%! indispensable for my project. Also, I deeply

levels of several genes involved in brain energy metabolism were decreased in multiple brain structures of the Cx30 KO mice.

In summary, these results suggest that astroglial Cx30 plays an important role in sleep homeostasis, possibly by enhancing astroglial metabolic functions to fulfil the high energy demand during periods of elevated sleep pressure. 
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ADDITIONAL PUBLICATION 1: FROM A GLIAL SYNCYTIUM TO
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For a long time since their first discovery by Rudolf Virchow in 1858 (see [START_REF] Kettenmann | Neuroglia: the 150 years after[END_REF], glial cells were considered as mere passive, structural cement of the brain. Their roles in brain physiology were largely underestimated due to the fact that they are non-excitable and do not emit action potentials. The turning point of the glia field was brought about by a series of discoveries that astrocytes, a type of glial cells, actually express glutamate receptors [START_REF] Backus | Pharmacological characterization of the glutamate receptor in cultured astrocytes[END_REF][START_REF] Gallo | Expression of excitatory amino acid receptors by cerebellar cells of the type-2 astrocyte cell lineage[END_REF] and ion channels that open in response to glutamate [START_REF] Usowicz | Multiple conductance channels in type-2 cerebellar astrocytes activated by excitatory amino acids[END_REF], and that astrocytes respond to glutamate with intracellular Ca 2+ elevations [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: long-range glial signaling[END_REF] and release glutamate that stimulates nearby neurons [START_REF] Parpura | Glutamate-mediated astrocyte-neuron signalling[END_REF]. These observations have led to an explosion of research for the past two decades on glial cells, in particular, astrocytes that are now recognized as indispensable, active partners of neurons involved in numerous brain functions and diseases (see Kettenman and Ransom, 2013).

In the first part of Introduction, I summarize the current knowledge of the physiological properties and functions of astrocytes with an emphasis on neuroglial interactions. The aim of Introduction is to provide a background for succeeding discussions of my thesis work and thus the topics covered here are chosen based on their relevance to my thesis project.
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Astrocytes are a diverse and heterogeneous cell population that consists of many types of glial cells (Figure 1), all of which differ to a more or less extent in their morphologies, physiologies, gene expressions and functions (reviewed in [START_REF] Matyash | Heterogeneity in astrocyte morphology and physiology[END_REF][START_REF] Zhang | Astrocyte heterogeneity: an underappreciated topic in neurobiology[END_REF][START_REF] Theis | Connexin-based intercellular communication and astrocyte heterogeneity[END_REF].

Nevertheless, many astroglial cells conform to most of the following criteria: 1) being electrically non-excitable; 2) having highly hyperpolarized membrane potentials (-75 to -90 mV); 3) expressing functional glutamate and g-aminobutyric acid (GABA) transporters; 4) expressing glial fibrillary acidic protein (GFAP); 5) containing glycogen granules; 6) possessing perivascular endfeet and/or perisynaptic processes; 6) expressing abundantly gap junction proteins [START_REF] Kimelberg | Functions of mature mammalian astrocytes: a current view[END_REF]. One major group of astrocytes is the protoplasmic astrocyte found in the gray matter of the brain and the spinal cord. In rodents, protoplasmic astrocytes extend several (5-10) primary processes more or less radially from the soma, and branch into extensively ramified arborizations, which endow astrocytes with a spongiform shape (Figure 2A). Astroglial process terminals are in close contact with the presynaptic and postsynaptic components, forming structural basis of the 'tripartite synapse' (Araque et al., 1999a; Figure 2B). Apart from the perisynaptic processes, astrocytes also extend processes that terminate on intraparenchymal vasculature (Figure 2C).
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These specialized perivascular astroglial terminals are termed 'endfeet', which cover almost completely the adluminal vascular surface [START_REF] Kacem | Structural organization of the perivascular astrocyte endfeet and their relationship with the endothelial glucose transporter: a confocal microscopy study[END_REF][START_REF] ! "&'! Mathiisen | The perivascular astroglial sheath provides a complete covering of the brain microvessels: an electron microscopic 3D reconstruction[END_REF][START_REF] Mccaslin | In vivo 3D morphology of astrocyte-vasculature interactions in the somatosensory cortex: implications for neurovascular coupling[END_REF]. The perivascular endfeet constitute a crucial component of the neurovascular unit, where regulation of local cerebral blood flow occurs [START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF]Giaume et al., 2010;[START_REF] Petzold | Role of astrocytes in neurovascular coupling[END_REF].
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In the hippocampus and the cortex, it has been observed that astrocytes occupy separate domains with minimal overlap (only 4-5% of cell volume) of the peripheral processes between adjacent cells (Bushon et al., 2002;[START_REF] Ogata | Structural and quantitative analysis of astrocytes in the mouse hippocampus[END_REF][START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF]; Figure 2D). It is estimated in the rodent cortex, a single protoplasmic astrocyte enwraps 4 to 8 neuron somata and ensheaths 30 to 600 dendrites [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF], and an astrocyte covers 20,000 to 120,000 synapses within its domain [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF]. It has also been shown that individual astrocytes interact specifically with the synapses within their domains [START_REF] Bushong | Maturation of astrocyte morphology and the establishment of astrocyte domains during postnatal hippocampal development[END_REF]. Despite their distinct domain organization, protoplasmic astrocytes are not isolated from their neighbors: they are highly interconnected by gap junction channels (GJCs), which mediate direct intercellular exchanges of cytoplasmic substances. This network organization adds another level to neuroglial interactions in addition to those that occur at the single synapses and neurovascular units (see Giaume et al., 2010).
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Astrocytes express numerous types of ion channels, whose distributions and functions are summarized in Table 1. Briefly, astrocytes are characterized by high passive K + conductance and hyperpolarized resting membrane potentials, both of which are due to K + channel permeability. Several types of voltage-gated Na + and Ca 2+ channels are expressed in astrocytes, although the density of these channels is too low to counteract the large K + conductance [START_REF] Verkhratsky | Ion channels in glial cells[END_REF]. Astrocytes express several isoforms of transient receptor potential (TRP) channels [START_REF] Parpura | Ca(2+) sources for the exocytotic release of glutamate from astrocytes[END_REF],
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which are involved in Ca 2+ signaling, and the water channels named aquaporins (AQPs).
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Astrocytes express virtually all types of neurotransmitter receptors (Table 2; [START_REF] Verkhratsky | Physiology of neuronal-glial networking[END_REF]. Astrocytes from different brain regions express distinct sets of receptors, which often match those present in neighboring neurons. For example, the only astrocytes that express glycine receptors are those in the spinal cord, where glycine is the main inhibitory neurotransmitter [START_REF] Kirchhoff | Expression of glycine receptor subunits in glial cells of the rat spinal cord[END_REF], and dopamine receptors are expressed by astrocytes restricted to the basal ganglia, where dopaminergic transmission is prominent [START_REF] Miyazaki | Direct evidence for expression of dopamine receptors in astrocytes from basal ganglia[END_REF]. This feature represents one of the bases for astrocyte heterogeneity [START_REF] Theis | Connexin-based intercellular communication and astrocyte heterogeneity[END_REF].

The biophysical properties of astroglial receptors, however, have major differences from their neuronal counterparts. Many astroglial receptors including the metabotropic glutamate receptor (mGluR), muscarinic acetylcholine receptor (mAChR), P2Y purinergic receptor (P2YR), and GABA B receptor (GABA B R) are high-affinity and slowly desensitizing, in comparison to the low-affinity and fast desensitizing neuronal receptors [START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF][START_REF] Giniatullin | Desensitization of nicotinic ACh receptors: shaping cholinergic signaling[END_REF][START_REF] Bowser | ATP excites interneurons and astrocytes to increase synaptic inhibition in neuronal networks[END_REF][START_REF] Guthrie | ATP released from astrocytes mediates glial calcium waves[END_REF][START_REF] Venance | Mechanism involved in initiation and propagation of receptor-induced intercellular calcium signaling in cultured rat astrocytes[END_REF][START_REF] Waldo | Agonist binding and Gq-stimulating activities of the purified human P2Y1 receptor[END_REF]. Such properties of astroglial receptors are thought to enable activation of astrocytes by low concentrations of neurotransmitters that diffuse from the synaptic cleft to the perisynaptic astrocyte processes (Araque et al., 2014).
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Astrocytes possess a wide variety of neurotransmitter transporters, which are involved in the uptake, recycling and release of neurotransmitters at synaptic and extrasynaptic sites. For example, astrocytes express two types of glutamate transporters, the glutamate/aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1) [START_REF] Danbolt | Glutamate uptake[END_REF]. For GABA transporters (GAT), astrocytes predominately express GAT3 [START_REF] Colgin | GABA transporters in the mammalian cerebral cortex: localization, development and pathological implications[END_REF]. Astrocytes in the cortex, hippocampus, brain stem, cerebellum and spinal cord express glycine transporter 1 (GlyT1) (Verkhartsky and Butt, 2013). All these transporter mediate co-transport of Na + with the neurotransmitters, thus resulting in Na + influx that can substantially increase intracellular Na + concentration ([Na + ] i ) (Kirichuk et al., 2012). Astrocytes also express other ion transporters, including Na + /Ca 2+ exchangers (NCXs) that mediate the exchange of 2 Na + and 1 Ca 2+ , Na + /HCO 3 -co-transporters (NBCs) that are involved in pH homeostasis [START_REF] Deitmer | Ion changes and signalling in perisynaptic glia[END_REF], and Na + /K + /Cl -co-transporters
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(NKCCs) that contribute to extracellular K + homeostasis (Verkhartsky and Butt, 2013), etc.
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Astrocytes are unable to generate action potentials, but they possess highly sophisticated Ca 2+ signaling systems, which allow them to respond to a variety of neurotransmitters and other signaling molecules in the form of intracellular Ca 2+ elevations (for reviews see [START_REF] Araque | Dynamic signaling between astrocytes and neurons[END_REF][START_REF] Fiacco | Astrocyte calcium elevations: properties, propagation, and effects on brain signaling[END_REF][START_REF] Perea | Tripartite synapses: astrocytes process and control synaptic information[END_REF]. Astroglial Ca 2+ signaling plays a central role in modulation of synaptic transmission (Agulhon et al., 2008;[START_REF] Perea | Tripartite synapses: astrocytes process and control synaptic information[END_REF] and is also involved in the neurovascular coupling [START_REF] Petzold | Role of astrocytes in neurovascular coupling[END_REF][START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF].
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Astrocyte intracellular Ca 2+ rise can either occur spontaneously in the absence of neuronal activity [START_REF] Aguado | Neuronal activity regulates correlated network properties of spontaneous calcium transients in astrocytes in situ[END_REF]Parri et al., 2001;[START_REF] Peters | Different mechanisms promote astrocyte Ca2+ waves and spreading depression in the mouse neocortex[END_REF]Thrane et al., 2012) or be triggered by neurotransmitters released during synaptic activity (Perea and Araque, 2005a). Many astroglial receptors for neurotransmitters are the metabotropic type (Table 2). Activation of these receptors triggers production of inositol 1,4,5-trisphosphate (InsP3), which acts on InsP3 receptors to induce Ca 2+ release from the endoplasmic reticulum (ER) [START_REF] Hamilton | Mechanisms of ATP-and glutamate-mediated calcium signaling in white matter astrocytes[END_REF][START_REF] Kastritsis | Stimulation of the P2Y purinergic receptor on type 1 astroglia results in inositol phosphate formation and calcium mobilization[END_REF][START_REF] Kirischuk | Calcium signalling in mouse Bergmann glial cells mediated by alpha1-adrenoreceptors and H1 histamine receptors[END_REF][START_REF] Mccarthy | Pharmacologically-distinct subsets of astroglia can be identified by their calcium response to neuroligands[END_REF]. Type 2 InsP3 receptors are the predominant isoform expressed in astrocytes [START_REF] Holtzclaw | Astrocytes in adult rat brain express type 2 inositol 1,4,5-trisphosphate receptors[END_REF][START_REF] Sheppard | Comparison of type 2 inositol 1,4,5-trisphosphate receptor distribution and subcellular Ca2+ release sites that support Ca2+ waves in cultured astrocytes[END_REF]. It is generally accepted that InsP3-induced Ca 2+ release from the ER is critical for the exocytosis of gliotransmitters (see below) from astrocytes [START_REF] Malarkey | Mechanisms of transmitter release from astrocytes[END_REF][START_REF] Parpura | Ca(2+) sources for the exocytotic release of glutamate from astrocytes[END_REF].

Ca 2+ transients in astrocytes could also be caused by the entry of Ca 2+ from the extracellular space. The depletion of the ER Ca 2+ store triggers Ca 2+ influx through specific plasmalemmal channels such as TRP channels [START_REF] Golovina | Visualization of localized store-operated calcium entry in mouse astrocytes. Close proximity to the endoplasmic reticulum[END_REF][START_REF] Grimaldi | Transient receptor potential channel activation causes a novel form of [Ca 2+]I oscillations and is not involved in capacitative Ca 2+ entry in glial cells[END_REF][START_REF] Pizzo | Role of capacitative calcium entry on glutamate-induced calcium influx in type-I rat cortical astrocytes[END_REF], a mechanism referred to as store-operated Ca 2+ entry [START_REF] Putney | A model for receptor-regulated calcium entry[END_REF][START_REF] Putney | Capacitative calcium entry revisited[END_REF]. In addition, extracellular Ca 2+ can enter the cell through Ca 2+ permeable ionotropic receptors and NCXs. The ionotropic receptors involved in astrocyte Ca 2+ signaling are the "-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) and P2X purinergic receptors (P2XRs) [START_REF] Lalo | NMDA receptors mediate neuron-to-glia signaling in mouse cortical astrocytes[END_REF][START_REF] Lalo | P2X1 and P2X5 subunits form the functional P2X receptor in mouse cortical astrocytes[END_REF][START_REF] Lalo | Ionotropic receptors in neuronal-astroglial signalling: what is the role of "excitable" molecules in non-excitable cells[END_REF]. The NCXs can mediate Ca 2+ entry in the reverse mode of operation, which is favored by increase in [Na + ] i and depolarization (Figure 3).

Finally, connexin (Cx) and pannexin (Px) hemichannels (see Introduction II) are ] i increase can derive from the endoplasmic reticulum (ER) that expresses InsP3 receptors, which are activated metabotropic G-protein coupled receptors (GPCRs) and phospholipase C (PLC). The ER store is filled by the activity of the store-specific Ca 2+ -ATPase (SERCA). Another Ca 2+ source comes from the entry of extracellular Ca 2+ through ionotropic receptors, store-operated channels (SOC) or Na + /Ca 2+ exchangers (NCXs). Ca 2+ pumps/ATPases (PMCA) can extrude cytosolic Ca 2+ . [Ca 2+ ] i is affected by cytosolic Ca 2+ -binding proteins (CBPs) and the mitochondria. Mitochondrial Ca 2+ uptake occurs through voltage-dependent anion channels (VDAC) in the outer membrane and the uniporter in the inner membrane, while Ca 2+ exits the mitochondria through the mitochondrial NCX and the mitochondrial permeability transition pore (MPTP). Reproduced from Verkhratsky et al., 2012a. permeable to calcium and could provide an alternative pathway for Ca 2+ entry (De Bock et al., 2014;[START_REF] Orellana | Glial hemichannels and their involvement in aging and neurodegenerative diseases[END_REF].
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The Ca 2+ signals in astrocytes exhibit complex spatiotemporal properties. Slow (seconds to minutes) Ca 2+ events in response to intense neuronal activity invade the astrocyte somata [START_REF] Kulik | Neuron-glia signaling via alpha(1) adrenoceptor-mediated Ca(2+) release in Bergmann glial cells in situ[END_REF]Perea and Araque, 2005b;[START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF][START_REF] Rieger | Axon-glia communication evokes calcium signaling in olfactory ensheathing cells of the developing olfactory bulb[END_REF], whereas rapid (millisecond scale) Ca 2+ responses elicited by minimal synaptic activity are restricted to microdomains of perisynaptic processes [START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF][START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF]. Ca 2+ transients elicited in individual astrocytes can propagate across cell boundaries as intercellular Ca 2+ waves, which can travel long distances (<500 µm) at relatively low speed (approximately 14 µm/s) (Scemes and Giaume, 2006;[START_REF] Deitmer | Ion changes and signalling in perisynaptic glia[END_REF]. In the neocortex Ca 2+ wave propagation depends on GJCs, whereas in hippocampus and corpus callosum release of ATP and its activation of P2Y receptors are necessary for generation of Ca 2+ waves [START_REF] Haas | Activity-dependent ATP-waves in the mouse neocortex are independent from astrocytic calcium waves[END_REF][START_REF] Schipke | Astrocyte Ca2+ waves trigger responses in microglial cells in brain slices[END_REF]. Astrocytes Ca 2+ signaling has also been observed in vivo. Whisker stimulation increased astrocyte Ca 2+ transients in the mouse barrel cortex [START_REF] Wang | Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo[END_REF]. Visual stimuli were shown to elicit astrocyte Ca 2+ signals in the ferret visual cortex [START_REF] Schummers | Tuned responses of astrocytes and their influence on hemodynamic signals in the visual cortex[END_REF]. During locomotor performance of mice, concerted Ca 2+ excitation occurred in networks of hundreds of cerebellar Bergmann glial cells extending across several hundred microns (Nimmerjahn et al., 2009).
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In addition to Ca 2+ excitability of astrocytes, recent studies have demonstrated that neuronal activity triggers Na + transients in perisynaptic astrocytes. These Na + transients are mediated by Na + -permeable channels and Na + -dependent transporters (Figure 4). For example, ionotropic glutamate receptor agonists increases [Na + ] i by 10-25 mM [START_REF] Rose | Intracellular sodium homeostasis in rat hippocampal astrocytes[END_REF][START_REF] Kirischuk | Na+/Ca2+ exchanger modulates kainate-triggered Ca2+ signaling in Bergmann glial cells in situ[END_REF][START_REF] Kirischuk | Membrane currents and cytoplasmic sodium transients generated by glutamate transport in Bergmann glial cells[END_REF][START_REF] Langer | Synaptically induced sodium signals in hippocampal astrocytes in situ[END_REF]. Electrical stimulation of neuronal afferents also elicits Na + transients in Bergmann glia and hippocampal astrocytes [START_REF] Kirischuk | Na+/Ca2+ exchanger modulates kainate-triggered Ca2+ signaling in Bergmann glial cells in situ[END_REF][START_REF] Kirischuk | Membrane currents and cytoplasmic sodium transients generated by glutamate transport in Bergmann glial cells[END_REF][START_REF] Bennay | Sodium signals in cerebellar Purkinje neurons and Bergmann glial cells evoked by glutamatergic synaptic transmission[END_REF]. Focal initiation of astroglial Na + rise was shown to trigger propagating Na + waves [START_REF] Bernardinelli | Astrocytes generate Na+-mediated metabolic waves[END_REF][START_REF] Langer | Gap junctions mediate intercellular spread of sodium between hippocampal astrocytes in situ[END_REF], which depend on GJCs [START_REF] Langer | Gap junctions mediate intercellular spread of sodium between hippocampal astrocytes in situ[END_REF]. Na + dynamics influences diverse astroglial functions such as metabolism of lactate, transmembrane transport of neurotransmitters, K + buffering and Ca 2+ signaling (see review [START_REF] Kirischuk | Sodium dynamics: another key to astroglial excitability?[END_REF].

Based on these findings, Na + signaling has been proposed to be another form of astroglial excitability [START_REF] Kirischuk | Sodium dynamics: another key to astroglial excitability?[END_REF]. 
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Astrocytes are able to release a variety of neurotransmitters and neuromodulators including glutamate, ATP, D-serine, GABA, tumor necrosis factor-" (TNF-"), prostaglandins (PGs), and peptides that are referred to as gliotransmitters [START_REF] Volterra | Release of transmitters from glial cells[END_REF]. However, the mechanisms of gliotransmission are still controversial (for details, see [START_REF] Hamilton | Do astrocytes really exocytose neurotransmitters?[END_REF][START_REF] Nedergaard | Artifact versus reality--how astrocytes contribute to synaptic events[END_REF].

Numerous studies have reported that some gliotransmitters are released through Ca 2+ -dependent exocytosis of vesicles [START_REF] Bezzi | Astrocytes contain a vesicular compartment that is competent for regulated exocytosis of glutamate[END_REF][START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF][START_REF] Martineau | Confocal imaging and tracking of the exocytotic routes for D-serine-mediated gliotransmission[END_REF] and lysosomes [START_REF] Jaiswal | Resolving vesicle fusion from lysis to monitor calcium-triggered lysosomal exocytosis in astrocytes[END_REF][START_REF] Li | Lysosomes are the major vesicular compartment undergoing Ca2+-regulated exocytosis from cortical astrocytes[END_REF]Zhang et al., 2007) (Figure 5). Most evidence indicates that astrocytes possess the exocytotic molecular machinery including proteins of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex [START_REF] Montana | Vesicular transmitter release from astrocytes[END_REF][START_REF] Parpura | The astrocyte excitability brief: from receptors to gliotransmission[END_REF] and vesicular pumps and transporters such as the vacuolar-type H + -ATPase (V-ATPase), vesicular glutamate transporters (VGLUTs)

1-3, and the vesicular nucleotide transporter (VNUT) [START_REF] Parpura | Regulated exocytosis in astrocytic signal integration[END_REF][START_REF] Sawada | Identification of a vesicular nucleotide transporter[END_REF][START_REF] Sreedharan | Glutamate, aspartate and nucleotide transporters in the SLC17 family form four main phylogenetic clusters: evolution and tissue expression[END_REF]. Furthermore, ultrastructural studies have shown that astrocytes contain vesicles that range from 30 to 1,000 nm in diameter with clear and dense cores [START_REF] Parpura | Regulated exocytosis in astrocytic signal integration[END_REF] and that 30-nm clear astroglial vesicles are located closed to presynaptic terminals [START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF]. There are, however, some studies that reported contradictory findings, such as failing to detect VGLUT expression in astrocytes by immunostaining [START_REF] Graziano | Vesicular glutamate transporters define two sets of glutamatergic afferents to the somatosensory ! "%,! thalamus and two thalamocortical projections in the mouse[END_REF][START_REF] Restani | Evidence for anterograde transport and transcytosis of botulinum neurotoxin A (BoNT/A)[END_REF][START_REF] Li | Lack of evidence for vesicular glutamate transporter expression in mouse astrocytes[END_REF] and by transcriptome studies [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF], calling for further investigations of the molecular of mechanisms of astroglial exocytosis.

Astroglial release modes other than Ca 2+ -dependent exocytosis have also been described, including reversal of neurotransmitter transporters and diffusion through Cx/Px hemichannels-the opening of Cx43 hemichannels is Ca 2+ -dependent (Wang et al., 2012), P2X7 receptors and volume-regulated anion channels (Figure 5; Verkhratsky et al., 2012a). However, it remains unclear under what physiological or pathological conditions different release mechanisms occur.
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The extracellular ion environment is extremely important for brain functions, because any slight change in ion concentrations or in extracellular volumes affects membrane potentials and excitability of neurons. Astrocytes play crucial roles in maintaining extracellular ionic and water homeostasis. 
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Neuronal activity is accompanied by the influx of Na + and Ca 2+ and efflux of K + , resulting in variations of extracellular concentrations of these ions and in the volume of the extracellular space [START_REF] Sykova | Diffusion in brain extracellular space[END_REF]. In particular, the relative changes for extracellular K + concentrations ([K + ] o ) is especially high due to the low resting [K + ] o (2.7-3.5 mM) [START_REF] Somjen | Ion regulation in the brain: implications for pathophysiology[END_REF]. The increas in extracellular K + is rapidly removed by neighboring astrocytes through two major mechanisms: local K + uptake and spatial K + buffering (Verkhartsky and Butt, 2013). Local K + uptake is mainly mediated by Na + /K + pumps and NKCCs in individual cells. Spatial K + buffering, initially proposed by Orkand and Walz [START_REF] Orkand | Extracellular potassium accumulation in the nervous system[END_REF][START_REF] Walz | Do neuronal signals regulate potassium flow in glial cells? Evidence from an invertebrate central nervous system[END_REF], is based on K ir 4.1 channels that are highly K + permeable and GJCs that connect individual astrocytes into networks [START_REF] Olsen | Functional implications for Kir4.1 channels in glial biology: from K+ buffering to cell differentiation[END_REF]. Local entry of K + creates an electrical and chemical gradient in the astroglial network, along which K + is dispersed from the site of activity into distant cells. K ir 4.1 channels are involved in extrusion of K + from the astroglial network back to the extracellular space (Figure 6).
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Astrocytes express water channels AQP4, which mediate water exchange between the blood and the parenchyma. AQP4 and K ir 4.1 channels are co-localized in the endfeet [START_REF] Wolburg | Structure and functions of aquaporin-4-based orthogonal arrays of particles[END_REF] and are functionally coupled in movements of water and K + (Amiry- [START_REF] Amiry-Moghaddam | The molecular basis of water transport in the brain[END_REF]. Extracellular volume changes are coupled to synaptic activity, which has been shown to induce rapid shrinkage of the extracellular space [START_REF] Dietzel | Transient changes in the size of the extracellular space in the sensorimotor cortex of cats in relation to stimulus-induced changes in potassium concentration[END_REF][START_REF] Holthoff | Intrinsic optical signals in rat neocortical slices measured with near-infrared dark-field microscopy reveal changes in extracellular space[END_REF][START_REF] Sykova | The relationship between changes in intrinsic optical signals and cell swelling in rat spinal cord slices[END_REF]. Synaptic activity causes release of solutes such as glutamate and K + that are removed through co-transport with water by astrocytes [START_REF] Haj-Yasein | Aquaporin-4 regulates extracellular space volume dynamics during high-frequency synaptic stimulation: a gene deletion study in mouse hippocampus[END_REF][START_REF] Nagelhus | Aquaporin-4 in the central nervous system: cellular and subcellular distribution and coexpression with KIR4.1[END_REF], resulting in swelling of astroglial processes and shrinkage the extracellular space. Extracellular volume decrease has a significant impact on synaptic transmission by increasing the local concentration of neurotransmitters.
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Astrocytes are equipped with transporters and biosynthetic enzymes for key neurotransmitters including glutamate and GABA, thus playing a paramount role in homeostasis and synthesis of these transmitters. Astrocytes represent the main sink of glutamate in the brain [START_REF] Eulenburg | Neurotransmitter transporters expressed in glial cells as regulators of synapse function[END_REF]. Due to its neurotoxicity when it is present in excess, the majority of glutamate is removed from the synaptic cleft by astroglial glutamate transporters. Glutamate in astrocytes is trafficked back to neurons ) is produced. The ammonia is transported back to the astrocytes for detoxification. Glutamate might be also metabolized via the TCA cycle in both neurons and astrocytes. (B) In GABAergic synapses, the released GABA is taken up by both astrocytes and the pre-synaptic terminal. In astrocytes, GABA is metabolized to succinate, which is further metabolized in the TCA cycle to a-ketoglutarate and then glutamate. The following steps are similar to those in the glutamatergic synapse. Abbreviations: GAD, glutamate decarboxylase; Glu, glutamate; Gln, glutamine; GS, glutamine synthetase; "-KG, "-ketoglutarate; PAG, phosphate-activated glutaminase; Suc, succinate; TCA, tricarboxylic acid. Adapted from [START_REF] Bak | The glutamate/GABA-glutamine cycle: aspects of transport, neurotransmitter homeostasis and ammonia transfer[END_REF].
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to replenish the presynaptic pools through the glutamate-glutamine shuttle (Figure 7).

