were absent from the ventricular wall at the median eminence and the ARH, appeared at the VMH (16.67  8.82 %) and the abundance of these cells that show organized pattern of occludin immunoreactivity significantly increased at the DMH (66.98  6.08 %; p < 0.01). [START_REF] Tsukita | Multifunctional strands in tight junctions[END_REF], we next sought to determine whether claudins may be expressed in the cells lining the ventricular wall of the third ventricle. We performed immunostaining for claudin 1, claudin 3, and caudin-5, all of which have previously been shown to be expressed in the central nervous system [START_REF] Furuse | Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson from claudin-1-deficient mice[END_REF][START_REF] Nitta | Sizeselective loosening of the blood-brain barrier in claudin-5-deficient mice[END_REF][START_REF] Wolburg | Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental autoimmune[END_REF]. Interestingly, these three tight junction integral membrane proteins exhibited very distinct patterns of distribution in the tuberal region of the hypothalamus. While claudin 5 immunolabeling exhibited an expression pattern very similar to that seen for occludin and ZO-1 (Fig. 8), claudin 3-immunostaining was only found in brain capillaries (Fig. 9) and claudin 1-immunoreactivity was restricted to the ventral part of the third ventricle wall (Fig. 10). Figure 10 demonstrates that claudin 1 immunoreactivity is concentrated in the most apical part of tanycytes of the median eminence, where it forms a honeycomb pattern. In contrast, arcuate tanycytes, cuboidal ependymal cells and brain capillaries were devoid of claudin 1 immunoreactivity.

Blood-hypothalamus and cerebrospinal fluid-hypothalamus interfaces in tanycytes of the median eminence

To determine whether tight junction protein expression patterns reflect localized diffusion barriers, we used Evans blue dye. Mice were injected either into their tail vein or lateral ventricle with Evans blue dye as described in the Materials and Methods section.

Intravenous injection of Evans blue resulted in the diffusion of the dye being restricted to the vascular bed of hypothalamic capillaries (arrow, Fig. 11A) and the median eminence (asterisks, Fig. 11A). Noticeably, the Evans blue dye bathing the median eminence did not spread into the neighboring hypothalamic structures, including the ARH (Fig. 11F). By contrast, when injected into the lateral ventricle, the Evans blue dye diffused into the ARH while the median eminence remained dye-free (Fig. 11G,L). Intriguingly, the Evans blue dye that penetrated into the ARH did not spread to other hypothalamic structures such as the VMH and DMH (Fig. 11L). The localization of these different patterns parallel the domains of the ventricular wall that exhibit distinct diffusion properties, as shown by central and peripheral injections of Evans blue dye. Our findings are consistent with the proposed role of median eminence tanycytes in regulating blood-hypothalamus exchanges by forming a cellular sheet that is impermeable to blood-borne molecules at the floor of the third ventricle. In contrast, arcuate tanycytes formed a permeable layer that allowed unrestrained diffusion of molecules between the cerebrospinal fluid and ARH compartments.

Others have established that in the CNS, diffusion barriers are built using tight junction complexes in which occludin, ZO-1, claudin 5, claudin 1 and claudin 3 play key functional roles [START_REF] Furuse | Occludin: a novel integral membrane protein localizing at tight junctions[END_REF][START_REF] Morita | Claudin multigene family encoding fourtransmembrane domain protein components of tight junction strands[END_REF][START_REF] Stevenson | The tight junction: morphology to molecules[END_REF]. The present study provides the first extensive characterization of tight junction protein expression patterns in the ventricular wall of the third ventricle. Our findings are summarized in Figure 12. The results indicate that the tanycytes of the median eminence display a honeycomb-like pattern of immunoreactivity for occludin, ZO-1, claudin 1 and claudin 5, but they do not express claudin 3. Rather, the latter molecule is readily and selectively detected in the capillaries of the blood-brain barrier (BBB), as confirmed previously by others [START_REF] Wolburg | Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental autoimmune[END_REF]. The cobblestone immunoreactivity pattern is typical of tight junction proteins [START_REF] Tsukita | Claudin-based barrier in simple and stratified cellular sheets[END_REF] and has been reported in the choroid plexus epithelium (Wolburg et al., 2001). In epithelial cells, tight junctions are indeed located at the most apical region of lateral membranes, and are composed of sealing strands of integral proteins that hold adjacent plasma membranes together [START_REF] Tsukita | Claudin-based barrier in simple and stratified cellular sheets[END_REF][START_REF] Tsukita | Multifunctional strands in tight junctions[END_REF]. To function as a paracellular barrier, this belt-like anchoring junction should be continuous and should encircle each of the interacting cells in the sheet, thus giving rise to the typical honeycomb-staining pattern of junction associated proteins [START_REF] Coisne | Mouse syngenic in vitro blood-brain barrier model: a new tool to examine inflammatory events in cerebral endothelium[END_REF]Wolburg et al., 2001). The fact that both central and peripheral injections of Evans blue dye do not diffuse through the cellular sheet that is formed by median eminence tanycytes convincingly demonstrates that these specialized ependymoglial cells are joined at their apices by functional tight junctions.