Astrocytes are responsible for de novo synthesis of glutamate from glucose, using the enzyme pyruvate carboxylase exclusively expressed in astrocytes [START_REF] Hertz | Astrocytes: glutamate producers for neurons[END_REF].

Also, astrocytes participate in the removal of GABA via GABA transporters GAT-1 and GAT-3, the latter being the major astroglial subtype [START_REF] Madsen | Handbook of nerochemistry and molecular neurobiology: Neural membranes and transport[END_REF].

Similarly to glutamate, neuronal GABA is also derived from astrocytes through the glutamate-glutamine shuttle: GABA is synthesized by glutamate decarboxylase (GAD) in inhibitory neurons from glutamate, which in turn is transformed from glutamine (Figure 7; Schousboe and Waagepetersen, 2007).
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As discussed above, astrocytes are well equipped to sense, integrate, respond to and regulate neuronal activities. Thus the perisynaptic astroglial processes are an indispensable component of the synapse in addition to the presynaptic terminal and the postsynaptic compartment, a concept referred to as the 'tripartite synapse' (Araque et al., 1999a). Astrocytes influence a large array of synaptic events in multiple ways as discussed below.
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For the past decade, how astroglial gliotransmittters affect synaptic transmission has been a major focus of the glia field, which has revealed the remarkable diversity of neuroglial interactions mediated by astroglial gliotransmittion (Table 3). Here are a few examples of the signaling pathways involved in several types of astroglial modulation of synaptic transmission.

Astroglial glutamate increases neuronal excitability (Figure 8A). Glutamate released from neurons activates mGluRs in astrocytes to increase astrocyte intracellular Ca 2+ concentration ([Ca 2+ ] i ) and trigger the release of glutamate. Astroglial glutamate activates extrasynaptic NMDA receptors to evoke slow inward currents (SICs) in nearby neurons, resulting in increased excitability of the neurons (Parri et al., 2001;[START_REF] Fellin | Neuronal synchrony mediated by astrocytic glutamate through activation of extrasynaptic NMDA receptors[END_REF][START_REF] Angulo | Glutamate released from glial cells synchronizes neuronal activity in the hippocampus[END_REF]Perea and Araque, 2005a;[START_REF] D'ascenzo | mGluR5 stimulates gliotransmission in the nucleus accumbens[END_REF]. As a single astrocyte contacts a large number of neurons [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF],

SICs can be generated in many neighboring neurons, thus promoting synchrony of neuronal firing (Parri et al., 2001;[START_REF] Fellin | Neuronal synchrony mediated by astrocytic glutamate through activation of extrasynaptic NMDA receptors[END_REF][START_REF] Angulo | Glutamate released from glial cells synchronizes neuronal activity in the hippocampus[END_REF][START_REF] Perea | Properties of synaptically evoked astrocyte calcium signal reveal synaptic information processing by astrocytes[END_REF].

Astroglial glutamate enhances presynaptic release probability (Figure 8B). Raising astrocyte [Ca 2+ ] i induces release of glutamate, which acts on NR2B subunit- containing NMDA receptors (Araque et al., 1998;[START_REF] Martin | Adenosine released by astrocytes contributes to hypoxia-induced modulation of synaptic transmission[END_REF] or mGluR1 on the presynaptic terminals [START_REF] Martin | Adenosine released by astrocytes contributes to hypoxia-induced modulation of synaptic transmission[END_REF][START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF] to increase the frequency of excitatory postsynaptic currents (EPSCs) recorded in nearby neurons (Araque et al., 1998;Perea and Araque, 2005a;[START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF].

Astroglial ATP promotes heterosynaptic depression (Figure 8C). Repetitive activity in hippocampal excitatory neurons activates interneurons and GABA release. GABA acting on astroglial GABA B receptors triggers release of ATP [START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF]. ATP is degraded extracellularly to adenosine, and adenosine acts on A1 receptors to suppress transmitter release from nearby excitatory synapses [START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF][START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF].

Astroglial D-serine co-activates NMDA receptors (Figure 8D). D-serine is synthesized in astrocytes from L-serine by serine racemase [START_REF] Wolosker | Serine racemase: a glial enzyme synthesizing D-serine to regulate glutamate-N-methyl-D-aspartate neurotransmission[END_REF] and released in response to neuronal glutamate [START_REF] Mothet | Glutamate receptor activation triggers a calcium-dependent and SNARE protein-dependent release of the gliotransmitter D-serine[END_REF]. D-serine release is crucial for the activation of NMDA receptors and the induction of long-term potentiation (LTP) [START_REF] Yang | Contribution of astrocytes to hippocampal long-term potentiation through release of D-serine[END_REF][START_REF] Panatier | Glia-derived D-serine controls NMDA receptor activity and synaptic memory[END_REF].

The findings presented above indicate that release of glutamate, D-serine and ATP from astrocytes plays important roles in regulation of many synaptic events from basal transmission to synaptic plasticity. However, concerns have been raised over the unspecificity of methods used to stimulate or suppress astroglial release of gliotransmitters [START_REF] Hamilton | Do astrocytes really exocytose neurotransmitters?[END_REF][START_REF] Nedergaard | Artifact versus reality--how astrocytes contribute to synaptic events[END_REF].

On the one hand, methods that aim to stimulate release of gliotransmitters might simultaneously induce neurotransmitter release from nearby neuronal processes, resulting in ambiguous origins of the transmitters. A method widely used is to artificially raise [Ca 2+ ] i in astrocytes. The artificially induced [Ca 2+ ] i elevations, however, may not capture the full characteristics of endogenous Ca 2+ dynamics in astrocytes. On the other hand, manipulations that aim to suppress gliotransmitter release cannot avoid side effects on other signaling pathways, by which astrocytes can also influence neuronal activity. The potential problems of research methods are well illustrated by the studies utilizing the InsP3 receptor 2 knockout (KO) mice, which lack InsP3-mediated Ca 2+ signaling in astrocytes: this deficiency did not impair NMDA receptor-dependent LTP in the hippocampus [START_REF] Agulhon | Hippocampal short-and long-term plasticity are not modulated by astrocyte Ca2+ signaling[END_REF], but it blocked cholinergic transmission-induced LTP in both the hippocampus [START_REF] Navarrete | Astrocytes mediate in vivo cholinergic-induced synaptic plasticity[END_REF] and cortex [START_REF] Takata | Astrocyte calcium signaling transforms cholinergic modulation to cortical plasticity in vivo[END_REF] as well as nucleus basalis-mediated plasticity in the visual cortex [START_REF] Chen | Nucleus basalis-enabled stimulus-specific plasticity in the visual cortex is mediated by astrocytes[END_REF]. These observations suggest that InsP3 receptor 2 expression in astrocytes is essential for some but not all forms of LTP, and, more importantly, they highlight the unresolved general issues in the field of neuroglial interaction: how to reconcile the variety of gliotransmitters and signaling pathways (summarized in Table 3) that are proposed to regulate synaptic transmission and under what physiological conditions different types of regulations take place. To answer these questions, research efforts are needed to better understand the temporal and spatial specificity of astroglial receptor distribution and activation, and their association with different mechanisms regulating the release of gliotransmitters (Araque et al., 2014).
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In addition to release of gliotransmitters, there are other modes in which astrocytes can regulate synaptic transmission. Through active uptake of neurotransmitters such as glutamate, GABA and monoamines via perisynaptic membrane transporters, astrocytes control concentrations of these transmitters in the synaptic cleft and thus modulate synaptic strength [START_REF] Volterra | Astrocytes: modulation of synaptic function and network activity[END_REF]. Also, the ability of astrocytes to lower [K + ] o , which is a key determinant of neuronal membrane potential, provides another mechanism for astroglial regulation of neuronal excitability and synaptic transmission [START_REF] Nedergaard | Artifact versus reality--how astrocytes contribute to synaptic events[END_REF]. These modes of regulation depend on the astroglial coverage of the synapses, which undergo plastic changes controlled by the physiological condition. For example, in the hypothalamus, astrocytes retract their processes during lactation or dehydration, significantly reducing the astroglial coverage of the magnocellular neurons [START_REF] Theodosis | Activity-dependent structural and functional plasticity of astrocyte-neuron interactions[END_REF]. In the cortex, 24 h of whisker stimulation elicited increases in the expression of glutamate transporters and astroglial envelopment of excitatory synapses in the corresponding cortical column of the barrel cortex [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF]. A recent work found that Cx30 deletion resulted in protrusion of hippocampal astroglial processes into the synaptic cleft, facilitating glutamate clearance and thus decreasing synaptic strength [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Such structural changes of perisynaptic astroglial processes result in changes in extracellular volume and the positions of astroglial transporters relative to the synaptic cleft, which in turn affect the spillover or clearance of the neurotransmitters and ultimately the synaptic transmission.
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Increase in local neuronal activity triggers a rapid increase in local cerebral blood flow, a phenomenon known as functional hyperemia or neurovascular coupling [START_REF] Roy | On the Regulation of the Blood-supply of the Brain[END_REF]. The functional hyperaemia takes place mostly at the level of terminal arterioles and capillaries. The intraparenchymal vasculature is almost completely (estimations vary between 80 to 100%) covered by astroglial endfeet [START_REF] ! "&'! Mathiisen | The perivascular astroglial sheath provides a complete covering of the brain microvessels: an electron microscopic 3D reconstruction[END_REF][START_REF] Mccaslin | In vivo 3D morphology of astrocyte-vasculature interactions in the somatosensory cortex: implications for neurovascular coupling[END_REF]. In the brain parenchyma, the walls of penetrating arterioles and capillaries are also contacted by local interneurons and intrinsic neurons [START_REF] Golanov | Neurons of a limited subthalamic area mediate elevations in cortical cerebral blood flow evoked by hypoxia and excitation of neurons of the rostral ventrolateral medulla[END_REF][START_REF] Hamel | Perivascular nerves and the regulation of cerebrovascular tone[END_REF][START_REF] Rancillac | Prolonged wakefulness induces experience-dependent synaptic plasticity in mouse hypocretin/orexin neurons[END_REF][START_REF] Yang | Stellate neurons mediate functional hyperemia in the cerebellar molecular layer[END_REF]; Figure 9). Thus, local blood flow can be controlled by both neuronal and astroglial mechanisms (reviewed in [START_REF] Filosa | Vascular tone and neurovascular coupling: considerations toward an improved in vitro model[END_REF][START_REF] Petzold | Role of astrocytes in neurovascular coupling[END_REF][START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF]. In neurons, synaptic glutamate acts on NMDA receptors to raise [Ca 2+ ] i , which induces production of nitric oxide (NO) by nitric oxide synthase (nNOS) and arachidonic acid (AA) by phospholipase A2 (PLA2). NO activates guanylate cyclase in the smooth muscle of the vessel and generates cyclic guanosine monophosphate (cGMP) to dilate vessels. AA is converted to PGs that also dilate vessels. In astrocytes, synaptic glutamate activating mGluRs raises [Ca 2+ ] i , generating three types of metabolite: PGs and epoxyeicosatrienoic acids (EETs) that dilate vessels, and 20-hydroxy-eicosatetraenoic acid (20-HETE) that constricts vessels. Also a rise of [Ca 2+ ] i in astrocyte endfeet may lead to release of K + , which dilates vessels (Figure 10).
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Sustenance of brain functions is energy expensive: 20% of the total energy produced by the body is consumed by the brain which represents only 2% of the body mass (Bélanger et al., 2011). Most of the energy that the brain takes is spent on synaptic transmission [START_REF] Alle | Energy-efficient action potentials in hippocampal mossy fibers[END_REF]. It is estimated that glutamatergic transmission consumes about 80% of the energy expended in the gray matter [START_REF] Sibson | Functional energy metabolism: in vivo 13C-NMR spectroscopy evidence for coupling ! "'&! of cerebral glucose consumption and glutamatergic neuronalactivity[END_REF][START_REF] Hyder | Neuronal-glial glucose oxidation and glutamatergic-GABAergic function[END_REF][START_REF] Attwell | An energy budget for signaling in the grey matter of the brain[END_REF], highlighting the close relationship between glutamatergic transmission and energy utilization. The brain derives energy from oxidation of glucose and the increase in neural activity is coupled to the increase in glucose utilization (Bélanger et al., 2011). Astrocytes are ideally situated and fully equipped to mediate this coupling: they possess perisynaptic processes that can monitor synaptic activity while their endfeet express glucose transporters that deliver glucose from blood circulation [START_REF] Allaman | Astrocyte-neuron metabolic relationships: for better and for worse[END_REF]. Besides, astrocytes are the only brain cells that synthesize glycogen, which is the largest energy reserve of the brain [START_REF] Magistretti | Neurotransmitters regulate energy metabolism in astrocytes: implications for the metabolic trafficking between neural cells[END_REF][START_REF] Brown | Brain glycogen re-awakened[END_REF].

Although neurons can also directly uptake glucose from the extracellular space via glucose transporters, experimental evidence indicates that astrocytes serves as the major conduit that funnels energy substrates to neurons, especially during activation of the brain (see Bélanger et al., 2010). How astrocytes respond to neuronal activity and supply energy to the neurons is theorized as the astrocyte-neuron lactate shuttle hypothesis, which argues that neuronal activation triggers sustained production of lactate by astrocytes and that lactate, instead of glucose, is the preferred energy substrate of neurons [START_REF] Pellerin | Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose utilization[END_REF]. This hypothesis has been supported by numerous in vitro and in vivo studies [START_REF] Barros | Preferential transport and metabolism of glucose in Bergmann glia over Purkinje cells: a multiphoton study of cerebellar slices[END_REF][START_REF] Cholet | Local injection of antisense oligonucleotides targeted to the glial glutamate transporter GLAST decreases the metabolic response to somatosensory activation[END_REF][START_REF] Voutsinos-Porche | Glial glutamate transporters mediate a functional metabolic crosstalk between neurons and astrocytes in the mouse developing cortex[END_REF][START_REF] Chuquet | Predominant enhancement of glucose uptake in astrocytes versus neurons during activation of the somatosensory cortex[END_REF][START_REF] Lin | Nonlinear coupling between cerebral blood flow, oxygen consumption, and ATP production in human visual cortex[END_REF][START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]. The signaling pathway is as follows: glutamate released during synaptic activity is cotransported with Na + by astroglial glutamate transporters, resulting in an increase in astroglial [Na + ] i . The rise in [Na + ] i stimulates Na + /K + pump and increases consumption of ATP. This in turn triggers in astrocytes glucose uptake from circulation and glycolysis that produces lactate. Lactate is then released via ] i , which activates phospholipase A2 (PLA2) to produce arachidonic acid (AA) and its metabolites: prostaglandins (PGs) and epoxyeicosatrienoic acids (EETs) in astrocytes, which dilate vessels, and 20-hydroxy-eicosatetraenoic acid (20-HETE) in smooth muscle around the vessel, which constricts vessels. Elevated [Ca 2+ ] i in astrocyte endfeet also activate Ca 2+ -gated K + channels (g K(Ca) ), releasing K monocarboxylase transporters (MCTs) from astrocytes and taken up by neurons as the energy substrate (Figure 11). Notably, this model does not apply to GABAergic transmission, as experimental evidence [START_REF] Chatton | GABA uptake into astrocytes is not associated with significant metabolic cost: implications for brain imaging of inhibitory transmission[END_REF] and a modeling study [START_REF] Occhipinti | Energetics of inhibition: insights with a computational model of the human GABAergic neuron-astrocyte cellular complex[END_REF] showed that GABA uptake by astrocytes is not coupled to glucose utilization. A hexamer of Cxs forms a hemichannel (HC) or a connexon. Two connexons on adjacent plasma membrane docking together forms a GJ channel (GJC) (Figure 12A). Aggregation of GJCs in closely apposed areas between neighboring cells forms junctional plaques. Cxs are not found in invertebrates, but they express innexins, which do not show sequence homology with Cxs but similarily form GJCs [START_REF] Phelan | Innexins get into the gap[END_REF]. Connexons can also function as HCs, allowing communication between the cytoplasm and extracellular environment [START_REF] Hofer | Visualization and functional blocking of gap junction hemichannels (connexons) with antibodies against external loop domains in astrocytes[END_REF][START_REF] Contreras | Metabolic inhibition induces opening of unapposed connexin 43 gap junction hemichannels and reduces gap junctional communication in cortical astrocytes in culture[END_REF][START_REF] Bennett | New roles for astrocytes: gap junction hemichannels have something to communicate[END_REF]. Under basal conditions, HCs are mostly inactive [START_REF] Bennett | New roles for astrocytes: gap junction hemichannels have something to communicate[END_REF]Giaume et al., 2013). In astrocytes, several experimental conditions including Ca 2+ -free medium, moderate increase in [Ca 2+ ] i and pro-inflammatory agents can lead to HC opening (see below). HCs can also be composed of pannexins, a distinct family of membrane proteins that are homologous to innexins [START_REF] Scemes | Astrocyte calcium waves: what they are and what they do[END_REF]. Besides forming GJs and HCs, Cxs serve several functions independent of channel activity (see below).
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Cxs are encoded by a gene family that includes 21 members in the human genome and 20 in the mouse, and 11 of them have been identified in the brain [START_REF] Nagy | Update on connexins and gap junctions in neurons and glia in the mammalian nervous system[END_REF][START_REF] Sohl | Gap junctions and the connexin protein family[END_REF]. For one of the two nomenclatures in use, the Cxs are named according to their molecular mass. For example, Cx43 means it is a Cx with a molecular mass of 43 kDa [START_REF] Beyer | Connexin family of gap junction proteins[END_REF]. The other nomenclature is the GJ system, where Cxs are divided into subgroups (", # or !), abbreviated as ''Gj'' and numbered according to the order of discovery [START_REF] Eiberger | Connexin genes in the mouse and human genome[END_REF]. For example, Cx43 was the first Cx of the a-group and hence named Gja1 (Table 4). As a common practice, the former nomenclature is used to designate the Cx proteins while the latter for the genes encoding Cxs.
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Cxs are four-transmembrane proteins, consisting of one cytoplasmic and two extracellular loops, four hydrophobic domains, and the cytoplasmatic N-and Ctermini (Figure 12B). The sequences of both extracellular loops are highly conserved, including three cysteines that form disulfure bonds to stabilize the extracellular loops during docking of two connexons [START_REF] Kumar | The gap junction communication channel[END_REF]. The N-terminus is highly conserved whereas the C-terminus is variable for each Cx. The C-terminus of Cxs harbors multiple phosphorylation sites and domains for protein interactions, which are critical for the regulation of properties and functions of Cxs (Hervé et al., 2004;[START_REF] Laird | The gap junction proteome and its relationship to disease[END_REF]. [START_REF] Giaume | Adrenergic regulation of intercellular communications between cultured striatal astrocytes from the mouse[END_REF][START_REF] Dermietzel | Gap junctions between cultured astrocytes: immunocytochemical, molecular, and electrophysiological analysis[END_REF][START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF][START_REF] Rash | Cell-specific expression of connexins and evidence of restricted gap junctional coupling between glial cells and between neurons[END_REF], although there is also a minor expression of Cx26 [START_REF] Mercier | Connexin 26 and basic fibroblast growth factor are expressed primarily in the subpial and subependymal layers in adult brain parenchyma: roles in stem cell proliferation and morphological plasticity?[END_REF][START_REF] Nagy | Connexin26 in adult rodent central nervous system: demonstration at astrocytic gap junctions and colocalization with connexin30 and connexin43[END_REF][START_REF] Nagy | Connexin26 expression in brain parenchymal cells demonstrated by targeted connexin ablation in transgenic mice[END_REF]. Given the fact that GJ communication is completely abolished in knockout (KO) mice of Cx43 and Cx30 [START_REF] Wallraff | The impact of astrocytic gap junctional coupling on potassium buffering in the hippocampus[END_REF][START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF][START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF], Cx43 and Cx30 are considered as the major components of astroglial GJCs (Giaume et al., 2010).

These two atroglial Cxs have different developmental and tissue distribution patterns. Expression of Cx43 begins around embryonic day 12 while Cx30 becomes detectable during the third postnatal week in rodents [START_REF] Kunzelmann | Late onset and increasing expression of the gap junction protein connexin30 in adult murine brain and long-term cultured astrocytes[END_REF]. Both Cx expression levels reach a maximum in adulthood and maintain relatively unchanged through out the lifespan [START_REF] Cotrina | Expression and function of astrocytic gap junctions in aging[END_REF]. The two astroglial Cxs exhibit distinct distribution in the CNS. Expression of Cx43 is relatively homogeneous throughout the brain, whereas Cx30 is far more abundant in diencephalic and hindbrain areas than forebrain areas, and it is absent in the white matter [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF]; Table 5). The ratio between the currents in the two cells is termed 'coupling coefficient', which reflects the efficacy of the GJ communication between the two cells [START_REF] Dermietzel | Gap junctions between cultured astrocytes: immunocytochemical, molecular, and electrophysiological analysis[END_REF][START_REF] Giaume | Adrenergic regulation of intercellular communications between cultured striatal astrocytes from the mouse[END_REF]. The advantages of this electrophysiological measurement are its accuracy and dynamic nature. For HCs, their opening can be monitoredd by a classical patch-clamp approach (for details, see Giaume et al., 2012).

!!"5 C'(-

<= P*+,)(A-8.10,213,A-&2Q+,

Dye coupling is an extensively used method to study GJCs. It is based on GJC-dependent intracellular diffusion of low molecular weight dyes and tracers such as Lucifer yellow, sulforhodamine B, and biocytin. It consists of injecting or dialysing one astrocyte with a dye through the recording pipette during intracellular or patch-clamp recordings and counting the number of coupled cells after a defined period of time (in general less than 30 min). Dye coupling provides a qualitative measure of the GJC status and information about the spatial organization of coupled cells. This method, however, cannot measure the real time kinetics of GJ communication (see Giaume et al., 2012).

HC activity can be measured by the dye uptake method. Low molecular weight fluorescent dyes (Lucifer yellow, ethidium bromide, YoPro, etc) applied in the extracellular medium are taken up by the cell via HCs. After a defined incubation time (in general less than 30 min) the dye in the extracellular medium is washed out and the level of fluorescence within the cells is measured as an indication of HC activity (see Giaume et al., 2012).

The shortcoming of the dye coupling and uptake methods is that the dyes and tracers mentioned above are biologically irrelevant and might not correctly reflect the function of Cx channels in the diffusion of endogenous molecules. Therefore, radiolabeled glucose and lactate [START_REF] Tabernero | Lactate spares glucose as a metabolic fuel in neurons and astrocytes from primary culture[END_REF] and fluorescent glucose derivatives [START_REF] Blomstrand | Kinetics of endothelin-induced inhibition and glucose permeability of astrocyte gap junctions[END_REF][START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF] have been used to follow the biological activity GJCs. Also, HC activity has been studied by monitoring passage of endogenous molecules, such as ATP monitored by bioluminescent imaging detection assay [START_REF] Kang | Connexin 43 hemichannels are permeable to ATP[END_REF], fluorescent glucose derivatives (Retamal et al., 2007) and glutamate by high-performance liquid chromatography [START_REF] Ye | Functional hemichannels in astrocytes: a novel mechanism of glutamate release[END_REF].
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The central pore of GJCs and HCs is permeable to ions and small molecules, with a cut-off molecular weight of 1-1.2 kDa. However, the permeability of GJCs depends on not only the size of the molecule but also its shape, charge and interactions with the Cxs in the channel (Giaume and Theis, 2010). It is known that most of GJCs are permeable to second messengers, amino acids, nucleotides, Ca 2+ , siRNAs, and glucose as well as its metabolites [START_REF] Goldberg | Selective permeability of gap junction channels[END_REF][START_REF] Harris | Connexin channel permeability to cytoplasmic molecules[END_REF]. Astrocyte HCs have been shown to be permeable to glutamate, ATP [START_REF] Cotrina | ATP-mediated glia signaling[END_REF]Ye et al., 2003), glucose (Retamal et al., 2007) and glutathione [START_REF] Rana | Gap junction hemichannel-mediated release of glutathione from cultured rat astrocytes[END_REF][START_REF] Stridh | Stimulated efflux of amino acids and glutathione from cultured hippocampal slices by omission of extracellular calcium: likely involvement of connexin hemichannels[END_REF].
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The permeability of GJCs is tightly regulated by numerous factors including voltage, Ca 2+ concentration, pH and phosphorylation. Cx30 and Cx43 channels are gated by and by both transjunctional voltage [START_REF] Giaume | Adrenergic regulation of intercellular communications between cultured striatal astrocytes from the mouse[END_REF] and the transmembrane voltage [START_REF] Gonzalez | Molecular basis of voltage dependence of connexin channels: an integrative appraisal[END_REF]. GJC conductance increases upon membrane depolarization and decreases upon membrane hyperpolarization [START_REF] Enkvist | Astroglial gap junction communication is increased by treatment with either glutamate or high K+ concentration[END_REF][START_REF] %%! De Pina-Benabou | Calmodulin kinase pathway mediates the K+-induced increase in Gap junctional communication between mouse spinal cord astrocytes[END_REF]. Intracellular acidification [START_REF] Duffy | Regulation of connexin43 protein complexes by intracellular acidification[END_REF] and high [Ca 2+ ] i [START_REF] Adermark | Electrophysiological properties and gap junction coupling of striatal astrocytes[END_REF] uncouples Cx43 GJCs whereas Cx43 HCs opens in response to physiological rises in [Ca 2+ ] i [START_REF] Suadicani | Gap junction channels coordinate the propagation of intercellular Ca2+ signals generated by P2Y receptor activation[END_REF][START_REF] Wang | Connexin mimetic peptides inhibit Cx43 hemichannel opening triggered by voltage and intracellular Ca2+ elevation[END_REF]. Finally, phosphorylation of Cx43 by different pathways can either increase or decrease GJ communication [START_REF] Nielsen | Gap junctions[END_REF]. Astroglial HCs are also regulated by these factors, although the direction of regulation can be ! $-! different from GJCs. HCs are opened by membrane depolarization, [Ca 2+ ] i elevation, changes in their phosphorylation or redox status [START_REF] Contreras | Gating and regulation of connexin 43 (Cx43) hemichannels[END_REF].
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Several pro-inflammatory cytokines have been demonstrated to reduce GJC activity (reviewed in [START_REF] Orellana | Gap junction channels and hemichannels in the CNS: regulation by signaling molecules[END_REF]. Moreover, decreased expression of Cx43 in the brain is observed in different models of pathologies associated with inflammation (Brand-Schieber et al., 2005;[START_REF] Karpuk | Neuroinflammation leads to region-dependent alterations in astrocyte gap junction communication and hemichannel activity[END_REF][START_REF] Schalper | Dysfunctions of the diffusional membrane pathways mediated by hemichannels in inherited and acquired human diseases[END_REF]Takeuchi et al., 2011). In contrast, pro-inflammatory agents (lipopolysaccharide, tumor necrosis factor-", and interleukin-1#) have been shown to increase HC activity and ATP HC-mediated release in astrocytes (Bennett et al., 2012;Orellana et al., 2011a, b).
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Current evidence indicates that a number of neurotransmitters affect the activity of Cx channels. Glutamate and several glutamate receptor agonists have been demonstrated by several studies to increase GJC and HC activity in astrocytes (reviewed in Giaume et al., 2010;[START_REF] Orellana | Gap junction channels and hemichannels in the CNS: regulation by signaling molecules[END_REF]. Endothelin 1 and 3 strongly inhibit dye coupling among astrocytes [START_REF] Giaume | Endothelins Inhibit Junctional Permeability in Cultured Mouse Astrocytes[END_REF]. ATP and 2-methylthio-ATP, a P2Y receptor agonist decrease GJ coupling between cortical astrocytes [START_REF] Meme | ATP-induced inhibition of gap junctional communication is enhanced by interleukin-1 beta treatment in cultured astrocytes[END_REF]. Finally, noradrenaline exerts a dual regulation on dye coupling between cortical astrocytes depending on the adrenergic receptor subtypes: activation of a1 receptor inhibits GJ coupling while that of b receptor increases [START_REF] Giaume | Adrenergic regulation of intercellular communications between cultured striatal astrocytes from the mouse[END_REF].
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Considering the close interactions between neurons and astrocytes, it is not surprising that GJC function in astrocytes is linked to neuronal activity. Gap junctional communication between astrocytes is increased in epileptic human tissues [START_REF] Lee | Human epileptic astrocytes exhibit increased gap junction coupling[END_REF]. Co-culture with neurons increases dye coupling in cerebellar and striatal astrocytes [START_REF] Fischer | Cultured astrocytes form a syncytium after maturation[END_REF][START_REF] Rouach | Activity-dependent neuronal control of gap-junctional communication in astrocytes[END_REF]. In mouse hippocampal slices, tetrodotoxin (TTX) decreases diffusion of 2-NBDG, a fluorescent dexoyglucose analog, while evoked repetitive neuronal firing and epileptiform bursts increase the diffusion of 2-NBDG, but not passive dyes, through astroglial GJs [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]. In the mouse olfactory glomeruli, GJ coupling is reduced by TTX and early sensory deprivation [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. Importantly, such regulation is absent in Cx30 but not in Cx43 KO mice, indicating that Cx30 rather than Cx43 mediates this activity-dependent regulation [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF].

The mechanisms underlying the activity-dependence of GJ coupling remain unclear.

In the hippocampus, activation of postsynaptic AMPA receptors is necessary for the increased trafficking of 2-NBDG astroglial GJC [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF], while in the olfactory glomerulus, extracellular K + entry via astroglial K ir channels is a key player in the activity dependence of dye coupling [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. The case of the glomerulus corroborate observations that elevated [K + ] o increase astroglial GJC activity [START_REF] Enkvist | Astroglial gap junction communication is increased by treatment with either glutamate or high K+ concentration[END_REF]. In addition, it is shown that in the spinal cord astrocytes [K Astroglial GJCs are the target of multiple constraints and regulations, thus conferring GJ-mediated astroglial networks considerable spatial and functional specificity, as revealed in dye coupling experiments (Giaume et al., 2010; Figure 13). For example, in the hippocampus the pyramidal layer limits the number of astrocytes and dye diffusion across this layer (Houades et al., 2006;[START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]; Figure 13A). Astroglial processes within olfactory glomeruli are oriented toward the glomerulus center, and few processes extend across the peri-glomerular neuronal soma (Roux et al., 2011; Figure 13B). Moreover, Cx expressions are higher within glomeruli compared to the extra-glomerular area, and there is a preferential coupling among astrocytes within glomeruli and limited coupling with extra-glomerular astrocytes [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. In the rodent barrel cortex, coupling within the barrels is extensive and oriented towards the barrel center, whereas astrocytes located in the septa between barrels are barely coupled (Houades et al., 2008; Figure 13C). This feature may result from enriched Cx expression in the barrels and low expression in the septa (Houades et al., 2008) Ideally, the methods to identify possible roles of astroglial Cxs in brain functions and diseases should fulfill the following criteria: 1) having no side effects on neurons and other brain cell types or on astroglial components other than Cxs; 2) specific to the Cx in question; 3) capable of distinguishing among GJ, HC and non-channel functions of Cxs; 4) capable of distinguishing between Cx and pannexin HC functions (see Giaume and Theis, 2010). The currently existing experimental tools, however, have failed to achieve at least some of these criteria (Table 6). Therefore, it is important to use a combination of different tools to validate a conclusion and to bear in mind the caveats and shortcomings of the methods in order to avoid over-interpretation the data. contribution of GJCs and possibly HCs to K + and glutamate homeostasis are highlighted in the study that investigated the synaptic transmission of the Cx30 and 43 double KO mice (Pannasch et al., 2011). In these mice, hippocampal excitatory synaptic transmission was substantially increased due to insufficient K + and glutamate removal from the synapse. Moreover, the situation might be worsened by the reduction in the extracellular space volume due to the swelling of disconnected astrocytes. Intriguingly, a more recent study found that Cx30 KO mice exhibit a phenotype distinct from that of the double KO [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Cx30 KO mice show decreased hippocampal excitatory synaptic transmission and impaired synaptic plasticity due to enhanced glutamate clearance, which is a result of decreased distance of astrocyte processes from the synaptic cleft. It was further demonstrated that Cx30 regulates astroglial morphology independent of GJC or HC functions (see II.3.5 below).
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Astroglial Ca 2+ waves have been proposed to reglulate synaptic transmission and, in particular, coordination of neuronal assembly activity (Scemes and Giaume, 2006;[START_REF] Leybaert | Intercellular Ca(2+) waves: mechanisms and function[END_REF], although there is only sporadic experimental evidence [START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF]. The astroglial Cxs can contribute to propagation of Ca 2+ waves through GJC and/or HC activities, depending on the brain region (reviewed in [START_REF] Leybaert | Intercellular Ca(2+) waves: mechanisms and function[END_REF]. Astroglial GJCs mediate intercellular diffusion of Ca 2+ and InP3 (see [START_REF] Giaume | Intercellular calcium signaling and gap junctional communication in astrocytes[END_REF] while HCs participate in regenerative release of ATP that mediates Ca 2+ waves in astrocytes [START_REF] Stout | Intercellular calcium signaling in astrocytes via ATP release through connexin hemichannels[END_REF]; Figure 14).
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Astroglial GJCs have been demonstrated to play an important role in neurometabolic coupling through supply of metabolites to neurons in response to synaptic glutamate. In cultured astrocytes, GJCs are involved in glutamate-induced regenerative propagation of Na + waves, which gives rise to a spatially correlated increase in glucose uptake [START_REF] Bernardinelli | Astrocytes generate Na+-mediated metabolic waves[END_REF]. Direct evidence that GJ-mediated astroglial networks contribute to the metabolic function of astrocytes is demonstrated by the work of [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]: in absence of extracellular glucose, delivery of glucose or lactate into astroglial networks rescues glutamatergic synaptic transmission and epileptiform activity in wild type mice but fails to do so in the double KO mice of Cx43 and Cx30. In addition, astroglial Cxs may participate in neurovascular coupling.

There are high levels of Cx expression and GJ coupling in astroglial endfeet that enwrap blood vessels [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF][START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]. A few studies have reported astroglial Ca 2+ waves occur in association with vasodilation or vasoconstriction, but a causal link between the astroglial Ca 2+ waves and the vascular regulation is lacking. For example, in brain slices, electrical stimulation elicited vasodilation and associated astroglial Ca 2+ waves along blood vessels (Filosa et al., 2004), while in hippocampus spontaneous Ca 2+ waves in vivo were associated with decreased blood flow and this type of Ca 2+ waves showed GJC dependence (Kuga et al., 2011).
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So far, there have been a few behavioral studies performed on KO mice of astroglial Cxs, which are summarized in Table 7. Notably, the same Cx KO mice, e.g., the Cx43 and Cx30 double KO [START_REF] Dere | Connexin30-deficient mice show increased emotionality and decreased rearing activity in the open-field along with neurochemical changes[END_REF][START_REF] Lutz | Deletion of astrocyte connexins 43 and 30 leads to a dysmyelinating phenotype and hippocampal CA1 vacuolation[END_REF], have diverse behavioral deficits, suggesting the Cxs have different functions depending on the brain region. This calls for the development of conditional KO models to control the temporal and spatial specificity of Cx inactivation. Morever, the Cx30 KO and the Cx43 and Cx30 double KO mice exhibit differences in their phenotypes, which is not surprising considering that Cx43 and Cx30 differ in their expression patterns, permeability and regulatory pathways, etc. The distinct properties and potentially distinct functions-the latter have started to be revealed-of Cx43 and Cx30 highlight the necessity for further investigations on KO mice of single astroglial Cxs. Last but not the least, few genetic tools exist to distinguish among GJC, HC and non-channel functions of Cxs, resulting in difficulties for detailed investigations of mechanisms underlying Cx functions in vivo.
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An adhesive function of Cx43 has been demonstrated in vitro and in vivo: Cx43 expression was shown to increase aggregation of cells [START_REF] Lin | Connexin 43 enhances the adhesivity and mediates the invasion of malignant glioma cells[END_REF][START_REF] Cotrina | Adhesive properties of connexin hemichannels[END_REF] and during development Cx43 provides adhesive contacts necessary for neuronal radial migration in the cortex [START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF]. The adhesive function of Cx43 is independent of its channel forming property [START_REF] Lin | Connexin 43 enhances the adhesivity and mediates the invasion of malignant glioma cells[END_REF][START_REF] Cotrina | Adhesive properties of connexin hemichannels[END_REF][START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF], but requires a direct interaction between extracellular loops of Cx43 in the neural and radial glial cells [START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF]. In addition, the C-terminus of Cx43 is also involved the radial migration of cortical neurons [START_REF] Cina | Involvement of the cytoplasmic C-terminal domain of connexin43 in neuronal migration[END_REF], possibly via interaction with cytoskeletal proteins [START_REF] Kameritsch | Channel-independent influence of connexin 43 on cell migration[END_REF].
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Cx43 and Cx30 have been reported to associate with the cytoskeletal proteins: Cx30 directly interact with actin while Cx43 is thought to indirectly bind to actin; both Cx43 and Cx30 also bind to tubulin (reviewed in [START_REF] Olk | Connexins, cell motility, and the cytoskeleton[END_REF]Hervé et al., 2012). One of the functional consequences of such interactions may be modulation of cell morphology. A few studies showed correlation between Cx43 expression and cell morphological changes, although it was addressed whether such changes occurred independent of its channel functions: expression of Cx43 in C6 glioma cells resulted
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in reorganization of actin into stress fibers, associated with a more flattened cell morphology [START_REF] Naus | Characteristics of C6 glioma cells overexpressing a gap junction protein[END_REF][START_REF] Cotrina | ATP-mediated glia signaling[END_REF]. A recent study provided evidence that Cx30 influences the morphology of astroglial processes in a channel-independent manner. In Cx30 KO mice, the total volume of astroglial processes the stratum radiatum region of the hippocampus increased due to enhanced elongation and ramification [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Moreover, such morphological changes were inhibited by expression of full-length Cx30, but not C-terminally truncated Cx30, indicating the Cx30 C-terminus was necessary for the role of Cx30 in morphology [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. 
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Sleep is of fundamental importance for animal and human survival. Indeed, even a minor restriction in total sleep time can lead to significant cognitive impairments [START_REF] Mccoy | The cognitive cost of sleep lost[END_REF][START_REF] Killgore | Effects of sleep deprivation on cognition[END_REF]. Sleep disorders are highly prevailing in modern society and sleep disturbances are associated with many neurodegenerative diseases, psychiatric disorders, and other medical conditions [START_REF] Parish | Sleep-related problems in common medical conditions[END_REF]. The vitalness of sleep underscores the significance and necessity of sleep research. For the past decades, intensive research efforts have largely deepened our understanding of sleep-wake regulation and sleep functions, which will be the topics of this chapter.
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Sleep is a reversible behavioral state characterized by reduced consciousness, movement and responsiveness to sensory stimuli. Sleep is defined in laboratory settings by the electroencephalography (EEG) and electromyography (EMG) recordings. EEG records the electrical field activity of neurons (primarily cortical neurons) and EMG records that of skeletal muscles. Based on EEG and EMG activities, sleep is broadly divided into two stages: the non-rapid eye movement (NREM) sleep or slow wave sleep (SWS), and the rapid eye movement (REM) sleep. NREM sleep is characterized by low-frequency, high-amplitude EEG activity and reduced muscle tone. In humans, NREM sleep is further subdivided into 4 stages. As NREM sleep deepens and progresses from stage 1 to 4, EEG activity decreases in frequency and increases in amplitude until it is dominated by slow wave activity (SWA; 0.5-4 Hz). SWS refers to Stage 3 and 4 in humans. During REM sleep, the EEG exhibits a wakefulness-like profile, with a high frequency and low amplitude, but a complete loss of muscle tone (Figure 15). During REM sleep, humans report active dreaming. Over the sleep period, an individual repetitively cycles through different sleep stages, with gradually lighter NREM and longer REM sleep till a full wakening (Figure 16).
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During wakefulness, the cortical EEG exhibits an 'activated' profile, dominated by fast, locally generated rhythms of low amplitude beta (15-30 Hz) and gamma (30-120 Hz) rhythms. Alpha rhythms (8-14 Hz) occur during relaxed wakefulness and are suppressed by eye opening and visual stimuli [START_REF] Palva | New vistas for alpha-frequency band oscillations[END_REF]. Theta (4)(5)[START_REF];510?2053 !"#$%&'()*(+[END_REF](7)(8) <= L>G6,%8++-, Adapted from [START_REF] Steriade | Natural waking and sleep states: a view from inside neocortical neurons[END_REF].rhythms occur during exploring behavior in rodents, and during tasks requiring attention and memory in humans [START_REF] Brown | Control of sleep and wakefulness[END_REF].
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Lower frequency rhythms such as the theta rhythm occur over more widespread areas and synchronize faster rhythms. These EEG rhythms are thought to temporally link firing cortical neurons and synchronize cortical and subcortical areas for higher order cognitive functions (Buzsáki and Draguhn, 2004).
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In human, NREM sleep stage 1 is a transition stage from wake and sleep. The EEG exhibits a profile of relatively low-voltage rhythms and mixed frequencies, mainly alpha and theta activity (Buzsáki, 2006). Stage 2 NREM sleep is characterized by the appearance of sleep spindles (7-15 Hz) and K-complexes in the EEG (Figure 15). Stages 3 and 4 of NREM sleep (deep sleep) are dominated by prominent, high-amplitude delta waves (1)(2)(3)(4). Fast rhythms, e.g., beta and gamma, also occur during slow-wave sleep, and the slow oscillation (0.5-1 Hz), discovered by Steriade and colleagues, groups fast and slow rhythms during NREM sleep [START_REF] Steriade | Grouping of brain rhythms in corticothalamic systems[END_REF].
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During REM sleep, cortical EEG is activated and desynchronized. Theta rhythms are typical of tonic REM sleep (periods in REM sleep without rapid eye movement) (Buzsáki, 2002), while ponto-geniculo-occipital (PGO) waves appear simultaneously with rapid eye movements during phasic REM sleep (periods in REM sleep with rapid eye movements and muscle twitches) [START_REF] Mignot | Why we sleep: the temporal organization of recovery[END_REF]. PGO waves are phasic field potentials originating in the pontine tegmentum and propagating to the lateral geniculate nucleus and occipital cortex (Figure 17).
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As mentioned above, EEG signals are mainly derived from electrical activity, including synaptic currents and spiking, of cortical neurons (Buzsáki and Draguhn, 2004). Figure 18 shows simultaneous EEG, EMG and intracellular recordings of a regular-spiking cortical pyramidal neuron during wake, SWS and REM sleep of a cat.

Neurons fire tonically during wakefulness indicated by activated EEG and increased muscle tone. During SWS, they undergo cyclic hyperpolarized phases characterized by lack of spontaneous firing ('down states') and depolarized phases with rich spontaneous firing (the 'up states'). During REM sleep, indicated by muscular atonia and EEG activation, neuron exhibit a tonic firing profile similar to that during wakefulness. The extent of synchrony among cortical neurons also varies throughout wake and sleep states. In NREM sleep, individual neurons begin and stop spiking largely in synchronization with the population, while much less coordination among neurons is detected in wakefulness and REM sleep (Figure 19).

!!!"5 L+A'(212&(:.)28,213,1+A'()7+:.)28,<2%.%,(4,%8++-, 213,I2Q+, ,

!!!"5"# J2Q+4A81+%%, 2= ?7+,2%)+13.10,'+&.)A82',2)&.K2&.10,%*%&+:,

The early work of Moruzzi and Magoun in the 1940s and 1950s (Moruzzi and Magoun, 1949) established that the brainstem reticular formation (RF) is crucial for maintaining cortical activation during wakefulness and REM sleep [START_REF] Jones | From waking to sleeping: neuronal and chemical substrates[END_REF]. Groups of neurons in the midbrain, pons and mesencephalic RF, and their projections via multiple relays to the forebrain where they stimulate cortical activation, constitute the ascending reticular activating system (ARAS). The ARAS consists of the dorsal and the ventral pathways (Figure 20). The dorsal pathway originates from glutamate neurons in the midbrain, pontine, medullary RF and cholinergic neurons in the pedunculopontine and laterodorsal tegmental nuclei (PPT/LDT) [START_REF] Steriade | Projections of cholinergic and non-cholinergic neurons of the brainstem core to relay and associational thalamic nuclei in the cat and macaque monkey[END_REF][START_REF] Steriade | Neocortical and caudate projections of intralaminar thalamic neurons and their synaptic excitation from midbrain reticular core[END_REF][START_REF] Newman | Brainstem reticular nuclei that project to the thalamus in rats: a retrograde tracer study[END_REF][START_REF] Cornwall | Afferent projections to the parafascicular thalamic nucleus of the rat, as shown by the retrograde transport of wheat germ agglutinin[END_REF][START_REF] Hallanger | The origins of cholinergic and other subcortical afferents to the thalamus in the rat[END_REF], which project to the nonspecific intralaminar and midline thalamic nuclei that diffusely innervate widespread neocortical areas. The ventral pathway of the ARAS originates from multiple sites in the brain stem including glutamatergic neurons of the parabrachial area, noradrenergic of the locus coeruleus (LC), serotoninergic of the dorsal raphe nuclei (DRN), and dopaminergic of the periaqueductal gray [START_REF] Brown | Control of sleep and wakefulness[END_REF]. These neurons project to the lateral and posterior hypothalamus that contains the orexin/hypocretin neurons and histaminergic neurons in the tuberomammillary nuclei (TMN). All these systems converge onto the basal forebrain (BF), which in turn projects to the cortex [START_REF] Detari | The role of basal forebrain neurons in tonic and phasic activation of the cerebral cortex[END_REF][START_REF] Dringenberg | Involvement of direct and indirect pathways in electrocorticographic activation[END_REF][START_REF] Semba | Multiple output pathways of the basal forebrain: organization, chemical heterogeneity, and roles in vigilance[END_REF].
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Two groups of cholinergic neurons located in the BF and LDT/PPT project to the cortex directly and via the relay of thalamus, respectively. In vivo recording across the sleep-wake cycle has shown that cholinergic neurons in the caudal BF fire during wakefulness and REM sleep [START_REF] Hassani | Discharge profiles of identified GABAergic in comparison to cholinergic and putative glutamatergic basal forebrain neurons across the sleep-wake cycle[END_REF]Lee et al., 2005a) and they increase firing upon cortical activation: their firing rates correlate positively with the power of fast gamma and theta activity typical of wakefulness and REM sleep and negatively with slow delta activity [START_REF] Duque | EEG correlation of the discharge properties of identified neurons in the basal forebrain[END_REF][START_REF] Manns | Rhythmically discharging basal forebrain units comprise cholinergic, GABAergic, and putative glutamatergic cells[END_REF]Lee et al., 2005). Like in the BF, cholinergic neurons in the LDT/PPT discharge during waking, decrease firing during SWS and increase firing during PS, with a firing rate correlated to cortical activation [START_REF] Boucetta | Activity profiles of cholinergic and intermingled GABAergic and putative glutamatergic neurons in the pontomesencephalic tegmentum of urethane-anesthetized rats[END_REF][START_REF] El Mansari | Unitary characteristics of presumptive cholinergic tegmental neurons during the sleep-waking cycle in freely moving cats[END_REF][START_REF] Kayama | Firing of 'possibly' cholinergic neurons in the rat laterodorsal tegmental nucleus during sleep and wakefulness[END_REF][START_REF] Steriade | Neuronal activities in brain-stem cholinergic nuclei related to tonic activation processes in thalamocortical systems[END_REF]. Consistent with the firing patterns of cholinergic neurons, acetylcholine level rises during wakefulness and REM sleep in the cortex and thalamus where the cholinergic projections target [START_REF] Celesia | Acetylcholine released from cerebral cortex in relation to state of activation[END_REF][START_REF] Jasper | Acetylcholine liberation from cerebral cortex during paradoxical (REM) sleep[END_REF]). The cholinergic system facilitates generation of fast rhythms typical of wakefulness and REM sleep. Electrical stimulation of the LDT/PPT enhances beta/gamma oscillations in thalamocortical system [START_REF] Steriade | Fast oscillations (20-40 Hz) in thalamocortical systems and their potentiation by mesopontine cholinergic nuclei in the cat[END_REF].

Local application in the BF of agents that depolarize cholinergic neurons, such as AMPA and norepinephrine, induces high-frequency cortical oscillations, while lidocaine that inactivates cholinergic neurons abolishes fast rhythms [START_REF] Jones | Paradoxical REM sleep promoting and permitting neuronal networks[END_REF].

Similarly, local injection of serotonin that hyperpolarizes BF cholinergic neurons reduces gamma activity [START_REF] Cape | Differential modulation of high-frequency gamma-electroencephalogram activity and sleep-wake state by noradrenaline and serotonin microinjections into the region of cholinergic basalis neurons[END_REF]. Finally, lesion of PPT cholinergic neurons by ibotenic acid leads of 30% reduction of waking time (Lu et al., 2006).

D+'(&(1.1,

! &%! Serotonergic neurons in the DRN fire during waking, decrease firing during NREM sleep and cease firing during REM sleep [START_REF] Jacobs | Activity of brain serotonergic neurons in the behaving animal[END_REF][START_REF] Mcginty | Dorsal raphe neurons: depression of firing during sleep in cats[END_REF][START_REF] Trulson | Raphe unit activity in freely moving cats: correlation with level of behavioral arousal[END_REF], suggesting that serotonin is wakefulness-promoting. Accordingly, systemic application of serotonergic receptor agonists increases waking and reduces NREM and REM sleep [START_REF] Monti | Activation of the serotonin 5-HT3 receptor in the dorsal raphe nucleus suppresses REM sleep in the rat[END_REF]. However, unlike other wake-promoting neuromodulatory systems, the activity of serotonergic neurons promotes quiet waking with reduced cortical activation.

Recordings in behaving animals reveal that serotonergic neurons exhibit highest activity during feeding but decrease firing during active waking [START_REF] Jacobs | Activity of brain serotonergic neurons in the behaving animal[END_REF]. Furthermore, they reduce cortical activation through inhibition on the cholinergic BF and brain stem neurons [START_REF] Khateb | Pharmacological and immunohistochemical evidence for serotonergic modulation of cholinergic nucleus basalis neurons[END_REF][START_REF] Thakkar | Behavioral state control through differential serotonergic inhibition in the mesopontine cholinergic nuclei: a simultaneous unit recording and microdialysis study[END_REF].
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Norepinephrine neurons in the LC fire during waking, particularly during active waking, decrease firing during NREM sleep and cease firing during REM sleep (Aston- [START_REF] Aston-Jones | Activity of norepinephrine-containing locus coeruleus neurons in behaving rats anticipates fluctuations in the sleep-waking cycle[END_REF][START_REF] Hobson | Sleep cycle oscillation: reciprocal discharge by two brainstem neuronal groups[END_REF]. Norepinephrine neurons send diffuse projections to the forebrain, brainstem and spinal cord to promote cortical activation and behavioral arousal [START_REF] Jones | From waking to sleeping: neuronal and chemical substrates[END_REF]. LC neurons excite many other components of the ARAS including thalamic relay neurons, serotonegic DRN neurons and cholinergic BF neurons [START_REF] Brown | Control of sleep and wakefulness[END_REF]. Many drugs that are wakefulness promoting, including amphetamine and modafinil, function partly by increasing norepinephrinergic neurotransmission. Norepinephrine maintains the high muscle tone during wakefulness-spinal motoneurons are depolarized and sensitized to excitatory input by norepinephrine [START_REF] White | Norepinephrine effects on spinal motoneurons[END_REF][START_REF] White | Pharmacological antagonism of facilitatory but not inhibitory effects of serotonin and norepinephrine on excitability of spinal motoneurons[END_REF].
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Histaminergic neurons in the TMN are active in wakefulness, slowly firing in NREM sleep and silent in REM sleep [START_REF] John | Cataplexy-active neurons in the hypothalamus: implications for the role of histamine in sleep and waking behavior[END_REF][START_REF] Takahashi | Neuronal activity of histaminergic tuberomammillary neurons during wake-sleep states in the mouse[END_REF][START_REF] Vanni-Mercier | Waking selective neurons in the posterior hypothalamus and their response to histamine H3-receptor ligands: an electrophysiological study in freely moving cats[END_REF]. Histamine excites most nuclei of the ARAS [START_REF] Brown | The physiology of brain histamine[END_REF][START_REF] Haas | Histamine in the nervous system[END_REF] and injection of histamine into the ARAS promotes wakefulness [START_REF] Lin | Brain structures and mechanisms involved in the control of cortical activation and wakefulness, with emphasis on the posterior hypothalamus and histaminergic neurons[END_REF]. Animals with deletion of histamine synthesizing enzyme, histidine decarboxylase, have compromised arousal in face of a novel, potentially dangerous environment [START_REF] Parmentier | Anatomical, physiological, and pharmacological characteristics of histidine decarboxylase knock-out mice: evidence for the role of brain histamine in behavioral and sleep-wake control[END_REF][START_REF] Anaclet | Orexin/hypocretin and histamine: distinct roles in the control of wakefulness demonstrated using knock-out mouse models[END_REF].
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Orexin neurons located in the lateral hypothalamus fire fastest during active waking, decrease firing during quiet waking, and cease firing during sleep (Lee et al., 2005b;[START_REF] Takahashi | The genetics of mammalian circadian order and disorder: implications for physiology and disease[END_REF], and release of orexin in the hypothalamus is also higher during waking than in sleep [START_REF] Kiyashchenko | Release of hypocretin (orexin) during waking and sleep states[END_REF]. Orexin neurons project onto and excite the cerebral cortex, other nuclei of the ARAS, and the spinal cord to stimulate cortical activation, behavioral arousal and autonomic changes [START_REF] Jones | Modulation of cortical activity and sleep-wake state by hypocretin/orexin[END_REF]. Intracerebroventricular injection of orexin increases wakefulness
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in rats in a dose-dependent manner [START_REF] Piper | The novel brain neuropeptide, orexin-A, modulates the sleep-wake cycle of rats[END_REF]. Photogenetic stimulation of orexin neurons at frequencies above 5 Hz increases the probability of the animal transiting from sleep to wakefulness [START_REF] Adamantidis | Neural substrates of awakening probed with optogenetic control of hypocretin neurons[END_REF]. In contrast, administration of orexin receptor antagonists reduces wakefulness and increase both NREM and REM sleep in animals and human subjects [START_REF] Brisbare-Roch | Promotion of sleep by targeting the orexin system in rats, dogs and humans[END_REF].