These results are consistent with the work of Brightman and Reese that visualized tight junction-like complexes in the median eminence using electron microscopy [START_REF] Brightman | Junctions between intimately apposed cell membranes in the vertebrate brain[END_REF]. Besides, our study supplements the work of Petrov and coauthors, who demonstrated ZO-1 immunoreactivity in cells lining the ventricular walls and in median eminence tanycytes [START_REF] Petrov | Distribution of the tight junctionassociated protein ZO-1 in circumventricular organs of the CNS[END_REF][START_REF] Smith | Immunofluorescent labeling of tight junctions in the rat brain and spinal cord[END_REF], by reporting the expression of 3 additional proteins that are known to be associated with tight junction complexes; namely occludin, claudin 1 and claudin 5.

The present study also reveals that occludin, ZO-1, and claudin 5 immunoreactivities are abundantly detectable in the arcuate tanycytes and in the cuboidal ependymocytes that pave the dorsal third of the wall of the third ventricle. By contrast, claudin 1 is selectively expressed in the tanycytes of the median eminence. However, while the cuboidal ependymal cells displayed honeycomb-like staining patterns for tight junction proteins, the arcuate tanycytes intriguingly showed unorganized and diffuse apical expression patterns for occludin, ZO-1, and claudin 5. The latter results are in agreement with previous electron microscopic studies in rats in which they mentioned morphologically the existence of "incomplete ependymal tight junctions" facing towards the ARH [START_REF] Brightman | Intercellular junctions of special ependyma[END_REF][START_REF] Gotow | Graded differences in tightness of ependymal intercellular junctions within and in the vicinity of the rat median eminence[END_REF]. Consistent with these observations, intracerebroventricular injections of Evans blue demonstrated that the arcuate tanycyte layer was permeable to the dye, suggesting that uncontrolled exchanges of solutes may occur between the cerebrospinal fluid and the ARH compartments. On the other hand, central infusion of Evans blue did not penetrate the cellular sheet formed by cuboidal ependymal cells. These results stand in contrast to previous studies in which they used HRP as a tracer [START_REF] Brightman | Junctions between intimately apposed cell membranes in the vertebrate brain[END_REF] and upon intracerebroventricular injections showed its dispersal in all hypothalamic nuclei of the periventricular zone (ARH, VMH and DMH). In our present studies, diffusion of Evans blue originating from the cerebrospinal fluid is restricted to the ARH. The VMH and DMH are not flooded with the tracer, neither is the median eminence, thus confirming the existence of diffusion barriers between the ARH and both the median eminence and VMH described previously [START_REF] Rethelyi | Diffusional barrier around the hypothalamic arcuate nucleus in the rat[END_REF]. The nature of these diffusion barriers that reside into the parenchyma remains to be fully characterized [START_REF] Rodriguez | Hypothalamic tanycytes: a key component of brain-endocrine interaction[END_REF]. Taken together, our results indicate that the assembly and regulation of tight junction complexes in ependymal cells in general, and in tanycytes in particular, differ between distinct domains of the wall of the third ventricle. Because median eminence tanycytes directly contact Evans blue permeable fenestrated capillaries while arcuate tanycytes contact Evans blue-impermeable blood-brain barrier capillaries, it is possible that the differences in tight junction protein organization and diffusion barrier permeability between these two tanycytic cell populations is related to this major distinguishing anatomical feature.