Orexin is necessary for the consolidation of wakefulness: transgenic mice and dogs with spontaneous mutations that result in deficiency of orexin or orexin receptors exhibit narcoleptic phenotypes and human patients of narcolepsy exhibit defected orexin neurotransmission [START_REF] Chemelli | Narcolepsy in orexin knockout mice: molecular genetics of sleep regulation[END_REF][START_REF] Lin | The sleep disorder canine narcolepsy is caused by a mutation in the hypocretin (orexin) receptor 2 gene[END_REF][START_REF] Peyron | A mutation in a case of early onset narcolepsy and a generalized absence of hypocretin peptides in human narcoleptic brains[END_REF].

Another function of the orexin system is to enhance wakefulness in response to starvation: orexin neurons are activated by fasting in primates [START_REF] Diano | Fasting activates the nonhuman primate hypocretin (orexin) system and its postsynaptic targets[END_REF], while orexin knockout mice do not respond to fasting with increased arousal [START_REF] Yamanaka | Hypothalamic orexin neurons regulate arousal according to energy balance in mice[END_REF].
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Dopaminergic neurons in the ventral periaqueductal gray (vPAG) show Fos activity during waking but not during sleep (Lu et al., 2006). These neurons project to other components of the ARAS including the BF and thalamus (Lu et al., 2006). Dopaminergic neurons of the ventral tegmental area (VTA) fire more bursts during waking and REM sleep [START_REF] Dahan | Prominent burst firing of dopaminergic neurons in the ventral tegmental area during paradoxical sleep[END_REF] and increase bursting in the presence of rewarding or aversive stimuli which require alertness in animals [START_REF] Steinfels | Behavioral correlates of dopaminergic unit activity in freely moving cats[END_REF]. VTA neurons project to the striatum, BF and cortex, suggesting they may play a role in stimulating arousal with emotional activation [START_REF] Jones | From waking to sleeping: neuronal and chemical substrates[END_REF]. The following evidence supports that dopaminergic neurons play a role promoting wakefulness: 1) the most potent wake-promoting substances, such as amphetamines and modafinil, are considered to function mainly by increasing dopamine transmission due to the fact that they lack effects in dopamine transporter knockout animals [START_REF] Wisor | Dopaminergic role in stimulant-induced wakefulness[END_REF]; 2) dopamine D 2 receptor knockout mice have decreased waking and increased sleep [START_REF] Qu | Essential role of dopamine D2 receptor in the maintenance of wakefulness, but not in homeostatic regulation of sleep, in mice[END_REF]; 3) lesion of dopaminergic neurons in the vPAG results in a more than 20% reduction in the amount of wakefulness per 24 hours (Lu et al., 2006).
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The nonspecific thalamic nuclei, which are an important relay of the dorsal ARAS, send glutamatergic projections to the cortex to stimulate cortical activation [START_REF] Hur | Vglut2 afferents to the medial prefrontal and primary somatosensory cortices: a combined retrograde tracing in situ hybridization study [corrected][END_REF]. Some projections from the BF [START_REF] Henny | Projections from basal forebrain to prefrontal cortex comprise cholinergic, GABAergic and glutamatergic inputs to pyramidal cells or interneurons[END_REF][START_REF] Hur | Vglut2 afferents to the medial prefrontal and primary somatosensory cortices: a combined retrograde tracing in situ hybridization study [corrected][END_REF], VTA, LDT, and hypothalamus [START_REF] Hur | Vglut2 afferents to the medial prefrontal and primary somatosensory cortices: a combined retrograde tracing in situ hybridization study [corrected][END_REF] to the cortex are also glutamatergic. In addition, the projections of the RF neurons to the thalamus are mainly glutamatergic [START_REF] Jones | From waking to sleeping: neuronal and chemical substrates[END_REF]. Given the abundance and importance of glutamate, it is not surprising that glutamate is involved in the control of wakefulness. Glutamatergic neurotransmission is considered the backbone of the wakefulness-promoting systems in the brain and it is regulated by other neurotransmitters released by various arousal systems [START_REF] Jones | From waking to sleeping: neuronal and chemical substrates[END_REF]. In addition, anesthetics such as ketamine inhibit glutamatergic neurotransmission [START_REF] Rudolph | Molecular and neuronal substrates for general anaesthetics[END_REF]. In rodents, lesion of the glutamatergic parabrachial neurons caused a coma-like state, suggesting that these neurons are critical in maintaining wakefulness [START_REF] Fuller | Reassessment of the structural basis of the ascending arousal system[END_REF].
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Multiple neurotransmitter systems of the ARAS contribute to the promotion of wakefulness. They are highly interconnected and mutually excitatory. In light of the fact that lesions of individual nuclei of the ARAS have generally minor effects on the structure and amount of wakefulness (see [START_REF] Brown | Control of sleep and wakefulness[END_REF], there may be considerable redundancy in the ARAS. The sheer number of the neurotransmissions systems involved in promotion of wakefulness may guarantee wakefulness can remain largely intact upon the loss of an individual system. In addition, different systems are responsible for different aspects of wakefulness, e.g., acetylcholine for facilitation of cortical activation, norepinephrine for maintenance of muscle tone, orexin for consolidation of wakefulness, dopamine for arousal in the presence of rewards, etc.
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An involvement of the basal forebrain and preoptic area (PO/BF) in the control of sleep was first discovered by by Constantin von Economo-patients suffering from persistent insomnia had damage in this area caused by the influenza pandemic in the early 20th century [START_REF] Economo | Sleep as a problem of localization[END_REF]. Also, lesions of the PO/BF led to insomnia in the cat [START_REF] Mcginty | Sleep suppression after basal forebrain lesions in the cat[END_REF][START_REF] Sallanon | Long-lasting insomnia induced by preoptic neuron lesions and its transient reversal by muscimol injection into the posterior hypothalamus in the cat[END_REF]. A population of neurons in the ventrolateral preoptic nucleus (VLPO) that express Fos protein specifically during sleep was later identified [START_REF] Sherin | Activation of ventrolateral preoptic neurons during sleep[END_REF]. These neurons contain the inhibitory neurotransmitters GABA and galanin and project heavily to the nuclei of the ARAS [START_REF] Sherin | Activation of ventrolateral preoptic neurons during sleep[END_REF][START_REF] Gaus | Ventrolateral preoptic nucleus contains sleep-active, galaninergic neurons in multiple mammalian species[END_REF][START_REF] Sherin | Innervation of histaminergic tuberomammillary neurons by GABAergic and galaninergic neurons in the ventrolateral preoptic nucleus of the rat[END_REF][START_REF] Steininger | Subregional organization of preoptic area/anterior hypothalamic projections to arousal-related monoaminergic cell groups[END_REF]. Single-unit recordings confirmed that the VLPO contains sleep-on and wake-off neurons [START_REF] Szymusiak | Sleep-waking discharge patterns of ventrolateral preoptic/anterior hypothalamic neurons in rats[END_REF]. Extensive lesions of the core of the VLPO in the rat substantially decreased SWA and NREM sleep time [START_REF] Lu | Effect of lesions of the ventrolateral preoptic nucleus on NREM and REM sleep[END_REF].

A prominent property of VLPO neurons is that they receive reciprocal projections from many regions of the ARAS, including the TMN, DRN, vPAG, parabrachial nucleus, and LC [START_REF] Chou | Afferents to the ventrolateral preoptic nucleus[END_REF]Lu et al., 2006a). GABA and galanin were shown to inhibit TMN, DRN, and LC neurons [START_REF] Gervasoni | Electrophysiological evidence that noradrenergic neurons of the rat locus coeruleus are tonically inhibited by GABA during sleep[END_REF][START_REF] Gervasoni | Gap junctions in cultured astrocytes: single-channel currents and characterization of channel-forming protein[END_REF][START_REF] Pieribone | Galanin induces a hyperpolarization of norepinephrine-containing locus coeruleus neurons in the brainstem slice[END_REF][START_REF] Schonrock | Properties of tuberomammillary histamine neurones and their response to galanin[END_REF], and the VLPO neurons are inhibited by acetylcholine, norepinephrine, dopamine, and serotonin [START_REF] Gallopin | Identification of sleep-promoting neurons in vitro[END_REF][START_REF] Gallopin | Effect of the wake-promoting agent modafinil on sleep-promoting neurons from the ventrolateral preoptic nucleus: an in vitro pharmacologic study[END_REF]. Histamine excites a subpopulation of inhibitory interneurons in the VLPO, which in turn inhibit the projecting VLPO neurons [START_REF] Lu | Effect of lesions of the ventrolateral preoptic nucleus on NREM and REM sleep[END_REF]. These reciprocal inhibition between the VLPO and TMN/DRN/LC neurons led to the
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proposal of 'a flip-flop switch' model of the sleep-wake alternation mechanism-activation of the VLPO leads to silence of the nuclei of the ARAS and promotes sleep, while activation of the ARAS nuclei leads to the shutdown of VLPO neurons and promotes wakefulness (Figure 21; [START_REF] Mcginty | The sleep-wake switch: A neuronal alarm clock[END_REF][START_REF] Saper | The sleep switch: hypothalamic control of sleep and wakefulness[END_REF].
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Like VLPO neurons, neurons in median preoptic area (MnPO) send inhibitory projections to the lateral hypothalamus, DRN, and LC [START_REF] Suntsova | The median preoptic nucleus reciprocally modulates activity of arousal-related and sleep-related neurons in the perifornical lateral hypothalamus[END_REF][START_REF] Uschakov | Efferent projections from the median preoptic nucleus to sleep-and arousal-regulatory nuclei in the rat brain[END_REF]. Inhibition of the MnPO by GABAA receptor agonist led to prolonged wakefulness, while electrical stimulation and application of glutamate and the GABAA receptor antagonist enhanced NREM sleep in rats [START_REF] Suntsova | The median preoptic nucleus reciprocally modulates activity of arousal-related and sleep-related neurons in the perifornical lateral hypothalamus[END_REF]. MnPO neurons often increase firing in advance of sleep, unlike VLPO neurons that are activated at the same time as sleep onset [START_REF] Szymusiak | Sleep-waking discharge patterns of ventrolateral preoptic/anterior hypothalamic neurons in rats[END_REF][START_REF] Takahashi | Characterization and mapping of sleep-waking specific neurons in the basal forebrain and preoptic hypothalamus in mice[END_REF]. Fos expression pattern revealed that MnPO neurons are also active during sleep deprivation, whereas VLPO neurons are mainly active during sleep [START_REF] Gvilia | Homeostatic regulation of sleep: a role for preoptic area neurons[END_REF][START_REF] Modirrousta | Gabaergic neurons with alpha2-adrenergic receptors in basal forebrain and preoptic area express c-Fos during sleep[END_REF][START_REF] Peterfi | Fos-immunoreactivity in the hypothalamus: dependency on the diurnal rhythm, sleep, gender, and estrogen[END_REF]. In addition, the MnPO projects heavily to the VLPO [START_REF] Chou | Afferents to the ventrolateral preoptic nucleus[END_REF][START_REF] Uschakov | Efferent projections from the median preoptic nucleus to sleep-and arousal-regulatory nuclei in the rat brain[END_REF], suggesting the MnPO may drive VLPO activity. These observations indicate that MnPO neurons may play a role in response to increased sleep pressure, whereas VLPO neurons may function to maintain sleep [START_REF] Gvilia | Homeostatic regulation of sleep: a role for preoptic area neurons[END_REF].
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The pons plays an essential role in REM sleep-transections of the pons and extensive lesions of this region led to disruption of REM sleep [START_REF] Jouvet | Research on the neural structures and responsible mechanisms in different phases of physiological sleep[END_REF][START_REF] Webster | Neurotoxic lesions of the dorsolateral pontomesencephalic tegmentum-cholinergic cell area in the cat. II. Effects upon sleep-waking states[END_REF]. Later Fos expression studies identified the sublaterodorsal nucleus (SLD) in rodents, which are activated in REM sleep [START_REF] Boissard | The rat ponto-medullary network responsible for paradoxical sleep onset and maintenance: a combined microinjection and functional neuroanatomical study[END_REF]Lu et al., 2006b). The majority of these REM-ON cells are glutamatergic [START_REF] Luppi | The neuronal network responsible for paradoxical sleep and its dysfunctions causing narcolepsy and rapid eye movement (REM) behavior disorder[END_REF]. Disinhibition of the SLD neurons with GABA antagonists elicited REM sleep-like behavior [START_REF] Boissard | The rat ponto-medullary network responsible for paradoxical sleep onset and maintenance: a combined microinjection and functional neuroanatomical study[END_REF]. Lesions of the SLD in rats resulted in fragmentation and reduction of REM sleep (Lu et al., 2006b). These observations indicate the SLD is the core neural circuits in promotion of REM sleep.

The SLD receive major GABAergic inputs from the ventrolateral periaqueductal grey matter (vlPAG) and lateral pontine tegmentum (LPT) [START_REF] Boissard | Localization of the GABAergic and non-GABAergic neurons projecting to the sublaterodorsal nucleus and potentially gating paradoxical sleep onset[END_REF]Lu et al., 2006b). Lesions (Lu et al., 2006b) and inhibition of the vlPAG/LPT with GABA agonists [START_REF] Crochet | A potent non-monoaminergic paradoxical sleep inhibitory system: a reverse microdialysis and single-unit recording study[END_REF][START_REF] Sapin | Localization of the brainstem GABAergic neurons controlling paradoxical (REM) sleep[END_REF][START_REF] Sastre | Importance of the ventrolateral region of the periaqueductal gray and adjacent tegmentum in the control of paradoxical sleep as studied by muscimol microinjections in the cat[END_REF] increased REM sleep. The retrograde labeling showed that vlPAG/LPT also receive GABAergic projections from the SLD (Lu et al., 2006b), suggesting that the vlPAG/LPT and the SLD are reciprocally inhibitory and their interaction may be the control of REM sleep entry and exit. Some REM-on neurons in the SLD send descending excitatory projections to brainstem and spinal inhibitory nuclei that in turn inhibit motor neurons and cause muscle atonia (Lu et al., 2006b;[START_REF] Luppi | Brainstem structures responsible for paradoxical sleep onset and maintenance[END_REF][START_REF] Vetrivelan | Medullary circuitry regulating rapid eye movement sleep and motor atonia[END_REF]. Other SLD neurons send ascending projections to the thalamic relay neurons, and innervate the cortex together with cholinergic and glutamatergic neurons of the PPT/LDT and BF to induce cortical activation during REM sleep [START_REF] Luppi | The neuronal network responsible for paradoxical sleep and its dysfunctions causing narcolepsy and rapid eye movement (REM) behavior disorder[END_REF].

As discussed above, monoaminergic neurons, including those in the serotonergic DRN, noradrenergic LC, and histaminergic TMN, cease firing specifically during REM sleep, whereas the cholinergic neurons of the PPT/LDT also fire during REM sleep. Application of cholinergic drugs to the mesopontine tegmentum can cause REM sleep, whereas drugs that increase monoaminergic signaling inhibit REM sleep [START_REF] Luppi | Paradoxical (REM) sleep genesis: the switch from an aminergic-cholinergic to a GABAergic-glutamatergic hypothesis[END_REF]. Lesions of these nuclei, however, had very limited effects on REM sleep [START_REF] Blanco-Centurion | Effects of saporin-induced lesions of three arousal populations on daily levels of sleep and wake[END_REF]Lu et al., 2006b), suggesting the cholinergic and monoaminergic inputs might not be essential for REM sleep promotion but could modulate the alternation of NREM and REM sleep [START_REF] Saper | Sleep state switching[END_REF].
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As proposed in the model of Borbely, two processes underlie the regulation of wake and sleep [START_REF] Borbely | A two process model of sleep regulation[END_REF]. Process C (circadian control) decides the timing of sleep and wake. The circadian control of sleep is beyond the scope of this introduction and will not be discussed here. Process S (homeostatic control) decides the depth and duration of sleep as a function of sleep pressure accumulated in the preceding waking period: the longer the waking period, the more sleep pressure is accumulated in brain and the longer sleep is needed. In mammals, SWA in NREM sleep is a marker of sleep pressure-SWA increases with prolonged wakefulness [START_REF] Dijk | EEG power density during nap sleep: reflection of an hourglass measuring the duration of prior wakefulness[END_REF][START_REF] Huber | Effects of sleep deprivation on sleep and sleep EEG in three mouse strains: empirical data and simulations[END_REF][START_REF] Lancel | Effects of circadian phase and duration of sleep deprivation on sleep and EEG power spectra in the cat[END_REF][START_REF] Tobler | Sleep EEG in the rat as a function of prior waking[END_REF]. Sleep pressure is reflected by endogenous sleep factors that slowly build up during wakefulness to mediate the homeostatic sleep response [START_REF] Borbely | Endogenous sleep-promoting substances and sleep regulation[END_REF]. The sleep factors should induce sleep upon administration and their levels in the brain should increase with increasing sleep pressure [START_REF] Brown | Control of sleep and wakefulness[END_REF]. In the following section, I will briefly summarize current knowledge of several most studied sleep factors-adenosine, nitric oxide, cytokines and prostaglandin D2, with adenosine being a common downstream effector of the others.

III.3.1 $3+1(%.1+

The role of adensosine as a sleep factor is a well established. Administrations of adenosine or adenosine analogs increase sleep in rodents and cats [START_REF] Dunwiddie | Sedative and anticonvulsant effects of adenosine analogs in mouse and rat[END_REF][START_REF] Portas | Role of adenosine in behavioral state modulation: a microdialysis study in the freely moving cat[END_REF][START_REF] Radulovacki | Adenosine analogs and sleep in rats[END_REF][START_REF] Radulovacki | A comparison of the dose response effects of pyrimidine ribonucleosides and adenosine on sleep in rats[END_REF][START_REF] Virus | The effects of adenosine and 2'-deoxycoformycin on sleep and wakefulness in rats[END_REF]. Extracellular adenosine concentrations rise with time spent awake in the BF [START_REF] Blanco-Centurion | Adenosine and sleep homeostasis in the Basal forebrain[END_REF][START_REF] Kalinchuk | The time course of adenosine, nitric oxide (NO) and inducible NO synthase changes in the brain with sleep loss and their role in the non-rapid eye movement sleep homeostatic cascade[END_REF]; Porkka-Heiskanen et , 2000;[START_REF] Porkka-Heiskanen | Adenosine: a mediator of the sleep-inducing effects of prolonged wakefulness[END_REF] and to a lesser extent in the cortex [START_REF] Kalinchuk | The time course of adenosine, nitric oxide (NO) and inducible NO synthase changes in the brain with sleep loss and their role in the non-rapid eye movement sleep homeostatic cascade[END_REF][START_REF] Porkka-Heiskanen | Brain site-specificity of extracellular adenosine concentration changes during sleep deprivation and spontaneous sleep: an in vivo microdialysis study[END_REF] but not in other brain regions [START_REF] Porkka-Heiskanen | Brain site-specificity of extracellular adenosine concentration changes during sleep deprivation and spontaneous sleep: an in vivo microdialysis study[END_REF]. Extracellular adenosine is degraded by deaminase, and inhibiting its activity increased sleep [START_REF] Okada | Dominant localization of adenosine deaminase in leptomeninges and involvement of the enzyme in sleep[END_REF]. In humans, a polymorphism of the adenosine deaminase gene contributes to the individual differences in SWS duration and intensity [START_REF] Landolt | Sleep homeostasis: a role for adenosine in humans?[END_REF]. The extracellular adenosine can be derived from multiple sources. Adenosine can be directly released upon neuronal activation [START_REF] Wall | Activity-dependent release of adenosine: a critical re-evaluation of mechanism[END_REF]. ATP, co-released with other neurotransmitters, is degraded to adenosine extracellularly [START_REF] Krueger | Sleep as a fundamental property of neuronal assemblies[END_REF]. Adenosine can also originate from breakdown of ATP released by glia [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF][START_REF] Zhang | ATP released by astrocytes mediates glutamatergic activity-dependent heterosynaptic suppression[END_REF].
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The effects of adenosine are mainly mediated via two receptors in the brain-A1 receptors that are largely inhibitory and A2a receptors that are excitatory [START_REF] Brown | Control of sleep and wakefulness[END_REF]. Conditional knockout mice of A1 receptor exhibited an attenuated SWA rebound after sleep deprivation [START_REF] Bjorness | Control and function of the homeostatic sleep response by adenosine A1 receptors[END_REF]. In vitro studies have shown that A1 receptors mediate inhibitory effects of adenosine on multiple wake-promoting brain regions [START_REF] Arrigoni | Adenosine inhibits basal forebrain cholinergic and noncholinergic neurons in vitro[END_REF]Liu and Gao, 2007;[START_REF] Arrigoni | Adenosine-mediated presynaptic modulation of glutamatergic transmission in the laterodorsal tegmentum[END_REF][START_REF] Rainnie | Adenosine inhibition of mesopontine cholinergic neurons: implications for EEG arousal[END_REF]. Infusion of A1 receptor agonists in these brain regions increased sleep while infusion of antagonists decreased sleep [START_REF] Alam | Role of adenosine A(1) receptor in the perifornical-lateral hypothalamic area in sleep-wake regulation in rats[END_REF][START_REF] Portas | Role of adenosine in behavioral state modulation: a microdialysis study in the freely moving cat[END_REF][START_REF] Rai | A1 receptor mediated adenosinergic regulation of perifornical-lateral hypothalamic area neurons in freely behaving rats[END_REF][START_REF] Strecker | ! Adenosinergic modulation of basal forebrain and preoptic/anterior hypothalamic neuronal activity in the control of behavioral state[END_REF][START_REF] Thakkar | Adenosine and the homeostatic control of sleep: effects of A1 receptor blockade in the perifornical lateral hypothalamus on sleep-wakefulness[END_REF]. In addition, prolonged sleep deprivation also upregulated A1 receptor expression in the BF and cortex [START_REF] Basheer | Opposite changes in adenosine A1 and A2A receptor mRNA in the rat following sleep deprivation[END_REF][START_REF] Basheer | Sleep deprivation upregulates A1 adenosine receptors in the rat basal forebrain[END_REF][START_REF] Elmenhorst | Sleep deprivation increases A1 ! "%&! adenosine receptor binding in the human brain: a positron emission tomography study[END_REF][START_REF] Elmenhorst | Sleep deprivation increases A(1) adenosine receptor density in the rat brain[END_REF]. A2a receptors are also implicated in mediating sleep-inducing effects of adenosine. The wake-promoting effect of caffeine was blocked in A2a receptor knockout mice, but not in A1 knockout mice [START_REF] Huang | Adenosine A2A, but not A1, receptors mediate the arousal effect of caffeine[END_REF], indicating caffeine acts on A2a receptors. In vitro, adenosine was shown to excite a subpopulation of sleep-promoting VLPO neurons via A2a receptors [START_REF] Gallopin | The endogenous somnogen adenosine excites a subset of sleep-promoting neurons via A2A receptors in the ventrolateral preoptic nucleus[END_REF]. In rats, selective A2A receptor agonists administered close to the BF and VLPO induced NREM sleep [START_REF] Methippara | Effects on sleep of microdialysis of adenosine A1 and A2a receptor analogs into the lateral preoptic area of rats[END_REF][START_REF] Satoh | Involvement of adenosine A2A receptor in sleep promotion[END_REF][START_REF] Satoh | Region-dependent difference in the sleep-promoting potency of an adenosine A2A receptor agonist[END_REF].
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Nitric oxide (NO) is a gaseous signaling molecule that has multiple roles the in central nervous system [START_REF] Calabrese | Nitric oxide in the central nervous system: neuroprotection versus neurotoxicity[END_REF] and here I will only discuss its role in sleep homeostasis. In the brain, NO is synthesized under basal conditions by the neuronal NO synthase (nNOS) and endothelial NO synthase (eNOS) [START_REF] Calabrese | Nitric oxide in the central nervous system: neuroprotection versus neurotoxicity[END_REF].

Both NOS activity and concentration are higher during wake than during sleep in the rat brain [START_REF] Ayers | Circadian variation of nitric oxide synthase activity and cytosolic protein levels in rat brain[END_REF], and NO concentration is highest during wake [START_REF] Burlet | Voltammetric detection of nitric oxide (NO) in the rat brain: its variations throughout the sleep-wake cycle[END_REF]. Systemic or local administrations of NOS inhibitors consistently reduce sleep in the light period in rats [START_REF] Cavas | Effects of selective neuronal nitric oxide synthase inhibition on sleep and wakefulness in the rat[END_REF][START_REF] Kapas | Inhibition of nitric oxide synthesis inhibits rat sleep[END_REF][START_REF] Monti | Role of nitric oxide in sleep regulation: effects of L-NAME, an inhibitor of nitric oxide synthase, on sleep in rats[END_REF][START_REF] Monti | Microinjection of the nitric oxide synthase inhibitor L-NAME into the lateral basal forebrain alters the sleep/wake cycle of the rat[END_REF][START_REF] Ribeiro | Day-and nighttime injection of a nitric oxide synthase inhibitor elicits opposite sleep responses in rats[END_REF], indicating NO is sleep promoting.
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During sleep deprivation, the increase of NO concentration in the BF is mediated by the inducible NO-synthase (iNOS) in BF neurons (Kalinchuk et al., 2006b[START_REF] Kalinchuk | Sleep deprivation triggers inducible nitric oxide-dependent nitric oxide production in wake-active basal forebrain neurons[END_REF]. The iNOS is normally not present in the brain but is synthesized under pathological conditions mainly by glia [START_REF] Calabrese | Nitric oxide in the central nervous system: neuroprotection versus neurotoxicity[END_REF]. Infusion of a selective iNOS inhibitor in the rat BF during sleep deprivation prevented rebound in NREM sleep, whereas a nNOS inhibitor decreased REM recovery but did not affect NREM recovery (Kalinchuk et al., 2006b), suggesting iNOS and nNOS play differential roles in sleep homeostasis.

One of the mechanisms by which NO regulates sleep homeostasis might be its contribution to adenosine release. Indeed, in vitro studies have shown that NO donors cause release of adenosine [START_REF] Broome | Activation of the NO-cGMP signalling pathway depresses hippocampal synaptic transmission through an adenosine receptor-dependent mechanism[END_REF][START_REF] Fallahi | Release of adenosine from rat hippocampal slices by nitric oxide donors[END_REF][START_REF] Rosenberg | Nitric oxide-stimulated increase in extracellular adenosine accumulation in rat forebrain neurons in culture is associated with ATP hydrolysis and inhibition of adenosine kinase activity[END_REF]. In vivo, the increase of NO in the BF preceded that of adenosine during sleep deprivation [START_REF] Kalinchuk | The time course of adenosine, nitric oxide (NO) and inducible NO synthase changes in the brain with sleep loss and their role in the non-rapid eye movement sleep homeostatic cascade[END_REF], and an NO donor infused in the BF induced an increase in adenosine (Kalinchuk et al., 2006a). In addition, the BF is a crucial site mediating the effects of NO and adenosine-specific lesion of the BF cholinergic cells abolished the increases in adenosine and NO levels during sleep deprivation and reduced recovery sleep [START_REF] Kalinchuk | The role of cholinergic basal forebrain neurons in adenosine-mediated homeostatic control of sleep: lessons from 192 IgG-saporin lesions[END_REF], while infusion of an NO donor mimicked the increase in NREM sleep after sleep deprivation (Kalinchuk et al., 2006a).
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In addition to their well-known role in immune response, cytokines, especially interleukin-1# (IL-1#) and tumor necrosis factor-" (TNF-"), are also involved in sleep regulation in health and disease [START_REF] Moldofsky | The relationship of interleukin-1 and immune functions to sleep in humans[END_REF]. Many of the effects induced by sleep loss, including sleepiness, fatigue, impaired cognition and increased sensitivity to pain, can be mimicked by injection of IL-1# or TNF-" [START_REF] Krueger | The role of cytokines in sleep regulation[END_REF]. The expressions of IL-1# and TNF-" increase with increasing sleep propensity in the rat hypothalamus, hippocampus and cortex [START_REF] Bredow | Diurnal variations of tumor necrosis factor alpha mRNA and alpha-tubulin mRNA in rat brain[END_REF][START_REF] Floyd | Glial D-serine gates NMDA receptors at excitatory synapses in prefrontal cortex[END_REF][START_REF] Taishi | Sleep-associated changes in interleukin-1beta mRNA in the brain[END_REF]. In humans, plasma levels of IL-1# are highest at sleep onset [START_REF] Moldofsky | The relationship of interleukin-1 and immune functions to sleep in humans[END_REF]. ATP released from neurons and glia acts on purine type 2 receptors to induce cytokine release from glia [START_REF] Krueger | The role of cytokines in sleep regulation[END_REF]. Cytokines activate transcription factors such as nuclear factor kappa B, which in turn enhance expression of the enzymes involved in the synthesis of other sleep factors including adenosine, prostaglandins, and NO [START_REF] Krueger | The role of cytokines in sleep regulation[END_REF].

Prostaglandin D2 (PGD2) also fulfills the criteria of sleep factors. As mentioned above, PDG2 may act downstream of cytokines as the expression of cyclooxygenase, the key enzyme in PGD2 synthesis, is induced by cytokines [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF]. The sleep-promoting effects of PGD2 have been shown to be mediated by A 2A receptors in the VLPO. PGD2 acts on prostaglandin 1 receptors in the leptomeninges under the basal forebrain and the hypothalamus to induce release of adenosine, which in turn 
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Sleep is a universal behavior conserved in distantly related animals, from some invertebrates to humans. Considering that sleep is an inactive state that disenables feeding, reproduction, and renders the animal vulnerable to predators, sleep should have given animals significant adaptive advantages outweighing these apparent detriments to be selected during evolution. Among the numerous putative functions of sleep, I will discuss two that have found more experimental grounds: memory consolidation and restoration.
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A great number of behavioral studies have demonstrated that sleep supports primarily the consolidation of all major types of memory, including declarative and non-declarative memories. Indeed, compared with an equal length of waking interval, post-learning sleep improves the performance in retests of the learning tasks [START_REF] Robertson | Current concepts in procedural consolidation[END_REF][START_REF] Smith | Sleep states and memory processes in humans: procedural versus declarative memory systems[END_REF][START_REF] Marshall | The contribution of sleep to hippocampus-dependent memory consolidation[END_REF]. In humans, SWS benefits the consolidation of hippocampus-dependent declarative memories [START_REF] Plihal | Effects of early and late nocturnal sleep on priming and spatial memory[END_REF][START_REF] Smith | Sleep states and memory processes in humans: procedural versus declarative memory systems[END_REF], whereas REM sleep benefits hippocampus-independent, non-declarative memory, including procedural memory, perceptual memory and emotional aspects of memory [START_REF] Plihal | Effects of early and late nocturnal sleep on priming and spatial memory[END_REF][START_REF] Smith | Sleep states and memory processes in humans: procedural versus declarative memory systems[END_REF][START_REF] Wagner | Emotional memory formation is enhanced across sleep intervals with high amounts of rapid eye movement sleep[END_REF]. For detailed accounts of behavioral studies, please refer to the following reviews of [START_REF] Diekelmann | The memory function of sleep[END_REF] and [START_REF] Rasch | About sleep's role in memory[END_REF].

Here, I will focus on the mechanisms of memory consolidation by sleep.
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SWS and REM sleep are characterized by specific neuronal oscillations, many of which have been demonstrated to be the mechanisms conveying the beneficial effect of sleep on memory consolidation at system and network levels, as discussed below.
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SWA, including slow oscillations, represents a central mechanism underlying the effect of SWS on consolidation of the declarative memory. In animals, sensory stimulation consistently increases SWA in the cortical areas involved in perception of the stimulation during subsequent SWS [START_REF] Kattler | Effect of unilateral somatosensory stimulation prior to sleep on the sleep EEG in humans[END_REF][START_REF] Vyazovskiy | Unilateral vibrissae stimulation during waking induces interhemispheric EEG asymmetry during subsequent sleep in the rat[END_REF][START_REF] Yasuda | State-dependent effects of light-dark cycle on somatosensory and visual cortex EEG in rats[END_REF]. In humans, the amplitude and slope of slow oscillations were increased locally by learning experiences preceding SWS [START_REF] Huber | Local sleep and learning[END_REF]Mölle et al., 2004;Mölle et al., 2009) and decreased when learning was hindered by immobilization of the arm used in a behavioral task [START_REF] Huber | Arm immobilization causes cortical plastic changes and locally decreases sleep slow wave activity[END_REF]. These
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studies indicate that SWA is homeostically regulated by learning and memory during the pre-sleep wake period. Moreover, there are studies establishing a causal role of SWA in memory consolidation. Suppression of SWA by acoustic stimuli without waking up the subjects prevented the improvement by post-training sleep in visuomotor learning [START_REF] Landsness | Sleep-dependent improvement in visuomotor learning: a causal role for slow waves[END_REF][START_REF] Landsness | Electrophysiological traces of visuomotor learning and their renormalization after sleep[END_REF] as well as in visual texture discrimination [START_REF] Aeschbach | A role for non-rapid-eye-movement sleep homeostasis in perceptual learning[END_REF]. Transcranial direct current stimulation (tDCS) that specifically enhances endogenous slow oscillations and spindle activity during early SWS significantly improved the retention of declarative memories in humans [START_REF] Marshall | Boosting slow oscillations during sleep potentiates memory[END_REF]. In contrast, tDCS at the theta frequency (5 Hz) that suppresses endogenous slow oscillation and spindle activity impaired overnight retention of the declarative memories [START_REF] Marshall | Transcranial electrical currents to probe EEG brain rhythms and memory consolidation during sleep in humans[END_REF].

Spindle activity is a 10 to 15 Hz EEG oscillatory activity that is typical of human NREM sleep stage 2 but also present during SWS [START_REF] De Gennaro | Sleep spindles: an overview[END_REF]. It originates from the thalamus and lasts for 0.5-3 s [START_REF] De Gennaro | Sleep spindles: an overview[END_REF]. Similar to SWA, many studies in both humans and animals have shown that spindle activity levels are consistently correlated with the extent of improvement of declarative memories by sleep [START_REF] Berner | The significance of sigma neurofeedback training on sleep spindles and aspects of declarative memory[END_REF][START_REF] Clemens | Overnight verbal memory retention correlates with the number of sleep spindles[END_REF][START_REF] Clemens | Twenty-four hours retention of visuospatial memory correlates with the number of parietal sleep spindles[END_REF][START_REF] Cox | Involvement of spindles in memory consolidation is slow wave sleep-specific[END_REF][START_REF] Genzel | Slow wave sleep and REM sleep awakenings do not affect sleep dependent memory consolidation[END_REF][START_REF] Holz | EEG Sigma and slow-wave activity during NREM sleep correlate with overnight declarative and procedural memory consolidation[END_REF][START_REF] Milner | Habitual napping moderates motor performance improvements following a short daytime nap[END_REF][START_REF] Ruch | Sleep stage II contributes to the consolidation of declarative memories[END_REF][START_REF] Schabus | Sleep spindles and their significance for declarative memory consolidation[END_REF][START_REF] Schmidt | Encoding difficulty promotes postlearning changes in sleep spindle activity during napping[END_REF]. However, a causal role of spindles in memory consolidation has not been demonstrated due to the lack of specific manipulation method.

Hippocampal sharp waves are brief (50-100 ms), large deflections of the EEG signal generated in CA3; they are superimposed by ripples, the high-frequency EEG oscillations of 100-300 Hz originating in CA1, to form the sharp wave-ripple complex (SWR) (Figure 17; [START_REF] Chrobak | High-frequency oscillations in the output networks of the hippocampal-entorhinal axis of the freely behaving rat[END_REF][START_REF] Buzsaki | Hippocampal sharp waves: their origin and significance[END_REF]. SWRs occur mainly during SWS but also during quiescent wakefulness. In rats, learning of association tasks led to increased SWR activity during subsequent SWS [START_REF] Eschenko | Sustained increase in hippocampal sharp-wave ripple activity during slow-wave sleep after learning[END_REF][START_REF] Ramadan | Hippocampal sharp wave/ripples during sleep for consolidation of associative memory[END_REF]) that is correlated with the post-sleep improvement in the task performance [START_REF] Ramadan | Hippocampal sharp wave/ripples during sleep for consolidation of associative memory[END_REF]. In rats, two studies have shown that selective disruption of ripple events by electrical stimulation during post-learning sleep impaired consolidation of spatial memories, demonstrating a causal role of SWRs in memory consolidation [START_REF] Girardeau | Selective suppression of hippocampal ripples impairs spatial memory[END_REF][START_REF] Ego-Stengel | Disruption of ripple-associated hippocampal activity during rest impairs spatial learning in the rat[END_REF].

It has been shown that hippocampal SWRs, thalamic spindles, and cortical slow oscillations are temporally aligned, which could favor hippocampal-neocortical dialogue [START_REF] O'neill | Play it again: reactivation of waking experience and memory[END_REF]. Generation of spindles and SWRs is suppressed during the down state of slow oscillations, and they are concentrated during up states [START_REF] Clemens | Temporal coupling of parahippocampal ripples, sleep spindles and slow oscillations in humans[END_REF]Mölle et al., 2006;[START_REF] Sirota | Communication between neocortex and hippocampus during sleep in rodents[END_REF]. In humans, spindle activity enhanced by intense vocabulary learning concentrated on the up states of slow oscillations and such enhancement could be an important mechanism by which spindles contribute to consolidation of newly acquired memories during sleep (Mölle et al., 2009(Mölle et al., , 2011)). SWRs are also temporally coupled to spindles: ripples are tightly
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phase-locked to the troughs of spindles [START_REF] Clemens | Fine-tuned coupling between human parahippocampal ripples and sleep spindles[END_REF][START_REF] Siapas | Coordinated interactions between hippocampal ripples and cortical spindles during slow-wave sleep[END_REF][START_REF] Wierzynski | State-dependent spike-timing relationships between hippocampal and prefrontal circuits during sleep[END_REF]. In addition, a strong increase in spindle activity was associated with the occurrence of ripples (Mölle et al., 2006(Mölle et al., , 2009;;[START_REF] Clemens | Temporal coupling of parahippocampal ripples, sleep spindles and slow oscillations in humans[END_REF][START_REF] Clemens | Fine-tuned coupling between human parahippocampal ripples and sleep spindles[END_REF] and this increase was prolonged during SWS after learning (Mölle et al., 2009). As these spindle-ripple events reach the neocortical networks during the up states of slow oscillations, it may serve to transfer hippocampal memory traces towards neocortical long-term stores, which is considered as a mechanism underlying sleep-dependent memory consolidation in the active system consolidation model (See below).
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PGO waves have been shown to increase robustly after training on an active avoidance task, and changes in PGO waves were correlated with the improvement in task performance in post-sleep retest [START_REF] Datta | Avoidance task training potentiates phasic pontine-wave density in the rat: A mechanism for sleep-dependent plasticity[END_REF][START_REF] Datta | Activation of phasic pontine-wave generator in the rat: a mechanism for expression of plasticity-related genes and proteins in the dorsal hippocampus and amygdala[END_REF][START_REF] Ulloor | Spatio-temporal activation of cyclic AMP response element-binding protein, activity-regulated cytoskeletal-associated protein and brain-derived nerve growth factor: a mechanism for pontine-wave generator activation-dependent two-way active-avoidance memory processing in the rat[END_REF]. Moreover, PGO waves were necessary for training-induced increased expression of plasticity-related genes and brain derived neurotrophic factor (BDNF) in the hippocampus since these increases were abolished by selective suppression of PGO waves [START_REF] Datta | Activation of phasic pontine-wave generator in the rat: a mechanism for expression of plasticity-related genes and proteins in the dorsal hippocampus and amygdala[END_REF][START_REF] Ulloor | Spatio-temporal activation of cyclic AMP response element-binding protein, activity-regulated cytoskeletal-associated protein and brain-derived nerve growth factor: a mechanism for pontine-wave generator activation-dependent two-way active-avoidance memory processing in the rat[END_REF].

So far, there is a lack of evidence for any essential function of theta activity during REM sleep in memory consolidation [START_REF] Rasch | About sleep's role in memory[END_REF]. However, the characteristics of REM sleep theta activity and faster EEG oscillations are distinct from their counterparts during wakefulness or SWS: EEG activity during REM sleep shows reduced coherence in theta and gamma frequencies between hippocampus and neocortex, while there is a concurrent increase in theta and gamma coherence and levels within local hippocampal and neocortical circuits during REM sleep [START_REF] Axmacher | Enhancement of neocortical-medial temporal EEG correlations during non-REM sleep[END_REF][START_REF] Cantero | Sleep-dependent theta oscillations in the human hippocampus and neocortex[END_REF]. Thus, there might be diminished information flow between the hippocampus and neocortex and enhanced local information processing during REM sleep [START_REF] Diekelmann | The memory function of sleep[END_REF].
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There are currently two major hypotheses for the mechanisms underlying the consolidation of memory during sleep. The active system consolidation hypothesis proposes that consolidation results from selective reactivation of memories during sleep [START_REF] Diekelmann | The memory function of sleep[END_REF][START_REF] Marshall | The contribution of sleep to hippocampus-dependent memory consolidation[END_REF]. The synaptic homeostasis hypothesis holds that memory consolidation results from a global synaptic downscaling during sleep [START_REF] Tononi | Sleep function and synaptic homeostasis[END_REF]. In the following sections, I will discuss these two hypotheses in detail in the attempt to provide an overview of current status of the field and to identify what remains to be elucidated.
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The hypothesis that sleep supports the formation of long-term memory in an active system consolidation process has been elaborated in several reviews [START_REF] Born | Sleep to remember[END_REF][START_REF] Diekelmann | The memory function of sleep[END_REF][START_REF] Payne | Sleep leads to changes in the emotional memory trace: evidence from FMRI[END_REF][START_REF] Lewis | Overlapping memory replay during sleep builds cognitive schemata[END_REF][START_REF] Rasch | About sleep's role in memory[END_REF]. This hypothesis assumes that the coding of new memories occurs in parallel in the neocortex and hippocampus during wake and that newly encoded memories are consolidated during subsequent sleep through repeated reactivation of the neural ensembles previously involved in encoding. Reactivation occurs during SWS, accompanied by temporally coordinated slow oscillations, spindles and SWRs, resulting in the redistribution of the temporarily stored memories in hippocampus to long-term storage sites, i.e., the neocortex (system consolidation). This process involves reorganization and thus plastic changes of neocortical networks, which needs to be stabilized by consolidation at the synaptic level. Since the neurophysiological and neurochemical milieu is not favorable for synaptic potentiation during SWS, synaptic consolidation might occur during subsequent REM sleep.
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The majority reactivation studies have focused on rat hippocampal place cells, which code for the position of the animal in space [START_REF] Burgess | The representation of space and the hippocampus in rats, robots and humans[END_REF][START_REF] O'keefe | Tuning out irrelevancy? Comments on Solomon's temporal mapping view of the hippocampus[END_REF]. Wilson and McNaughton first demonstrated that place cells firing together while the rat was performing a spatial behavioral task exhibited an increased tendency to fire together during subsequent SWS compared to pre-training sleep episodes [START_REF] Wilson | Reactivation of hippocampal ensemble memories during sleep[END_REF]. A subsequent study found that the reactivated cells followed the same temporal sequence of spiking during the pre-sleep behavioral task [START_REF] Skaggs | Replay of neuronal firing sequences in rat hippocampus during sleep following spatial experience[END_REF]. Numerous studies have now demonstrated several common features of reactivations of hippocampal place cells during SWS: 1) firing patterns of reactivated cells are replayed at a much faster rate (10-20 times); 2) replay activity decays after the first 20-40 min of sleep; 3) reactivations occur mostly during SWRs (O'Neil et al., 2010;[START_REF] Rasch | About sleep's role in memory[END_REF].

Reactivations have been observed to occur concomitantly with hippocampal neurons after various learning tasks in non-hippocampal brain areas, including the parietal cortex [START_REF] Qin | Memory reprocessing in corticocortical and hippocampocortical neuronal ensembles[END_REF], medial frontal cortex [START_REF] Peyrache | Replay of rule-learning related neural patterns in the prefrontal cortex during sleep[END_REF], visual cortex [START_REF] Ji | Coordinated memory replay in the visual cortex and hippocampus during sleep[END_REF] and striatum [START_REF] Lansink | Preferential reactivation of motivationally relevant information in the ventral striatum[END_REF][START_REF] Lansink | Hippocampus leads ventral striatum in replay of place-reward information[END_REF][START_REF] Pennartz | The ventral striatum in off-line processing: ensemble reactivation during sleep and modulation by hippocampal ripples[END_REF].

In addition, reactivations in the neocortical areas [START_REF] Ji | Coordinated memory replay in the visual cortex and hippocampus during sleep[END_REF][START_REF] Peyrache | Replay of rule-learning related neural patterns in the prefrontal cortex during sleep[END_REF] and the striatum [START_REF] Lansink | Preferential reactivation of motivationally relevant information in the ventral striatum[END_REF][START_REF] Lansink | Hippocampus leads ventral striatum in replay of place-reward information[END_REF] were slightly preceded by hippocampal reactivation. These findings indicate a leading role of hippocampal memory replays for those occurring in neocortical and striatal areas. These observations corroborate the view that newly acquired memories are redistributed from the hippocampus, the supposedly temporary store, to neocortical and striatal areas as the long-term stores, and the sequential reactivations might mediate the information transfer from the hippocampus to the neocortex and the striatum.

Signs of memory reactivation during sleep in humans have been also observed by imaging of brain activation with positron emission tomography or functional magnetic resonance imaging in the area V1 in the visual cortex [START_REF] Yotsumoto | Location-specific cortical activation changes during sleep after training for perceptual learning[END_REF] and hippocampal and parahippocampal areas [START_REF] Peigneux | Are spatial memories ! "'.! strengthened in the human hippocampus during slow wave sleep?[END_REF], with the magnitude of reactivations predicting performance at a later test.

So far, a few studies using the cueing procedures have provided the first set of direct evidence that reactivations during sleep have functional significance [START_REF] Rasch | Odor cues during slow-wave sleep prompt declarative memory consolidation[END_REF][START_REF] Rudoy | Strengthening individual memories by reactivating them during sleep[END_REF][START_REF] Van Dongen | Memory stabilization with targeted reactivation during human slow-wave sleep[END_REF]. In these studies, contextual cues (e.g., odors, sounds) presented in association with the learning materials were redelivered during subsequent SWS. The cues did not disturb sleep of the subjects but increased reactivation in brain areas involved in previous learning tasks. In one study, subjects cued during SWS showed more improvement in performance than those cued during waking or REM sleep [START_REF] Rasch | Odor cues during slow-wave sleep prompt declarative memory consolidation[END_REF]. In another study, different cues were associated with different tasks and the subjects showed improvement only in the task whose specific cue was redelivered during SWS [START_REF] Rudoy | Strengthening individual memories by reactivating them during sleep[END_REF]. In summary, the fact that experimentally induced reactivation by cueing enhances retention of memories supports a causal role of reactivations in memory consolidation.
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The synaptic homeostasis hypothesis proposed by [START_REF] Tononi | Sleep and synaptic homeostasis: a hypothesis[END_REF], 2006, 2013) assumes that learning during waking leads to widespread increase in synaptic strength, which is renormalized by a global downscaling process during sleep. Increasing synaptic strength would eventually reduce the selectivity of neuronal responses, saturate the ability to learn and cause cellular stress. By renormalizing synaptic strength, sleep is necessary to reduce the burden of increased synaptic strength. Overall synaptic downscaling during sleep eliminates weakly potentiated synapses, leading to enhancement of the signal-to-noise ratio, and as a result benefits memory consolidation. Importantly, according to this hypothesis, slow oscillations during SWS are the major contributor to synaptic downscaling.
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The synaptic homeostasis hypothesis has successfully integrated a large body of experimental findings. Microarray studies have provided some indirect evidence supporting the idea that wakefulness is associated with widespread synaptic strength increase: they revealed transcripts of several genes pooled from large brain regions as putative markers of synaptic potentiation, including several immediate early genes and BDNF, were more expressed during wake than sleep [START_REF] Cirelli | Extensive and divergent effects of sleep and wakefulness on brain gene expression[END_REF][START_REF] Mackiewicz | Macromolecule biosynthesis: a key function of sleep[END_REF][START_REF] Maret | Homer1a is a core brain molecular correlate of sleep loss[END_REF][START_REF] ! "&(! Mongrain | Separating the contribution of glucocorticoids and wakefulness to the molecular and electrophysiological correlates of sleep homeostasis[END_REF][START_REF] Thompson | Molecular and anatomical signatures of sleep deprivation in the mouse brain[END_REF].
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The insertion and removal of GluR1-containing AMPA receptors (AMPARs) in the synaptic membrane are believed to lead to synaptic potentiation and depression, respectively [START_REF] Kessels | Synaptic AMPA receptor plasticity and behavior[END_REF]. Levels of GluR1-containing AMPARs were about 40% higher after wakefulness than after sleep in the rat cerebral cortex and hippocampus, and phosphorylation changes of GluR1 [START_REF] Hinard | Key electrophysiological, molecular, and metabolic signatures of sleep and wakefulness revealed in primary cortical cultures[END_REF][START_REF] Vyazovskiy | Molecular and electrophysiological evidence for net synaptic potentiation in wake and depression in sleep[END_REF], Ca 2+ /calmodulin-dependent protein kinase II and glycogen synthase kinase 3 beta [START_REF] Vyazovskiy | Molecular and electrophysiological evidence for net synaptic potentiation in wake and depression in sleep[END_REF]) also indicated a net synaptic potentiation during wake and depression during sleep. Moreover, similar sleep-wake changes in AMPARs trafficking have been found in other studies showing the insertion of GluA1-containing AMPAR in waking [START_REF] Qin | State-dependent Ras signaling and AMPA receptor trafficking[END_REF] and removal in sleep (Lanté et al., 2011).

Direct evidence supporting the synaptic homeostasis hypothesis has come from electrophysiological experiments. Synaptic strength in vivo can be measured by the slope of monosynaptic responses evoked by electrical stimulation, with the steeper slope indicating the higher synaptic strength. In the rat frontal cortex (Vyazovskiy et al., 2008) and the hippocampus [START_REF] Lubenov | Decoupling through synchrony in neuronal circuits with propagation delays[END_REF], the slope of the monosynaptic response increased with time spent awake and decreased with time spent asleep. Similar results have also been observed in humans: the response slope in the frontal cortex increased progressively over 18 hours of continuous waking and returned to baseline levels after sleep recovery [START_REF] Huber | Human cortical excitability increases with time awake[END_REF]. In acute slices of the mouse prefrontal cerebral cortex [START_REF] Liu | Direct evidence for wake-related increases and sleep-related decreases in synaptic strength in rodent cortex[END_REF], and at the excitatory synapses on orexin hypothalamic neurons (Rao et al., 2007), the frequency and amplitude of miniature excitatory postsynaptic currents were higher after sleep deprivation, suggesting synaptic efficacy increases. In line with these findings, it was reported that the firing rate of cortical neurons increased during prolonged waking and decreases progressively during sleep [START_REF] Vyazovskiy | Cortical firing and sleep homeostasis[END_REF], also suggesting that synaptic strength is enhanced by waking.