Although the distribution of tight junction proteins in the different domains of the third ventricular wall is obviously correlated with the Evans blue permeability of the paving cellular sheet, such a parallel is not apparent at the VMH transitional zone. At the interface between the cerebrospinal fluid and brain parenchyma compartments, exclusion of centrallyinfused Evans blue dye from the VMH is not associated with an unambiguous honeycomb pattern distribution of tight junction proteins in ependymal cells. The tightness of the seal [START_REF] Sawamoto | New neurons follow the flow of cerebrospinal fluid in the adult brain[END_REF] and may thus limit the exchanges between the cerebrospinal fluid compartment and the ependymal sheet at the surface of the third ventricle. This may contribute to the exclusion of ventricular Evans blue from the VMH. By contrast, the arcuate and median eminence tanycytes both lack cilia. Thus the cerebrospinal fluid flow at the floor of the third ventricle may be dramatically lower and diffusional exchanges between the cerebrospinal fluid and ARH compartments may be markedly facilitated. Interestingly, arcuate tanycytes have been previously shown to possess microvilli at their luminal surfaces [START_REF] Brawer | The fine structure of the ependymal tanycytes at the level of the arcuate nucleus[END_REF][START_REF] Bruni | A scanning electron microscopic study of the ependymal surface of the third ventricle of the rabbit, rat, mouse and human brain[END_REF] suggesting that this cell population may play an important role in sensing molecules in the cerebrospinal fluid. This population may also be actively involved in promoting exchanges between the cerebrospinal fluid and the brain compartments at the ARH.

The ARH is a critical component of the neural pathways that regulate energy balance, and therefore plays a key role in relaying blood-borne molecular signals. Research into this process has largely focused on the involvement of the ARH in relaying leptin signals to other parts of the hypothalamus [START_REF] Elmquist | Identifying hypothalamic pathways controlling food intake, body weight, and glucose homeostasis[END_REF][START_REF] Sawchenko | Toward a new neurobiology of energy balance, appetite, and obesity: the anatomists weigh in[END_REF]. However, the mechanisms by which peripheral signals reach the ARH to mediate their central effects remain largely unknown, although several hypotheses refer to the presence of fenestrated capillaries at the ARH [START_REF] Ciofi | Sexual dimorphism in the organization of the rat hypothalamic infundibular area[END_REF] and the existence of a weak BBB at the ARH [START_REF] Norsted | Protein components of the blood-brain barrier (BBB) in the mediobasal hypothalamus[END_REF]. The results of the present study strongly suggest that exchanges between the cerebrospinal fluid and the ARH milieu can be notably facilitated. It is tempting to speculate that one possible route for blood-borne molecules to target the ARH would be via [START_REF] Nakai | Uptake and bidirectional transport of peroxidase injected into the blood and cerebrospinal fluid by ependymal cells of the median eminence[END_REF], and conversely [START_REF] Garcia-Segura | Role of astroglia in estrogen regulation of synaptic plasticity and brain repair[END_REF][START_REF] Peruzzo | Polarized endocytosis and transcytosis in the hypothalamic tanycytes of the rat[END_REF]. Consistent with this hypothesis, our results indicate that the ventral tanycytes are highly polarized due to the presence of efficient tight junction complexes. Indeed, tight junctions are not only known to prevent the diffusion of solutes through the paracellular cleft, but they are also understood to be the principal structures contributing to cell polarity. In this role, they act as an intramembrane barrier to prevent the lateral diffusion of integral membrane proteins that localize to specific sites in the apical or basolateral regions of the cell [START_REF] Cereijido | Role of tight junctions in establishing and maintaining cell polarity[END_REF][START_REF] Shin | Tight junctions and cell polarity[END_REF].

To our knowledge this is the first detailed study of the differential spatial distribution of tight junction proteins in the tuberal region of the hypothalamus in the adult mouse. The results of our immunofluorescence studies, together with dye permeability experiments, provide detailed and additional information about the diffusion barriers between blood-brain, blood-cerebrospinal fluid and cerebrospinal fluid-brain compartments in this region of the CNS. These data identify the periventricular zone of the tuberal region of the hypothalamus, which contains the median eminence and ARH, as a key interface for blood-cerebrospinal fluid-brain exchanges, and also demonstrates that while fenestrated vessels in the median eminence allow the diffusion of blood-born molecules into the median eminence milieu, this "brain window" is restricted to the median eminence parenchyma. These data suggest a role for the median eminence tanycytes in controlling these barrier properties.

Immunohistochemical results have also suggested that arcuate tanycytes are devoid of efficient tight junction complexes, thus confirming that the ependymal sheet lining the ARH is privileged as an interface for the exchange of molecules between the cerebrospinal fluid and brain parenchyma compartments. Overall, the results of our study support the hypothesis 
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