Spine turnover in adolescent animals has also been shown to be modulated by wake and sleep. In one month-old and younger mice, both formation and elimination of cortical spines occurred all day, while the summation is a net increase in spine density during wake and a net decrease during sleep [START_REF] Maret | Sleep and waking modulate spine turnover in the adolescent mouse cortex[END_REF][START_REF] Yang | Sleep contributes to dendritic spine formation and elimination in the developing mouse somatosensory cortex[END_REF]. These studies have provided the structural evidence supporting the synaptic homeostasis hypothesis.

B2K+2&%,213,)(1&'(K+'%.+%,

Although these two hypotheses are apparently supported by numerous experimental observations, there are caveats for interpreting and drawing conclusions from the data. For the active system consolidation hypothesis, concerns are raised over possible overestimation of the importance of sleep-dependent neural reactivation for memory consolidation [START_REF] Tononi | Perchance to prune. During sleep, the brain weakens the connections among nerve cells, apparently conserving energy and, paradoxically, aiding memory[END_REF]. On one hand, reactivation of spiking patterns of place cells previously engaged in spatial tasks also occur in quiet
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wakefulness [START_REF] Davidson | Hippocampal replay of extended experience[END_REF][START_REF] Diba | Forward and reverse hippocampal place-cell sequences during ripples[END_REF][START_REF] Foster | Reverse replay of behavioural sequences in hippocampal place cells during the awake state[END_REF][START_REF] Karlsson | Awake replay of remote experiences in the hippocampus[END_REF][START_REF] Kudrimoti | Reactivation of hippocampal cell assemblies: effects of behavioral state, experience, and EEG dynamics[END_REF][START_REF] Singer | Hippocampal SWR activity predicts correct decisions during the initial learning of an alternation task[END_REF], suggesting that wake-associated reactivations play a role in consolidation of the learned experiences. Thus, it is necessary to identify the importance of reactivation in sleep distinct from those during wake. On the other hand, reactivations during sleep are rare events, making up often less than 10 percent of the total spontaneous activity of the reactivated neurons during SWA and decline rapidly after the first hour of sleep [START_REF] Ji | Coordinated memory replay in the visual cortex and hippocampus during sleep[END_REF][START_REF] Kudrimoti | Reactivation of hippocampal cell assemblies: effects of behavioral state, experience, and EEG dynamics[END_REF][START_REF] Nadasdy | Replay and time compression of recurring spike sequences in the hippocampus[END_REF]. What makes up the rest of the spontaneous activity during SWS and why the reactivation events are rare remain unresolved issues for the active consolidation hypothesis.

Despite the large body of evidence discussed above supports a net downscaling of synaptic strength during sleep, as proposed by the synaptic homeostasis theory, these findings are obtained in relation to total sleep, not specifically to SWS. Also, as experimental evidence are lacking to state that synaptic downscaling solely explains the memory consolidating benefits of SWS, it still remains unclear whether synaptic potentiation occurs during SWS. Such a possibility has largely been neglected due to the following experimental findings: electrical stimuli delivered in vivo can easily induce long-term potentiation (LTP) in the hippocampus during wake and REM sleep but not during SWS (Leonard et al., 1987;[START_REF] Bramham | Connexin43, the major gap junction protein of astrocytes, is down-regulated in inflamed white matter in an animal model of multiple sclerosis[END_REF]); stimulation at <1 Hz, the oscillation frequency range of the slow oscillations, is a standard protocol to induce long-term depression (LTD) in vitro [START_REF] Kemp | Long-term depression: a cascade of induction and expression mechanisms[END_REF][START_REF] Massey | Long-term depression: multiple forms and implications for brain function[END_REF]. Other studies using stimulation protocols that supposedly mimic neuronal activity during SWS have produced mixed results. Burst firing, a characteristic pyramidal neuron spiking pattern during up states in SWS, paired with excitatory postsynaptic potentials was shown to lead to synaptic depression in vitro [START_REF] Czarnecki | Cellular mechanisms of burst firing-mediated long-term depression in rat neocortical pyramidal cells[END_REF][START_REF] Lante | Removal of synaptic Ca(2)+-permeable AMPA receptors during sleep[END_REF]. Such stimulation, however, did not consistently induced LTD or even induced LTP in vivo [START_REF] Perrett | LTD induction in adult visual cortex: role of stimulus timing and inhibition[END_REF][START_REF] Hager | Assessment of different induction protocols to elicit long-term depression (LTD) in the rat visual cortex in vivo[END_REF]. Stimulation near 10 Hz within the spindle range can result in either LTP or LTD, depending on the intensity of the stimulation and the pattern of cortical activity [START_REF] Rosanova | Pattern-specific associative long-term potentiation induced by a sleep spindle-related spike train[END_REF][START_REF] Werk | Long-term potentiation of polysynaptic responses in layer V of the sensorimotor cortex induced by theta-patterned tetanization in the awake rat[END_REF][START_REF] Werk | Long-term depression in the sensorimotor cortex induced by repeated delivery of 10 Hz trains in vivo[END_REF].

A recent work from Chauvette and colleagues provided the first direct evidence that synaptic potentiation indeed occurs during SWS [START_REF] Chauvette | Sleep oscillations in the thalamocortical system induce long-term neuronal plasticity[END_REF]. In this study, the authors showed that somatosensory evoked potentials by prethalamic electrical stimulation in non-anesthetized cats were enhanced after the first SWS episode compared to the previous wake episode. They further showed that in vitro SWS-like stimulation patterns induced LTP in somatosensory pyramidal neurons only when the stimulation pattern included an intracellular hyperpolarizing phase mimicking down states of slow oscillations [START_REF] Chauvette | Sleep oscillations in the thalamocortical system induce long-term neuronal plasticity[END_REF]. This work implicates that the discrepancies among the studies presented above could be largely a result of different stimulation protocols. Therefore, it is important to use a protocol that mimics the physiological reality of neuronal activities during SWS. In summary, conclusions
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drawn from studies attempting to induce LTP or LTD should be viewed with more scrutiny with respect to the experimental protocols, and more experimental evidence is needed to improve our knowledge on how SWS affects synaptic strength.

Another big open issue concerns the role of REM sleep in synaptic scaling. As proposed by the active system hypothesis, synaptic potentiation might take place during REM sleep because SWS is largely viewed unfavorable to synaptic potentiation (although this view is still under debate as just discussed above). Theta oscillations characteristic of rodent REM sleep can modulate directionally hippocampal plasticity: burst stimulation can induce LTP or LTD depending on whether it occurs at the peak or the trough, respectively, of the theta waves [START_REF] Holscher | Stimulation on the positive phase of hippocampal theta rhythm induces long-term potentiation that can Be depotentiated by stimulation on the negative phase in area CA1 in vivo[END_REF][START_REF] Pavlides | Long-term potentiation in the dentate gyrus is induced preferentially on the positive phase of theta-rhythm[END_REF]. A recent study found increases in firing rates of hippocampal CA1 neurons during SWS were outweighed by decreases during REM sleep, leading to a net decrease in fire rates across sleep [START_REF] Grosmark | REM sleep reorganizes hippocampal excitability[END_REF].

Compared to cortical neurons whose spiking rate decreased as a function of SWA [START_REF] Vyazovskiy | Cortical firing and sleep homeostasis[END_REF], spiking rates of hippocampal neurons decreased as a function of REM theta power [START_REF] Grosmark | REM sleep reorganizes hippocampal excitability[END_REF]. The work of Grosmark et al.

suggests that synaptic downscaling is brought about by theta activity during REM sleep in the hippocampus. Considering the fact that hippocampal cells lack the slow oscillation, it is intriguing to speculate that the hippocampus uses a different mechanism to restore synaptic homeostasis.
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A long-held theory of sleep functions is that sleep restores the physiological and neurological states that are compromised during wakefulness (Hartman, 1973;[START_REF] Oswald | Sleep[END_REF]. There is now substantial evidence that sleep serves a restorative role.

Microarray studies have shown that prolonged wakefulness leads to increased expression of genes encoding heat shock proteins and molecular chaperones in rodent brains [START_REF] Cirelli | Extensive and divergent effects of sleep and wakefulness on brain gene expression[END_REF][START_REF] Naidoo | Sleep deprivation induces the unfolded protein response in mouse cerebral cortex[END_REF][START_REF] Terao | Differential increase in the expression of heat shock protein family members during sleep deprivation and during sleep[END_REF], indicating presence of endoplasmic reticulum (ER) stress and activation of the unfolded protein response (UPR). The UPR aims to restore normal ER function by reducing protein translation and upregulating the expression of chaperones to assist in folding of protein and degrading misfolded proteins [START_REF] Schroder | The mammalian unfolded protein response[END_REF]. The increase of stress gene expression, however, is more limited during recovery sleep compared to sleep deprivation [START_REF] Terao | Differential increase in the expression of heat shock protein family members during sleep deprivation and during sleep[END_REF], suggesting that extended wakefulness leads to ER stress, which can be relieved by sleep.

In contrast with wakefulness, the expression of very different categories of genes are upregulated during sleep [START_REF] Cirelli | Extensive and divergent effects of sleep and wakefulness on brain gene expression[END_REF][START_REF] Terao | Gene expression in the rat brain during sleep deprivation and recovery sleep: an Affymetrix GeneChip study[END_REF][START_REF] Mackiewicz | Macromolecule biosynthesis: a key function of sleep[END_REF]. These genes include those involved in: 1) biosynthetic pathways of heme, cholesterol and lipids; 2) protein synthesis including translation regulation activity and ribosome biogenesis; 3) intracellular transport of macromolecules; 4)

! (.! maintenance of synaptic vesicle pools; 5) functioning of antioxidant enzymes. These observations suggest that a function of sleep is to replenish key components of macromolecules synthesis, such as proteins and lipids used up and damaged by high neural activity during wake. In addition, a recent study showed that there was a striking increase in exchange of the cerebrospinal fluid with the interstitial fluid during sleep, which in turn increased the rate of b-amyloid clearance from the brain [START_REF] Xie | Sleep drives metabolite clearance from the adult brain[END_REF]. This finding provided direct evidence that sleep serves a restorative function partly as a result of enhanced removal of metabolic waste that accumulates in the waking brain. As discussed in previous sections, astrocytes are indispensable participants in many functions in healthy and diseased brains. Thus, it is not surprising that astrocytes are found to be involved in sleep regulation. Early evidence came from the work of Hyden and Lange, who found that the activity of succinooxidase (a key enzyme in the Krebs cycle) in part of the reticular formation is high in neurons and low in glia during sleep and the situation is reversed during wake [START_REF] Hyden | Rhythmic Enzyme Changes in Neurons and Glia during Sleep[END_REF]. In recent years, important advances have been made in identifying a causal link between astrocytes and sleep-wake cycle regulations. In this section, I will provide evidence and discuss in detail how astrocytes and, in particular, astroglial connexins (Cxs) could be involved in sleep regulation based on latest advances in sleep-wake physiology research.
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As one of the most studied sleep factors, adenosine plays a key role in sleep-related functions of astrocytes. Direct evidence demonstrating that ATP released from astrocytes is a major source of extracellular adenosine in the brain comes from the work of Haydon and colleagues. They generated an inducible transgenic mouse line with astrocyte-specific expression of a dominant-negative domain of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE), called dnSNARE mice [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF]. These mice have disrupted vesicular release of gliotransmitters, and the extracellular ATP and adenosine concentrations in brain slices of these mice are significantly reduced [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF][START_REF] Schmitt | Wakefulness affects synaptic and network activity by increasing extracellular astrocyte-derived adenosine[END_REF]. In addition, astrocytes may regulate extracellular adenosine levels by an adenosine cycle [START_REF] Boison | Adenosine as a neuromodulator in neurological diseases[END_REF], which involves release of ATP, uptake of extracellular adenosine, and conversion of intracellular adenosine to AMP by adenosine kinase (AK) that are almost exclusively expressed in astrocytes in the adult mouse brain [START_REF] Studer | Shift of adenosine kinase expression from neurons to astrocytes during postnatal development suggests dual functionality of the enzyme[END_REF].

As a result of impaired vesicular release, dnSNARE mice have reduced excellular adenosine and thus a loss of tonic inhibition via the A1 receptor [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF][START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF]. In addition, there is a hypofunction of postsynaptic NMDA receptors due to decreased D-serine released from astrocytes and a reduction in surface expression of the NR2 subunit of the NMDA receptor [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF]. Consequently, dnSNARE mice exhibit reduced cortical slow oscillations associated with reduced duration of up states and prolonged down states in cortical neurons [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF]; Figure 22).
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Furthermore, EEG/EMG recordings revealed that the dnSNARE mice have reduced slow wave activity (SWA) during basal NREM sleep and substantially attenuated increase in recovery sleep duration and SWA rebound after sleep deprivation (SD) [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF], indicating these mice have attenuated sleep pressure. The observation that intracerebroventricular infusion of an A1 receptor antagonist produced similar phenotype in wild type mice suggests that astrocyte-derived adenosine acts on neuronal A1 receptors to modulate sleep pressure [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF]. In consistence with this view, both conditional knockout (KO) of A1 receptors [START_REF] Bjorness | Control and function of the homeostatic sleep response by adenosine A1 receptors[END_REF] and overexpression of AK that reduces extracellular adenosine [START_REF] Palchykova | Manipulation of adenosine kinase affects sleep regulation in mice[END_REF] cause similar sleep phenotypes to those of the dnSNARE mice. In conclusion, astroglial release of ATP contributes to extracellular accumulation of adenosine, which in turn modulate sleep pressure and sleep homeostasis (Halassa and Haydon, 2010;[START_REF] Fellin | Astrocyte regulation of sleep circuits: experimental and modeling perspectives[END_REF].
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Besides ATP and D-serine, astrocytes release a variety of molecules including BNDF, cytokines IL-1# and TNF-", PDG2 and NO [START_REF] Volterra | Release of transmitters from glial cells[END_REF] that are known to function as sleep factors (see Introduction III.3). However, whether astrocytes actually release these molecules under physiological conditions to affect sleep in vivo is not clear. Alternatively, astrocytes might influence sleep homeostasis indirectly via affecting synaptic strength. For example, in cortical slices, astrocytes were shown to release BDNF, which is involved in synaptic plasticity (Gomez-Palacio-Schjetnan and Escobar, 2013), in an activity-dependent way [START_REF] Bergami | Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes[END_REF]. Whisker stimulation in awake rodents increased IL-1# immunoreactivity in astrocytes [START_REF] Hallett | Whisker stimulation increases expression of nerve growth factor-and interleukin-1beta-immunoreactivity in the rat somatosensory cortex[END_REF]. Moreover, TNF-" derived from astrocytes in culture [START_REF] Beattie | Control of synaptic strength by glial TNFalpha[END_REF][START_REF] Stellwagen | Synaptic scaling mediated by glial TNF-alpha[END_REF] and slices [START_REF] Becker | Tumor necrosis factor alpha maintains denervation-induced homeostatic synaptic plasticity of mouse dentate granule cells[END_REF]) is shown to be involved in homeostatic synaptic plasticity. As the synaptic homeostasis hypothesis proposes, a function of the slow wave sleep (SWS) is to downscale synaptic strength increased during wakefulness and the homeostatic response of SWS reflects the extent of synaptic strength up-scaling [START_REF] Tononi | Sleep function and synaptic homeostasis[END_REF]; see Introduction III.4.1).

It is possible that these aforementioned molecules released from astrocytes might indirectly modulate sleep homeostasis through modulating synaptic strength during wakefulness.
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Although largely remaining unclear, one of the proposed functions of sleep is to restore energy spent during wakefulness [START_REF] Frank | The mystery of sleep function: current perspectives and future directions[END_REF]. Indeed, overall metabolic rate of the cerebral cortex is reduced during NREM sleep [START_REF] Maquet | Sleep function(s) and cerebral metabolism[END_REF], and the extracellular concentration of glucose, which is the prime energy source of the brain, increases during NREM sleep and decreases during wake and REM sleep [START_REF] Netchiporouk | Brain extracellular glucose assessed by voltammetry throughout the rat sleep-wake cycle[END_REF][START_REF] Dash | Sleep/wake dependent changes in cortical glucose concentrations[END_REF]. Moreover, impairment of sleep is
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associated with higher risks of pathological conditions of metabolism, such as obesity, diabetes, and hypertension [START_REF] Porkka-Heiskanen | Adenosine, energy metabolism, and sleep[END_REF][START_REF] Spiegel | Effects of poor and short sleep on glucose metabolism and obesity risk[END_REF]. Apart from peripheral conditions, functional imaging also revealed a variety of brain areas that undergo abnormal metabolic states in patients of major sleep disorders including insomnia and catalepsy [START_REF] Desseilles | Neuroimaging insights into the pathophysiology of sleep disorders[END_REF].
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Considering the pivotal role of astrocytes in brain metabolism (see Introduction I.2.5), it is tantalizing to hypothesize that astrocytes may be involved in sleep physiology via their metabolic functions. Among the energy metabolites, there are converging lines of evidence implying that lactate released by astrocytes might play a role in sleep-wake regulation. Lactate is a suggested biomarker of sleep pressure: cortical lactate concentration rises upon waking, maintains elevated during continuous wakefulness, and declines persistently during NREM sleep [START_REF] Naylor | Lactate as a biomarker for sleep[END_REF][START_REF] Dash | Extracellular levels of lactate, but not oxygen, reflect sleep homeostasis in the rat cerebral cortex[END_REF]. Also, cerebral SWA decreases the rate of glycolysis that produces lactate [START_REF] Wisor | Sleep slow-wave activity regulates cerebral glycolytic metabolism[END_REF]. Moreover, mRNA expression levels of several genes involved in the astrocyte neuron lactate shuttle [START_REF] Pellerin | Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose utilization[END_REF]) including Glut1, "-2-Na + /K + pump, Glt1, and Ldha are significantly increased following sleep deprivation in astrocytes [START_REF] Petit | Genes involved in the astrocyte-neuron lactate shuttle (ANLS) are specifically regulated in cortical astrocytes following sleep deprivation in mice[END_REF]. Intriguingly, there is evidence that lactate increases excitability of the wakefulness-promoting orexin neurons. In brain slices of the hypothalamus, orexin neurons have been demonstrated to behave as essentially lactate sensors: they specifically utilize lactate released by astrocytes; their spontaneous firing rate is correlated with lactate concentration; lactate increases their sensitivity to excitatory inputs [START_REF] Parsons | ATP-sensitive potassium channel-mediated lactate effect on orexin neurons: implications for brain energetics during arousal[END_REF]. In addition to orexin neurons, a recent study found that lactate released from astrocytes similarly excites locus coeruleus (LC) neurons and triggers release of norepinephrine in a dosage-dependent manner [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF]. Moreover, in vivo injections of L-lactate in the LC evoke arousal, which is consistent with the role of norepinephrine in promoting wakefulness [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF]. Intriguingly, the authors also showed that these effects of lactate are independent of uptake into neurons and involve a cAMP-mediated step. This implies that lactate might act like a gliotransmitter to stimulate LC neurons rather than provide metabolic support to sustain LC neuronal activity [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF]. These findings about orexin and LC neurons suggest that astroglial lactate may play an important role in the regulation of wakefulness, which can be tested by in vivo administration of lactate and simultaneous monitor of sleep-wake states of the animal.
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Astrocytes through buffering ions in the extracellular space might participate in shaping slow oscillations during sleep. Compelling evidence comes from studies with simultaneous intracellular recording in neurons and astrocytes and the measurement ! ('! ] o in the cat cortex [START_REF] Amzica | Membrane capacitance of cortical neurons and glia during sleep oscillations and spike-wave seizures[END_REF][START_REF] Amzica | Glial and neuronal interactions during slow wave and paroxysmal activities in the neocortex[END_REF][START_REF] Amzica | In vivo electrophysiological evidences for cortical neuron-glia interactions during slow (<1 Hz) and paroxysmal sleep oscillations[END_REF]. The authors showed that: 1) astroglial membrane potential and capacitance oscillate in phase with up and down state oscillations of neurons; 2) [K + ] o and [Ca 2+ ] o also oscillate at the same frequency of slow oscillations;

3) [K + ] o oscillates in the way that suggests K + is cleared from active spots and released in the near vicinity, and oscillations in [Ca 2+ ] o modulate synaptic efficacy (Figure 23). In addition, using a KO mouse model of the astroglial K ir 4.1 channel, another study demonstrated in vivo that astroglial K ir 4.1 plays a role in the clearance of extracellular K + after stimulations in the hippocampus [START_REF] Chever | Implication of Kir4.1 channel in excess potassium clearance: an in vivo study on anesthetized glial-conditional Kir4.1 knock-out mice[END_REF]. These data suggest that astrocytes actively modulate the slow oscillations by buffering of extracellular cations and the necessity of the K ir 4.1 channel for an efficient uptake of K + by astrocytes.
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Given the important role of astrocytes in the regulation of sleep homeostasis as discussed above, it is logical to speculate that astroglial connexins (Cxs) may play a role. In the last part of the Introduction, I provide evidence and hypothesize about how astroglial Cx may be regulated by changes in sleep homeostasis and reciprocally influence sleep and wakefulness.
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There are several lines of evidence indicating that astroglial connexin channels are regulated by sleep-wake affecting substances. General anesthetics (Mantz et al., 1993) and oleamide, a sleep-inducing lipid [START_REF] Guan | The sleep-inducing lipid oleamide deconvolutes gap junction communication and calcium wave transmission in glial cells[END_REF], have been reported to inhibit gap junctions in primary cultures of astrocytes. As discussed previously, several cytokines including TNF-" and IL-1# that are known to regulate sleep homeostasis (see Introduction III.3) have been demonstrated to reduce gap junction (GJ) communications (reviewed in [START_REF] Orellana | Gap junction channels and hemichannels in the CNS: regulation by signaling molecules[END_REF] and increase hemichannel (HC) activity (Bennett et al., 2012;Orellana et al., 2011a, b). In addition, noradrenaline, a neurotransmitter that promotes wakefulness (see Introduction III.2), exerts a dual regulation on dye coupling between cortical astrocytes depending on the subtypes of adrenergic receptors (Giaume et al., 1991b). These observations strongly suggest that astroglial Cxs may undergo functional changes during different sleep wake states. However, most of these studies were carried out in settings unrelated to sleep and wake physiology and pharmacological experiments do not fully capture of the full characteristics of natural sleep and wakefulness. Thus further investigations are needed to directly address the question whether astroglial Cxs are regulated by changes in sleep homeostasis.
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As discussed above, astrocytes can regulate sleep and wake through several pathways: 1) gliotransmission signaling; 2) metabolic support (or maybe lactate 'transmission'), which waits to be validated; 3) ionic buffering. As indicated in previous parts of this Introduction, astroglial Cxs are likely to participate in all of these three functions of astrocytes. For gliotransmission, HCs represent an alternative release pathway in addition to vesicular release. HCs have been shown to mediate ATP release, especially in pathological conditions [START_REF] Kang | Connexin 43 hemichannels are permeable to ATP[END_REF]Garré et al., 2010;[START_REF] Iglesias | Pannexin 1: the molecular substrate of astrocyte "hemichannels[END_REF]Orellana et al., 2011;Giaume et al., 2013). Their permeability to glucose and lactate and their crucial role in metabolic trafficking to sustain neuronal activity in hypoglycemic conditions [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF] imply that astroglial GJCs might contribute to potentially metabolic processes that affect the sleep-wake cycle, e.g., lactate-mediated effects on orexin or norepinephrine transmissions. Finally, GJCs are indispensable players in the ion buffering functions of astrocytes (see Introduction I.2.1) and thus may potentially contribute to modulation of slow oscillations during sleep. In summary, the evidence discussed so far has provided the basis of my thesis project, which is to investigate whether and how astroglial Cxs are involved in the regulation of sleep-wake cycle. The traditional view that astrocytes are mere passive supportive cells that 'glue' the neural tissue together has been totally transformed over the last two decades.
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Results

________________

Mounting research evidence has demonstrated that astrocytes closely interact with neurons to participate in a wide variety of brain functions, one of which is sleep regulation (Halassa and Haydon, 2010;[START_REF] Fellin | Astrocyte regulation of sleep circuits: experimental and modeling perspectives[END_REF]. The neuroglial interaction at the cellular level that contributes to sleep regulation involves astroglial release of gliotransmitters that act on neurons to modulate synaptic transmission [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF][START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF]. Whether and how neuroglial interaction at the network level contributes to sleep regulation, however, is largely unknown. The feature of astrocytes that they form highly interconnected networks through gap junction channels (GJCs) provides the structural basis for the occurrence of network-level neuroglial interactions. Moreover, the functional plasticity of GJC-mediated astroglial networks, especially its activity-dependence [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF][START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF], opens the possibility that they can adapt to changes in activity of neuronal ensembles during different behavioral states of the animal, such as those taking place over the sleep-wake cycle.

Therefore, the aim of the first part of my thesis work was to determine whether GJC-mediated astroglial networks are regulated in accordance with changes in sleep-wake states. To induce such changes, we took advantages of compounds that are known to affect sleep and wake in humans and animals. We also wanted to know whether compounds that have opposite effects on sleep and wakewould induce accordingly opposite effects on astroglial networks. Finally, given the activity-dependence of astroglial networking [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF][START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF], we also probed the role of neuronal activity in the effects sleep-wake affecting molecules on astroglial network. 

<.%)9%%.(0! !

In this study, we demonstrated that modafinil and GHB, two drugs that have opposite effects on sleep and wakefulness, induced increase and decrease in astroglial gap junctioanl communication, respectively. This finding indicates that GJC-mediated astroglial networks are regulated by pharmacological agents that alter sleep-wake states. However, these observations do not justify the generalization that wakefulness-promoting drugs increase while sleep-promoting ones decrease astroglial gap junctioanl communication. Indeed, we tested other compounds that influence sleep and wakefulness, but did not find significant effects for oleamide and melatonin, which are known sedative agents, and a slight decrease in dye coupling for Ritalin, which is a treatment for narcolepsy and wakefulness-promoting (Figure S1). This is probably due to the divergent operating mechanisms that underlie the actions of these different molecules. Also, the pharmacologically induced sleep or wakefulness may not fully mimic the properties of the natural ones. Thus the final test would be to monitor the status of astroglial networking in vivo over spontaneous sleep-wake cycle.

In this work, we did not address the respective roles of Cx43 and 30. Nevertheless, the enhancement of Cx30 expression suggests that Cx30 is more likely to be responsible for the modafinil-induced increase in GJC coupling. In addition, Cx30 has been shown to underlie the activity-dependence of astroglial networking in the olfactory bulb [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. Thus the hypothesis that Cx30 is the molecular target of modafinil is consistent with the finding that modafinil increased dye coupling in an activity-dependent manner. Interestingly, the lack of effects by modafinil on cultured astrocytes also implicates the involvement of Cx30 due to the fact that cultured astrocytes only express Cx43 [START_REF] Koulakoff | Neurons control the expression of connexin 30 and connexin 43 in mouse cortical astrocytes[END_REF].

How modafinil promotes wakefulness is still under debate. Multiple neurotransmission systems including the dopaminergic, histaminergic and glutamatergic systems are implicated in the action of modafinil (reviewed in [START_REF] Ballon | A systematic review of modafinil: Potential clinical uses and mechanisms of action[END_REF]. Since the acute brain slices we used do not contain the projections of these systems to the cortex in the intact brain, modafinl-induced increase in astroglial dye coupling is likely a local effect within the cortex. On the cortical level, modafinil has been demonstrated to increase Cx36-containing GJC coupling among GABAergic interneurons in cortical slices [START_REF] Urbano | Modafinil enhances thalamocortical activity by increasing neuronal electrotonic coupling[END_REF]. This may lead to a decrease in the activity of GABAergic neurons and lateral inhibition, and in turn result in the observed increase in excitatory neuronal activity under modafinil treatment [START_REF] Urbano | Modafinil enhances thalamocortical activity by increasing neuronal electrotonic coupling[END_REF]. Thus in our scenario, the enhancement of astroglial GJC coupling in cortical slices is likely a secondary result of increased GJC coupling in cortical interneurons. Nevertheless, the mechanism that acts in vivo is probably more complex due to the aforementioned effects of modafinil on multiple neurotransmission systems.

It is known that exogenous GHB in the milimolar range activates GABA B receptors in ! -.! the central nervous system [START_REF] Lingenhoehl | Gamma-hydroxybutyrate is a weak agonist at recombinant GABA(B) receptors[END_REF]. As we have shown that GHB decreases astroglial GJC coupling probably through a direct action on astrocytes, the binding site of GHB is likely to be the astroglial GABA B receptors. The effects of GABA and GABA B receptor agonists on astroglial gap junctioanl communications have been investigated in cultured astrocytes, but no significant changes were found [START_REF] Rouach | Activity-dependent neuronal control of gap-junctional communication in astrocytes[END_REF]. The lack of effects might result from altered properties of astrocytes in culture. Therefore, it awaits experiments in acute brain slices to determine whether GABA decreases in astroglial GJC coupling. In the second part of my thesis work, we extended this pharmacological approach to taking advantage of the general anesthetics that produce a brain and behavioral state similar to that during the natural NREM sleep [START_REF] Franks | Sleep and general anesthesia[END_REF]. Thus we instigated the effects of three selected general anesthetics on astroglial GJ communication in an attempt to complement our preceding finding that sleep-wake affecting drugs affect astroglial networking (see Results Part I).

Moreover, we also carried out a characterization study of the effects the three general anesthetics on astroglial hemichannels, a question that has not been addressed yet according to our knowledge. Thus this study bears another important goal unrelated to sleep-wake regulation: to investigate the impact of general anesthetics on the astroglial connexin-based channel functions in order to advance our knowledge on the non-neuronal effects of general anesthetics. Given their wide application and paramount importance in both clinical and research settings, our study also aims to contribute to a better understanding of the working mechanisms of general anesthetics.
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General anesthetics have differential inhibitory effects on the two connexin channel functions in astroglia

Xinhe Liu 

Introduction

During the last decade, one of the new fields in neuroscience has emerged from increasing evidence indicating that glial cells, and in particular astrocytes, are engaged in bi-directional dynamic interactions with neurons (see Agulhon et al., 2008;Halassa and Haydon, 2010;Zorec et al., 2012;Araque et al., 2014). This statement stands on the demonstration that astrocytes can sense neuronal signals, including their spiking activity [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF], and that in turn they can modulate neuronal activity and synaptic plasticity [START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF][START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF]. Indeed, these glial cells express a large spectrum of membrane receptors (see Verkhratsky and Butt, 2013) and they can also integrate and propagate information generated by neuronal activity via sophisticated calcium signaling mechanisms (Scemes and Giaume, 2006;De Bock et al., 2014). Finally, through calcium-dependent processes astrocytes release "gliotransmitters" (Zorec et al., 2012) that impact synaptic transmission (Araque et al., 2014). Interestingly, these neuroglial interactions occur not only at the single cell level at the so-called "tri-partite synapse" (Araque et al., 1999) but also at the more integrated level involving intercellular networks (Halassa and Haydon, 2010;Giaume, 2010). Taken as a whole, such neuroglial interactions are proposed to play a role in brain functions and dysfunctions as well as in pathologies (Giaume et al., 2007;Verkhratsky et al., 2013). Consequently, it is important to know whether and how the properties of astrocytes are affected when therapeutic interventions are designed to target neurons. This issue may be particularly relevant for anesthetic drugs that suppress consciousness by mechanisms that are incompletely understood. Indeed, up-to-now whether non-neuronal targets contribute to clinically perceptible anesthetic effects has received little attention.

A typical feature of astrocytes compared to neurons is their higher expression levels of connexins, the membrane protein component of gap junction channels that allow direct communication between adjacent cells (see [START_REF] Ransom | Gap juunctions, hemichannels[END_REF]. Interestingly, anesthetics for a long time have been used to inhibit gap junctional communication [START_REF] Siracusano | Myocardial preconditioning and cardioprotection by volatile anaesthetics[END_REF][START_REF] Rozental | How to close a gap junction channel[END_REF], including in astrocytes (Mantz et al., 1993). More recently, it has been demonstrated that connexins also work as functional hemichannels in normal as well as in pathological situations (see Giaume et al., 2013). However, so far nothing is known about the sensitivity of astroglial hemichannels to anesthetics.

It is now established that the inhibition of connexin channels in astrocytes by pharmacological or genetic approaches (see Giaume and Theis, 2010) affects neuronal activity (Pannasch et al., 2011;2014;Torres et al., 2012). Thus, it is important to determine how different classes of general anesthetics act on connexin-based channel functions in astrocytes. More than 20 years ago, we conducted a study with 10 general anesthetics to determine which of them were effective on gap junctional communication in primary cultures of astrocytes (Mantz et al., 1993). However, there is a critical need to determine whether general anesthetics affect connexin-based channels, including hemichannels, in a more physiological model such as acute brain slices that include neurons and preserve synaptic connections. In the present work, we have investigated the effects of 3 anesthetics with distinct mechanisms of action (propofol, an agonist of the gamma-aminobutyric acid A subtype receptors (GABA A Rs), ketamine, an antagonist of the glutamate receptors, and dexmedetomidine, an agonist of the alpha2-adrenergic receptors) on astroglial gap junction channels and hemichannels in acute cortical slices of the mouse. We report that these drugs have differential efficiencies and ! -'! effects on gap junction channels and hemichannels. Such observations may contribute to optimal selection of anesthetics for in vivo animal studies and should improve the understanding of the mechanisms by which a particular anesthetic acts on neuronal activity

Materials and Methods

All experiments involving animals have been carried out in accordance with the European Community Council Directives of November 24th 1986 (86/609/EEC) and all efforts have been made to minimize the number of animals used as well as their suffering.

Drugs

Propofol (Sigma-Aldrich, Buchs, Switzerland) and dissolved in DMSO, which was diluted to a final concentration no more than 0.1%. The same dilution of DMSO in ACSF was used as the control solution for experiments. Ketamine (Panpharma, Boulogne-Billancourt, France) was diluted to experimental concentrations in ASCF. Finally, dexmedetomidine (Abcam, Paris, France) powder was prepared in aliquots with water and diluted to final concentrations in ASCF.

Electrophysiology and dye coupling experiments

Mice (P20-P27) were decapitated, and their brains were dissected and placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgCl 2 , bubbled with 95% O 2 /5% CO 2 (pH 7.4). Coronal brain slices (300 $m) containing the somatosensory cortex were cut using a vibratome (Microm HM 650 V, Walldorf, Germany) filled with ice-cold ACSF. The slices were incubated at 33 C° for 30 min and transferred at room temperature (20-22 C°) before use. Thereafter, the slices were placed in a recording chamber and perfused continuously with oxygenated ACSF (pH 7.4) at a rate of 2 ml/min. The somatosensory cortex was observed using an up-right fixed stage microscope (Axioskop FS; Zeiss, Oberkochen, Germany) equipped with Nomarski optics and an infrared video camera (Newvicon C2400; Hamamatsu, Shizouka, Japan). Cells were identified as astrocytes based first on morphological criteria and second on electrophysiological properties (see Results section). The pipette (3-8 M!) solution contained (in mM): 105 K-Gluconate, 30 KCl, 10 Hepes, 10 Phospho-Creatine Tris, 4 ATP-Mg 2+ , 0.3 GTP-Tris, and 0.3 EGTA (adjusted to pH 7.4 with KOH). Whole-cell membrane voltages and currents were amplified by a MultiClamp 700B amplifier, sampled by a DIGIDATA 1322A Interface, and patch-clamp recordings (5 kHz sampling and 3 kHz filtering) were performed with pClamp 9 software (Axon Instruments, Foster City, CA). Series resistances were compensated at 80%. Input resistance (R in ) was measured in voltage-clamp mode by applying hyperpolarizing voltage pulses (10 mV, 150 msec) from a holding potential of -80 mV. To assess the level of gap junction coupling, sulforhodamine B (1 mg/ml; Molecular Probes, Eugene OR, USA) was added to the pipette solution before each experiment. Recorded cells were loaded passively with the dye for 10 min in current-clamp mode. The duration of the whole-cell recording was kept constant to allow comparison among experiments. Intercellular diffusion of sulforhodamine B was captured thereafter with the CCD camera (Pixelfly QE, The Cook Corporation, Romulus, Michigan, USA) on different focal planes and the number of surforhodamine B positive cells (i.e. cells dye coupled to the recorded astrocyte) was determined using Image J software.

Dye Uptake experiments

! -(!

In slices derived from Adlh-L1-eGFP mice, cortical astrocytes were identified by GFP fluorescence. Living slices were incubated with the HC permeable fluorescent tracer ethidium bromide (Etd, 314 Da) for 10 min at RT and at 4 mM final concentration. General anesthetics were added in the chamber 10 min before slices. Then, the slices were transferred in the chamber and treated for 90 min with lipopolysaccharide (LPS, 100 ng/ml) in order to trigger hemichannel activity in astrocytes (Retamal et al., 2007) and in the absence (control condition) or in the presence of anesthetics. Finally, following 10 min incubation with Etd (4 mM), slices were rinsed 15 min in ACSF to stop the uptake and reduce background labeling before submerging them for 40 min in fixing solution (4% paraformaldehyde in 0.12 M buffer phosphate). Fixed slices were then rinsed in PBS and mounted in Fluoromount-G mounting medium until photomicrographs were taken. Images of cortical slices were taken with a 40x objective at a confocal laser-scanning microscope (Leica TBCS SP2). Stacks of consecutive confocal images for 20 mM at 1 mm intervals were acquired sequentially with two lasers (argon 488 nm for eGFP and 561 nm for Etd). Images were processed with Image J. First, cells that were eGFP positive were identified as astrocytes. Then Etd fluorescence intensity was measured within the eGFP-positive cells. The total Etd fluorescence within each image was calculated in arbitrary units (AU). Averages of at least three images of the cortical areas for each slice were calculated as the final measurement of dye uptake in that slice.

Statistical analysis

For each data group, results are expressed as mean ±SEM and n refers to the number of independent experiments. Unpaired two-tailed student test was used. Differences are considered significant at *P < 0.05, **P < 0.01 and ***P < 0.001. GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA) was used for calculations.

Results

The level of gap junctional communication in the astroglial network was investigated by performing whole-cell recording and dye coupling experiments in astrocytes located in layer I of the somatosensory cortex from acute cortical slices. Dialyzed astrocytes were initially selected based on their distinct morphology compared to neurons and then identified by their electrophysiological properties, i.e., a hyperpolarized resting membrane potential (-81.7±0.5 mV, n = 66), a linear voltage/current relationship in response to current injections and a low input resistance (25.7±0.7 M!, n = 66). Dye coupling was assessed by adding sulforhodamine B to the pipette solution (see Giaume et al., 2012) and by counting the number of stained cells after 10 min of whole-cell recording. In a previous work performed in the somatosensory cortex we have demonstrated by double staining that dye coupling occurs only between astrocytes when sulforhodamine dialysis was conducted in an astrocyte (Houades et al., 2006;2008). In control conditions, the number of coupled cells (45.8±1.8, n = 10 for propofol; 44.9±1.6, n = 9 for ketamine and dexmedetomidine) stained by sulforhodamine B and the shape of the coupling area (Fig. 1 A 1 ) were identical to those previously reported (Liu et al., 2013). To study the effect of general anesthetics on gap junctional communication, slices were exposed to the compounds during a pre-incubation period and whole-cell patch-clamp recording was achieved on single astrocytes in the presence of the anesthetic. Propofol was found to be the most efficient gap junction channel ! -,! inhibitor among the three tested general anesthetics. Indeed, its effect started to be significantly effective with 24% inhibition of dye coupling at a concentration of 100 mM (%15 min) while the inhibition reached 76% at 150 mM (Fig. 1 A 2 and B), a concentration that although superior to the EC50 for loss of consciousness, may be encountered during clinical anesthesia in patients [START_REF] Servin | Pharmacokinetics of propofol infusions in patients with cirrhosis[END_REF]. When the slice was exposed to this later concentration and then washed for 30 min, dye coupling recovered to 80% of the control, demonstrating that the inhibition induced by propofol is reversible (Fig. 1 A 3 and B). The effect of ketamine was much less potent since its effect only reached 31% of inhibition even when used at a high concentration of 300 mM (%30 min) (Fig. 2A). Finally, the least efficient compound among the tested anesthetics was dexmedetomidine, with barely 17% inhibition compared to control condition when used at 10 mM (%30 min), while lower concentrations (0.5 and 1 mM) were virtually ineffective (Fig. 2B).

In normal situation, the basic feature for the functionality of connexin-based channels in astrocytes is a high gap junctional communication and a weak hemichannel activity [START_REF] Bennett | New roles for astrocytes: gap junction hemichannels have something to communicate[END_REF]. However, in most pathological situations involving brain inflammation a reactive gliosis is associated with elevated hemichannel activity in astrocytes (see Bennett et al., 2012;Giaume et al., 2013). Thus, to mimic such pathological situation, microglial cells were activated with the endotoxin lipopolysaccharide (LPS), which leads to the release pro-inflammatory cytokines and triggers the opening of hemichannels in astrocytes (Retamal et al., 2007). In these experiments hemichannel activity was investigated by using the ethidium bromide (Etd) assay (see Giaume et al., 2012). In acute cortical slices, LPS treatment (100 ng/ml, 90 min) increased by 56±7% (n=6) the uptake of Etd in eGFP-positive astrocytes, indicating that hemichannels in astrocytes were activated. Interestingly, using this protocol we found that the effect of the three selected general anesthetics was always inhibitory when tested on the hemichannel function of connexins in astrocytes (Fig. 3 and4, A 1 -B3). However, their efficiency on hemichannels was distinct to that described above for gap junctional communication. Indeed, ketamine, which had a weak effect on gap junctional communication, was found to be the most efficient. Indeed, a 20% inhibitory action of this compound on hemichannel activity started to be detected at a low concentration (10 mM) and reached 67% at 50 mM (Fig. 3 A 1 -B 3 and C). Propofol, which is a strong inhibitor of gap junctional communication, started to be effective at 25 mM with a reduction of 25% and 77% at 150 mM (Fig. 4). Finally, dexmedetomidine had no effect when used at 1 mM and was found to a have a weak, but significant, inhibitory action (22%) at 10 mM (Fig. 3D). These observations demonstrated for the first time that general anesthetics have an inhibitory effect on hemichannel activity in astrocytes.

!

Discussion

The present work has been undertaken to update the knowledge concerning the effect of general anesthetics on two channel functions of connexins in astrocytes, i.e., gap junction channels and hemichannels. For this purpose we have selected three anesthetic compounds, propofol, ketamine and dexmedetomidine that are known to mediate their sedative action through different pathways (see below). To determine whether these compounds affect connexin channel functions in glia represents a critical issue because there is increasing evidence that astrocytes interact actively with neurons and the vascular system [START_REF] Haydon | Astrocyte control of synaptic transmission and neurovascular coupling[END_REF][START_REF] Filosa | Astrocyte regulation of cerebral vascular tone[END_REF]Araque et al., 2014). Furthermore the two channel functions provided by connexins have been shown to impact both types of cell interactions. Indeed, impaired gap junctional communication (see Giaume et al., 2010) and connexin hemichannel activity (see Giaume et al., 2013) have been demonstrated to affect both neuroglial [START_REF] Pannasch | Emerging role for astroglial networks in information processing: from synapse to behavior[END_REF] and gliovascular (Ezan et al., 2013;De Bock et al., 2014) interactions. Such statement is based upon studies performed using either genetic or pharmacological approaches (see Giaume and Theis, 2010) to suppress connexin-based channel activities (Pannasch et al, 2011;[START_REF] Ezan | Deletion of astroglial connexins weakens the blood-brain barrier[END_REF]Orrelana et al., 2011). Consequently, to determine whether general anesthetics impair connexin channels in astrocytes is of primary importance since neuroglial and gliovascular interactions are now frequently investigated using in vivo mouse models under anesthesia (see for instance Iliff et al., 2013 andKanemaru et al., 2014 for ketamine;Remsen et al., 1999 for propofol).

While it is known for a long time that anesthetics are inhibitors of gap junction channels [START_REF] Johnston | Interaction of anaesthetics with electrical synapses[END_REF][START_REF] Rozental | How to close a gap junction channel[END_REF], so far there is no information available concerning their effect on the other channel function of connexins, i.e., their hemichannel activity. Two decades ago we have carried out a deep screening study related to the effect of general anesthetics on gap junctional communication in primary astrocytes (Mantz et al., 1993). In this work astrocytes were studied in cultures lacking their partner cells (i.e. in particular neurons, micriglial and endothelial cells). Compared to this cell model, acute cortical slices used in the present study have their anatomical structure and synaptic contacts maintained intact. Consequently, this work provides important and more reliable information that should orientate the choice of anesthetics for in vivo investigations of brain functions and diseases involving astroglial connexins (see Giaume et al., 2010;[START_REF] Ransom | Gap juunctions, hemichannels[END_REF]. Moreover, recent studies have established that anesthetics, including ketamine, influence calcium signaling in astrocytes (Nimmerjjahn et al., 2009;Thrane et al., 2012), a feature that is considered as the modality of cell excitability for these glial cells devoid of action potential. Considering that both connexin channels are involved in the propagation of intercellular calcium waves (Scemes and Giaume, 2006;Leybeart and Sanderson, 2012) and that hemichannels provide a pathway for calcium entry in astrocytes [START_REF] Heidemann | Extracellular application of nicotinic acid adenine dinucleotide phosphate induces Ca 2+ signaling in astrocytes in situ[END_REF][START_REF] De Bock | Low extracellular Ca 2+ conditions induce an increase in brain endothelial permeability that involves intercellular Ca 2+ waves[END_REF], our study may contribute to unraveling one of the mechanisms by which anesthetics affect calcium signaling in astrocytes studied in anesthetized mice (see Thrane et al., 2012).

Numerous studies have shown that anesthetics alter or block neurotransmission and neuronal firing by acting as agonists or antagonists for various receptors on neurons (Frank, 2008;[START_REF] Alkire | Consciousness and anesthesia[END_REF][START_REF] Brown | General anesthesia, sleep, and coma[END_REF]. The three compounds tested in this study have been selected considering their action on different signaling pathways.

! "..! Propofol acts as GABA agonist in post-synaptic neuronal receptors, thus enhancing the inhibitory GABAergic circuitry and decreasing the level of arousal [START_REF] Jurd | General anesthetic actions in vivo strongly attenuated by a point mutation in the GABA(A) receptor beta3 subunit[END_REF]. Ketamine acts as a NMDA glutamatergic receptor antagonist, thus blocking the inhibitory effect of glutamatergic interneurons on GABAergic neurons in cortex, hippocampus and limbic system [START_REF] Franks | General anaesthesia: from molecular targets to neuronal pathways of sleep and arousal[END_REF]. Finally, dexmedetomine, a more recently developed anesthetic, is an "2-adrenergic agonist that acts via a neuronal circuitry involving a2-adrenoceptors located on the locus coeruleus and enhancing the activity of the pathways involved in non-rapid eye movement sleep [START_REF] Nelson | The alpha2-adrenoceptor agonist dexmedetomidine converges on an endogenous sleep-promoting pathway to exert its sedative effects[END_REF]. Thus the three anesthetics exert their sedative action on different neuronal and possibly different astroglial targets that partly explain their differential effects on connexin-based channel functions. However, the aim of the present work was not to decipher the mode of action of general anesthetics but rather to determine their effects on the two channel functions of connexins expressed in astrocytes and to establish a hierarchy in their potency of action. Indeed, propofol was found to be the most effective compounds that inhibit both gap junctional communication and hemichannel activity by about 70% when used outside the usual clinical range but that have been reported in surgical patients anesthetized with propofol [START_REF] Servin | Pharmacokinetics of propofol infusions in patients with cirrhosis[END_REF]. The action of ketamine was characterized by a weak inhibition on gap junction channels even at high concentrations (300 $M) but was very potent on hemichannels with a strong inhibition (about 70%) at a much lower concentration (50 $M). Finally, dexmedetomine was the least effective among the tested general anesthetics since its effect on the two channel functions never exceeded 20% when used at the concentration of 10 $M. These findings indicate that these three general anesthetics have distinct efficiencies on connexin channels in astrocytes and that they have differential effects on gap junctional communication compared to hemichannel activity. Also, based on these observations dexmedetomine appears to be the compound having minor effects on connexin channel functions at least when used in the clinically relevant range. Taken together, these findings should help and guide investigators in the design of experiments to investigate brain functions and pathologies involving in vivo approaches with anesthetized animals. 
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Like most general anesthetics, the three compounds we have tested in our study, especially propofol and ketamine, have multiple targets in the central nervous system [START_REF] Brown | General anesthesia and altered states of arousal: a systems neuroscience analysis[END_REF]. Therefore, the following discussion about the possible mechanisms underlying their effects on astroglial connexin (Cx) channel functions considers mainly their primary targets in the contest of our experiments carried out in acute cortical brain slices.

The anesthetic action of propofol is mainly mediated by its activation of neuronal GABA A receptor [START_REF] Jurd | General anesthetic actions in vivo strongly attenuated by a point mutation in the GABA(A) receptor beta3 subunit[END_REF]. For astrocytes, activation of astroglial GABA A receptors leads to depolarization in membrane potentials [START_REF] Kettenmann | Aspartate, glutamate and gamma-aminobutyric acid depolarize cultured astrocytes[END_REF], which is consistent with our observation that propofol induces depolarization (5-10 mV) in astrocytes (data not shown), suggesting that propofol may directly activate GABA A receptors in astrocytes. Therefore, the strong inhibition of gap junction channels (GJCs) by proprofol may be a consequence of astroglial GABA A receptor activation, although the effects of GABA A receptor activation on GJCs need to be directly tested in acute brain slices. Similarly, despite that ketamine is known to act primarily as a NMDA glutamatergic receptor antagonist [START_REF] Franks | General anaesthesia: from molecular targets to neuronal pathways of sleep and arousal[END_REF], so far no study has addressed the effects of NMDA receptor antagonism on astroglial GJCs. To elucidate the mechanisms by which propofol and ketamine inhibit astroglial GJCs, the action of glutamatergic and GABAergic transmission on astroglial GJCs needs to be identified, particularly in the somatosensory cortex.

Dexmedetomidine is a " 2 -adrenergic receptor agonist [START_REF] Nelson | The alpha2-adrenoceptor agonist dexmedetomidine converges on an endogenous sleep-promoting pathway to exert its sedative effects[END_REF]. Although an early work in cultured astrocytes demonstrated that norepinephrine inhibits GJCs, the inhibition is totally blocked by a " 1 -adrenergic receptors antagonist, indicating " 2 -adrenergic receptor activation does not contribute to norepinephrine-induced inhibition of GJCs [START_REF] Giaume | Adrenergic regulation of intercellular communications between cultured striatal astrocytes from the mouse[END_REF]. This may explain the minute effects of dexmedetomidine on astroglial dye coupling.

For the hemichannel experiments, we used LPS to induce opening of astroglial hemichannels in acute cortical slices. The LPS-induced astroglial hemichannel opening was shown to be triggered by inflammatory cytokines released from LPS-activated microglia (Retamal et al., 2007). In agreement with our findings that propofol and ketamine strongly reduced astroglial activation, several recent studies showed that propofol and ketamine treatment suppressed release of the inflammatory cytokines from cultured microglia and astrocytes [START_REF] Peng | Posttreatment with propofol attenuates lipopolysaccharide-induced up-regulation of inflammatory molecules in primary microglia[END_REF][START_REF] Tanaka | General anesthetics inhibit LPS-induced IL-1beta expression in glial cells[END_REF]. In contrast, dexmedetomidine was also shown to reduce cytokine release from cultured microglia but only at concentrations far beyond the clinically relevant range [START_REF] Peng | Dexmedetomidine attenuates lipopolysaccharide-induced proinflammatory response in primary microglia[END_REF], which may explain its minor inhibitory effect on hemichannels we observed with clinically relevant dosages of dexmedetomidine.

Intriguingly, many general anesthetics have been reported to exhibit neuroprotective properties [START_REF] Wei | Dual effects of neuroprotection and neurotoxicity by general anesthetics: role of intracellular calcium homeostasis[END_REF] while astroglial hemichannel activation is associated ! "".! various pathological conditions and may lead to amplification of neuronal death (Bennett et al., 2012;[START_REF] Castellano | Regulation of gap junction channels by infectious agents and inflammation in the CNS[END_REF]. Accordingly, it is likely that the strong inhibition of astroglial hemichannels by propofol and ketamine may contribute to their neuroprotective effects and may hold therapeutic potentials. Indeed, it was reported that the inhibition of cytokine-induced hemichannel activation is neuroprotective against NMDA-induced excitotoxicity [START_REF] Froger | Inhibition of cytokine-induced connexin43 hemichannel activity in astrocytes is neuroprotective[END_REF].

Introduction

Over the last two decades, increasing research evidence has revealed that astrocytes are indispensable participants in a wide variety of brain activities from brain metabolism to synaptic transmission through their multifaceted dynamic interactions with neurons [START_REF] Perea | Tripartite synapses: astrocytes process and control synaptic information[END_REF][START_REF] Petzold | Role of astrocytes in neurovascular coupling[END_REF][START_REF] Belanger | Brain energy metabolism: focus on astrocyte-neuron metabolic cooperation[END_REF]Araque et al., 2014). The consequences of such neuroglial interactions on the molecular and cellular level have been addressed by numerous studies for the past two decades, while in recent years the behavioral roles of astrocytes have begun to emerge. Astrocytes have been implicated in memory consolidation [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF][START_REF] Lee | Suppression of hippocampal synaptic plasticity during slow-wave sleep[END_REF], motor coordination [START_REF] Saab | Bergmann glial AMPA receptors are required for fine motor coordination[END_REF], regulation of respiration rhythm generation [START_REF] Gourine | Astrocytes control breathing through pH-dependent release of ATP[END_REF], and sleep homeostasis-the work from Haydon and colleagues demonstrated that ATP released from astrocytes is a major source of brain extracellular adenosine, which acts on neuronal A1 receptors to mediate the homeostatic response of NREM sleep [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF].

Besides the mechanisms on the single cell level, I have been interested in the possible contribution to sleep homeostasis by astroglial networks that are based on the high level of intercellular connections through astroglial gap junction channels (GJCs) (Giaume et al., 2010;[START_REF] Giaume | From a glial syncytium to a more restricted and specific glial networking[END_REF]. Previous works have shown that GJC-mediated astroglial networks are spatially and functionally restricted (Houades et al., 2008) and activity-dependent [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF] and that they are involved in energy metabolite trafficking to sustain neuronal activity [START_REF] Giaume | Metabolic trafficking through astrocytic gap junctions[END_REF][START_REF] Blomstrand | Kinetics of endothelin-induced inhibition and glucose permeability of astrocyte gap junctions[END_REF][START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF]. Considering that sleep is a function of neuronal ensembles and that NREM sleep is characterized by synchronized oscillations involving large cortical areas and subcortical structures [START_REF] Steriade | Grouping of brain rhythms in corticothalamic systems[END_REF], we speculate that GJC-mediated network coordination of astrocytes may contribute to the regulation of sleep. Indeed, there are lines of evidence showing that GJCs are regulated by pharmacological agents that affect sleep and wake. On the one hand, oleamide, a sleep-inducing lipid [START_REF] Guan | The sleep-inducing lipid oleamide deconvolutes gap junction communication and calcium wave transmission in glial cells[END_REF], and several general anesthetics (Mantz et al., 1993) were reported to inhibit GJCs in primary cultures of astrocytes. In addition, propofol, ketamine (see Results Part II) and $-hydroxybutyric acid (GHB) (Liu et al., 2013; see also Results Part I) were shown to inhibit astroglial GJCs in acute cortical slices. On the other hand, a potent wakefulness-promoting drug, modafinil, was demonstrated to increase astroglial gap junctioanl communication in an activity-dependent manner (Liu et al., 2013; see also Results Part I). Importantly, this study also showed that the two connexins (Cxs) that constitute GJCs in astrocytes, Cx30 and Cx43, are differentially regulated by modafinil: the mRNA and protein expression level of Cx30, but not Cx43, were increased following modafinil administration. These results are in line with the observation that Cx30 rather than Cx43 underlied the activity dependence of astroglial networking in the olfactory glomeruli [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF] and that gene expression level of Cx30 was increased when mice were raised in an enriched environment [START_REF] Rampon | Effects of environmental enrichment on gene expression in the brain[END_REF].

Based on the evidence discussed above, the goal of the third part of my thesis work was to investigate the role of Cx30 in the regulation sleep of homeostasis by using the Cx30 knockout (KO) mouse [START_REF] Boulay | Hearing is normal without connexin30[END_REF]. So far, we have made the following findings: 1) the mRNA expression of Cx30 but not Cx43 is increased by sleep deprivation (SD); 2) gap junctioanl communication in cortical astrocytes is enhanced by SD and Cx30 is necessary for such enhancement; 3) compared to wild type (WT) mice, Cx30 KO mice exhibit higher sleep propensity, which is manifested as compromised ability to maintain wakefulness during SD; 4) several genes related to brain energy metabolism are down-regulated in multiple brain structures of the Cx30 KO mouse. Based on these results, we hypothesize that Cx30 is necessary to sustain wakefulness during periods of high sleep pressure, likely through its active role in neurometabolic coupling.

Materials and methods

Animals

Adult male mice were used in all experiments except for electrophysiology and dye coupling experiments. Mice were housed in standard conditions (light-dark cycle: 12h/12h, temperature: 23 ± 1°C, humidity: 50% ± 10%) with food and water ad libitum. We used a novel knockout mouse model of Cx30 developed by [START_REF] Boulay | Hearing is normal without connexin30[END_REF]. The authors generated a new mouse strain, in which the Cx30-coding exon was replaced with a Cx30 floxed allele. The Cx30fl/fl mouse strain was crossed with Pgk-Cre mice that ubiquitously express the Cre recombinase [START_REF] Lallemand | Maternally expressed PGK-Cre transgene as a tool for early and uniform activation of the Cre site-specific recombinase[END_REF], leading to global deletion of the Cx30 transcript sequence. This mouse model is referred to as Cx30 knouckout (Cx30 KO) mice for the rest of this manuscript. The Cx30 KO mice used in this study were on a mixed background of C57BL/6 and 129/Sv mouse strains. Since C57BL/6 consisted more than 90% of their genetic background, C57BL/6 mice were used as the control for Cx30 KO mice.

All experiments were performed according to the European Community Council Directives of November 24, 1986 (86/609/EEC) and all efforts were made to minimize the number of animals used and their suffering.

Patch clamp and dye coupling of astrocytes

Experiments were carried out in acute brain slices prepared from animals aged between P15 to P25. Coronal brain slices (300 $m thick) containing the ! ""$! somatosensory cortex were cut using a vibratome (Microm HM 650 V, Walldorf, Germany) filled with ice-cold artificial cutting solution containing (in mM) 222 sucrose, 27 NaHCO 3 , 2.6 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 7 MgSO 4 , and 0,1 ascorbic acid. They were incubated at 32 °C for 30 min in artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgCl 2 , continuously aerated with 95% O 2 /5% CO 2 (pH 7.4). Then slices were transferred at room temperature (20-22 °C) before use. The slices were placed in a submerged recording chamber superfused with aerated ACSF at a rate of 2 mL/min and observed using an up-right fixed stage microscope (Axioskop FS; Zeiss, Oberkochen, Germany) equipped with Nomarski optics and an infrared video camera (Newvicon C2400; Hamamatsu, Shizuoka, Japan). Whole-cell patch-clamp recording of astrocytes was performed with pipettes (3-8 M&) filled with internal solution that contains (in mM) 105 K-Gluconate, 30 KCl, 10 Hepes, 10 Phospho-Creatine Tris, 4 ATP-Mg 2+ , 0.3 GTP-Tris, and 0.3 EGTA (adjusted to pH 7.4 with KOH). Experiments were conducted at 32 °C. Membrane voltages and currents were amplified by a MultiClamp 700B amplifier, sampled by a DIGIDATA 1322A Interface, and patch-clamp recordings (5 kHz sampling and 3 kHz filtering) were performed with Pclamp9 software (Axon Instruments, Foster City, CA). Series resistances were compensated at 80%. Input resistance (Rin) was measured in voltage-clamp mode by applying hyperpolarizing voltage pulses (10 mV, 150 ms) from a holding potential of '80 mV. To assess the level of gap junctioanl communication, dye coupling experiments were performed by adding sulforhodamine B (1 mg/ml; Molecular Probes, Eugene OR, USA) to the pipette solution before patch-clamp recording. Recorded cells were loaded with the dye for 10 min in the whole-cell configuration and current-clamp mode to allow its diffusion among cells connected by GJCs. Fluorescent images containing the dye coupled cells were captured with the CCD camera (Pixelfly QE, The Cook Corporation, Romulus, Michigan, USA) on different focal planes and the number of dye coupled cells was determined using ImageJ software.

Gentle sleep deprivation (GSD) and SD with the "CaResS" Device

Both SD protocols began at light onset (ZT0 for zeitgeber time = 0) and lasted for 6 hours. For GSD, mice remained in their home cages and were constantly monitored for behavioral signs of sleep onset, upon which they were aroused by gently moving their nests and introducing new objects into the cage.The other type of SD was performed using a device named CaResS (acronym for Cage for Restriction of Sleep) that has been specially designed to diminish SD-induced stress [START_REF] Baud | Sustained sleep fragmentation affects brain temperature, food intake and glucose tolerance in mice[END_REF]. The CaResS device consists of a cylindrical Plexiglas cage (30 cm diameter) with 3 inner radial walls and a mobile circular floor covered with sawdust. During SD, the floor is rotated by a motor wheel at a speed that gradually increases from 1.5 to 2.5 rpm to compensate for increasing sleep pressure. The mouse is waken up when carried by the rotating floor into contact with the inner walls (Figure 1). Although its design leaves the possiblity that the mouse can fall asleep during the rotation time before being touched by the inner walls, CaReSs device has been shown to keep the ! ""%! mouse awake for 90% of the time during the 6h SD [START_REF] Baud | Sustained sleep fragmentation affects brain temperature, food intake and glucose tolerance in mice[END_REF]. Control animals were similarly maintained in CaResS without rotation. The animals were housed for at least 3 days for habituation to CaResS before SD.

Stress assessment for SD

The stress level of control and sleep-deprived animals was assessed by measuring plasma glucocorticoid levels when animals were sacrificed at the end of SD. The trunk blood was collected in heparinized tubes (microvette, Sarstedt, Nümbrecht, Germany) and centrifuged to separate plasma. Glucocorticoid levels were determined using a commercial kit (Corticosterone Enzyme Immunoassay Kit, Assay Designs, LuBioScience, Lucerne, Switzerland). Data from mice that exhibited elevated glucocorticoid levels were discarded.

Locomotor activity recordings

Passive infrared motion detectors were placed above animal cages and detected rearing and lateral movements with a magnitude > 1-2 cm. Grooming and small movements were not detected. Data were collected through a homemade interface and recorded by bins of 1 min and pooled over every 15 min on a computer.

Surgery and electroencephalogram/electromyogram (EEG/EMG) recording

Anesthesia was induced with 4% and maintained with 1-1.5% isoflurane. Holes were drilled in the skull over the frontal (bregma +1.5 mm and +1 mm laterally), parietal (bregma -3 mm and +1 mm laterally) and contralateral parietal cortices to insert 2 gold-covered screws as EEG electrodes and another screw for anchorage, respectively. Then the screws were fixed to the skull with a thin layer of dental resin (Relyx, 3M). Two gold wires were placed onto the nuchal muscles as electrodes for the EMG recording. The EEG and EMG electrodes were soldered to a connector and dental cement (Paladur) was placed over the electrodes to fix the implant. After surgery, the mice were placed in their home cages to recover for one week. For EEG/EMG recording, the implant was plugged to a swivel-connected wire to allow free movement of the animal. The EEG/EMG signals were recorded and digitized with an Embla A10 amplifier (Medcare, USA), sampled at 100 Hz and filtered between 0.5 and 50 Hz.

Sleep stage scoring and spectral analysis 4-sec epochs of the EEG/EMG traces were visually scored in 3 states-wakefulness (w), NREM sleep (n), and REM sleep (r)-according to classical criteria [START_REF] Tobler | Sleep and sleep regulation in normal and prion protein-deficient mice[END_REF]. Spectral analysis of the EEG signal was performed for NREM sleep during both the 4h recovery sleep (ZT6-ZT10) following SD and the baseline sleep corresponding to the same time period to assess the rebound of slow wave activity (SWA). Briefly, NREM sleep epochs were Fourier transformed (FFT) using MATLAB (MathWorks Inc., Natick, USA) embedded FFT function and personalized routines. For the SWA determination, the power spectrum of each 0.25-Hz bin of the NREM-sleep EEG of the recovery period was summed from 0.5 Hz to 4 Hz and ! ""'! expressed as the percentage of the total NREM spectrum. The rebound of SWA was expressed as the percentage of increase compared to the baseline level.

Quantitative RT-PCR For each mouse, different brain structures were dissected and homogeneized (Ultraturax, IKA, Germany) in ice-cold TRIzol™ and stored at '80 °C until RNA extraction. Total RNA was extracted from tissue samples according to the TRIzol™ manufacturer's protocol. The concentration of each sample was measured with NanoDrop (NanoDrop Technologies, Wilmington, DE, USA), and the purity was assessed using the ratios of optic density at 260/280 nm and 260/230 nm. Finally, the RNA integrity was assessed using a 2100-Bioanalyzer (Agilent Technologies, Waldbronn, Germany). The first strand of cDNA was synthesized from 200 ng of total RNA using TaqMan RT-reagents (Applied Biosystem, Foster City, USA) after incubation during 45 min at 48 °C followed by 5 min at 95 °C and finally stored at 4 °C. Then, 2 µL of RT-reagents were added to 0.5 µL of forward and reverse primers and to 23 µL of Sybr-Green PCR MasterMix (Applied Biosystem, Foster City, USA). Primer sequences were designed using Primer Express (3.0) software (Applied Biosystem, Foster City, USA). Oligonucleotides primers were synthesized by Microsynth (Balgach, Switzerland) and designed according to the published cDNA sequences (NCBI database). The sequences of primers used in this study are listed in Table 1. Forty cycles of amplification were then performed in an ABI Prism 7900 (Applied Biosystem, Foster City, USA) with 384-well plate, which allowed the analysis of 6 genes in triplicate. Finally, data were obtained using the SDS sequence detector software (Applied Biosystem, Foster City, USA). Expression level of target genes was normalized against #-actin or cyclophilin A level according to geNorm software (version 3.3; http://medgen.ugent.be/"jvdesomp/genorm/).

Statistical analysis

For all statical analysis, a nonparametric Mann-Whitney test was used. All data are shown as mean ± SEM. A p value < 0.05 was considered statistically significant. GraphPad Prism 5 software (La Jolla, CA, USA) was used for calculations.

Results mRNA expression of Cx30 is increased by sleep deprivation

As we speculated that astroglial GJCs are involved sleep homeostasis regulation, we first tested whether Cx30 and Cx43 are regulated by changes in sleep homeostasis. To induce such changes, WT mice were deprived of sleep for 6 hours by GSD from the beginning of the light period (ZT0) and then left undisturbed for 3 hours of recovery sleep. Different groups of mice were sacrificed at the end of: 1) 6h spontaneous sleep (ZT6), 2) 6h SD (SD6), 3) 9h of spontaneous sleep (ZT9), and 4) 6h SD and subsequent 3h recovery sleep (SR3), respectively. The cortical and hippocampal mRNA levels of the two Cxs were measured in each group. The mRNA levels of the ! ""(! SD6 and SR3 mice were normalized against and compared to those of the ZT6 and ZT9 mice, respectively.

We found that Cx30 transcript levels in the SD6 group compared to the ZT6 group were increased by 35% in the cortex (SD6 =135% ±!5%, n = 7 mice; ZT6 = 100% ± 3%, n =7 mice) and by 72% in the hippocampus (SD6 = 172% ± 12%, n = 7 mice; ZT6 = 100% ± 7%, n =6 mice). Moreover, Cx30 level remained elevated by 36% in the SR3 group compared to the ZT9 group in the cortex (SR3 = 136% ± 6%, n = 8 mice; ZT9 = 100% ± 2%, n =7 mice) and by 45% in the hippocampus (SR3 = 145% ± 10%, n = 5 mice; ZT9 = 100% ± 6%, n =6 mice). In contrast, Cx43 transcript levels were unchanged in SD6 and SR3 groups compared to their respective controls, except for a small increase of 15% in the SR3 group in the cortex (SR3 = 115% ± 4%, n = 8 mice; ZT9 = 100% ± 2%, n =7 mice) (Figure 2). These observations indicate that Cx30 mRNA expression is strongly increased by high sleep pressure during SD, whereas Cx43 is unaffected by this procedure.

Astroglial gap junctional communication is increased by sleep deprivation in a neuronal activity-and Cx30-dependent manner

We then investigated whether increased Cx30 mRNA expression correlated with simultaneous increase in gap junctional communication after SD. Acute cortical slices were prepared from WT mice at the end the 6h SD protocol with the CaReSs device [START_REF] Petit | Genes involved in the astrocyte-neuron lactate shuttle (ANLS) are specifically regulated in cortical astrocytes following sleep deprivation in mice[END_REF]; Figure 1) or 6h spontaneous sleep (the control). Dye coupling in astroglial networks was then measured in layer I of the somatosensory cortex. We found a 27% increase in the number of coupled cells in brain slices from mice after SD (60 ± 2, n = 7, Figure 3A 2 ) compared to control mice (48 ± 2, n = 8, Figure 3A 1 ). Moreover, 0.5 $M tetrodotoxin (TTX) application in the slices after SD brought down the number of coupled cell (46 ± 2, n = 4) to the same level as that in the control (Figure 3C 1 ), suggesting that SD may increase neuronal activity, which in turn increases gap junctional communication in astrocytes. This feature is similar to that of modafinal-induced increase in coupling (Liu et al., 2013; also see Results Part I). In Cx30 KO mice, there was a 23% decrease in dye coupling (50 ± 1, n = 6) compared to WT mice (38 ± 1, n = 5) under basal condition (Figure 3B), suggesting Cx43 is the major mediator of gap junctional communication in cortical astrocytes. In contrast to WT mice, however, dye coupling remained unchanged after SD (42 ± 1, n = 5) compared to controls (43 ± 1, n = 6) in Cx30 KO mice (Figure 3C 2 ). These results altogether indicate that Cx30, not Cx43, is dynamically regulated by changes in sleep homeostasis.

Cx30 KO mice exhibit less locomotor activity and minor sleep-wake cycle changes in the baseline condition

To identify the possible roles of Cx30 in the regulation of sleep-homeostasis, we characterized the sleep parameters of Cx30 KO mice. Under baseline conditions, the Cx30 KO mice exhibited an overall decreasing tendency in locomotor activity during For Cx30 in both the cortex (left) and hippocampus (right), its mRNA levels in the SD6 and SR3 groups were substantially increased compared to the ZT6 and ZT9 groups, respectively. For Cx43, a small increase was found only in the SR3 group in the cortex; no significant differences were found for other groups (*p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant). Error bars = SEM, as in all other figures. ! ""-! the dark (active) period and at the light-dark transition, with significant differences compared to WT mice at 1h, 13h and 14h (Figure 4), indicating Cx30 KO mice are less active than WT mice, especially during the dark period. We then carried out EEG/EMG recordings to determine precisely the amount of sleep and wakefulness of the Cx30 KO mice. We found that Cx30 KOs had a slight increase of 9% in NREM and a 17% decrease in REM sleep in the light period (Figure 5). Thus, under baseline conditions the Cx30 KO mice displayed minor changes in the duration of both types of sleep.

Cx30 KO mice has compromised capability to maintain awake during SD

The minor changes under baseline conditions of Cx30 KOs point out the possibility that these mice may show a more pronounced sleep response phenotype when challenged by higher sleep pressure. To test this possibility, mice were subjected to 6h SD in the CaReSs device with simultaneous EEG/EMG recordings. Despite the continuous rotation of the CaReSs, the mice were able to fall asleep for very short periods of time, mostly 10-20 sec long (see Materials and methods). The number and episode duration of such short NREM episodes were measured. The Cx30 KO mice showed an increasing tendency in the both parameters compared to the WT, especially during the last 3 hours of the 6h SD (Figure 6A 1 , 6A 2 ). Accordingly, the total duration of NREM sleep for each hour of SD showed a significant increase in the 4 th hour of SD (WT = 7.3 ± 2.4 min, n = 6 mice; Cx30 KO = 20.4 ± 3.4 min, n = 7 mice; Figure 6A 3 ). Finally, the total NREM duration in Cx30 KOs drastically increased by 1 fold compared to that in the WTs (58.1 ± 12.6 min versus 28.1± 6.1 min) during the last 3 hours of SD (Figure 6B). These findings indicate that Cx30 KO mice may have difficulty to maintain the same arousal level as the WT mice, especially during the second half of SD when sleep pressure is mounting so high that they involuntarily enter more short NREM episodes than the WTs do. To confirm that Cx30 KOs have compromised capability to maintain arousal in face of high sleep pressure, we performed GSD, during which the animals are constantly maintained awake, and thus the number of stimuli given during the SD period reflects the sleep propensity of the animal. We found that the Cx30 KOs needed 50% more stimuli than the WTs (WT = 8 ± 1 stimuli, n = 6 mice; Cx30 KO = 12 ± 1 stimuli, n = 6 mice) during the 6 hours of GSD (Figure 7), indicating Cx30 KO mice indeed exhibited higher sleep propensity and were less able to maintain arousal during high sleep pressure.

Cx30 KO mice exhibit higher levels of slow wave activity during recovery sleep

As SWA (0)(1)(2)(3)(4) in NREM sleep reflects the amount of accumulated sleep pressure during prior wakefulness and recovery sleep after sleep deprivation is associated with a rebound of SWA [START_REF] Dijk | EEG power density during nap sleep: reflection of an hourglass measuring the duration of prior wakefulness[END_REF][START_REF] Lancel | Effects of circadian phase and duration of sleep deprivation on sleep and EEG power spectra in the cat[END_REF][START_REF] Tobler | Sleep EEG in the rat as a function of prior waking[END_REF], we measured the percentage of SWA in the total NREM EEG spectrum of mice during the 4h recovery sleep (ZT6-ZT10) after the CaResS SD (Figure 8A). ! "#"!

The level of SWA was not different during baseline sleep between Cx30 KO and WT mice (WT = 34.0% ± 0.3%, n = 6 mice; Cx30 = 37.1% ± 1.2%, n = 7 mice), while both Cx30 KO and WT mice exhibited an enhancement in SWA during recovery sleep (WT = 38.7% ± 0.8%; Cx30 = 44.7% ± 1.4%; Figure 8B). This rebound in the SWA relatively to the baseline level was not different between WT and Cx30 KO mice (13.3 ± 2.4 versus 20.6 ± 3.9%;Figure 8C,left panel). However, the percentage of SWA in the total NREM spectrum was significantly bigger in the Cx30 KO mice compared to that in WT mice, suggesting in the Cx30 KO mice experienced higher sleep pressure in prior SD, which may partly explain their difficulty in maintaining wakefulness during SD (Figure 8C, right panel).

Genes related to brain metabolism are downregulated in the Cx30 KO mice

As an attempt to identify the potential causes of the sleep-wake phenotypes of the Cx30 KOs, we performed quantitative RT-PCR to examine the mRNA expression levels of 14 selected genes related to brain energy metabolism with preferential distributions in either astrocytes or neurons (Table 2). These genes mainly include those involved in the astrocyte-neuron lactate shuttle (ANLS) (Pellerin andMagistretti, 1994, 2012) and glycogen metabolism, which is exclusively carried out by astrocytes [START_REF] Brown | Brain glycogen re-awakened[END_REF]. Two recent works have shown that many of these genes are upregulated by SD [START_REF] Petit | Metabolic response of the cerebral cortex following gentle sleep deprivation and modafinil administration[END_REF][START_REF] Petit | Genes involved in the astrocyte-neuron lactate shuttle (ANLS) are specifically regulated in cortical astrocytes following sleep deprivation in mice[END_REF], suggesting the metabolic pathways involving these genes may be boosted to fulfil the metabolic demands during SD.

Given the substantially elevated sleep propensity of Cx30 KOs during SD, we asked whether these genes have an altered expression in Cx30 KOs. We examined 6 brain structures that are involved in the expression and/or regulation of sleep and wakefulness: the frontal, sensory-motor and occipital cortices, hippocampus, thalamus, and hypothalamus. We found that six of the genes listed in Table 2 showed changes in mRNA expression: all of them were downregulated in Cx30 KOs compared WTs under baseline conditions (Table 3). Among the six genes affected, four of them were downregulated in multiple brain structures (Figure 9). Monocarboxylic acid transporter 2 (Mct2) and protein targeting glycogen (PTG) are the most affected genes-the former was downregulated in four structures and the latter in three. They are followed by lactate dehydrogenase A (Ldha) and brain glycogen phosphorylase (GPhos) that were affected in 2 structures. The extent of expression decreases in the affected genes ranged from 9 to 20% (Table 3). Intriguingly, one of these genes, Mct2, is mainly expressed by neurons. These results suggest that the ANLS and astroglial glycogen metabolism pathways in Cx30 KOs might be hypofunctional, which could be a potential cause of the sleep-wake behavioral deficits of the Cx30 KO mice.

Discussion

In this study, we showed that SD enhanced the mRNA expression of Cx30 and dye coupling in cortical astrocytes, and the latter effect depended on neuronal activity and the presence of Cx30. These observations corroborate our previous findings: ! "#$! wakefulness-promoting modafinil enhanced Cx30 expression at mRNA and protein levels and increased astroglial dye coupling in an activity dependent manner (Liu et al., 2013; see Results Part I). Similarly, in the olfactory glomerulus astroglial dye coupling is also regulated by neuronal activity and requires the presence of Cx30 [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. Therefore, increasing evidence indicates that Cx30 rather than Cx43 mediates the response of the astroglial GJC as a function of neuronal activity level, which is suggested to be elevated under conditions such as SD [START_REF] Vyazovskiy | Cortical firing and sleep homeostasis[END_REF] and modafinil administration [START_REF] Urbano | Modafinil enhances thalamocortical activity by increasing neuronal electrotonic coupling[END_REF].

We then studied the role of Cx30 in the regulation of sleep homeostasis by characterizing the sleep phenotypes of Cx30 KOs. We found that compared to wild type (WT) mice, Cx30 KO mice exhibited slightly higher amount of NREM but lower amount of REM sleep during the light period under baseline conditions. More strikingly, Cx30 KOs underwent substantially more NREM sleep than the WT mice during instrumental SD in the CaReSs device, suggesting these mice are less capable of maintaining arousal when challenged by high sleep pressure. This interpretation is supported by the GSD experiment, showing the Cx30 KO mice needed more stimuli to be maintained awake throughout the deprivation period. In addition, the differences between WTs and Cx30 KOs were more pronounced during the last 3 hours of SD (Figure 6). This may be due to the higher level of sleep pressure compared to the first 3 hours.

A few previous works have investigated other behavioral phenotypes of Cx30 KO mice: these mice exhibit elevated anxiogenic behaviour in novel environments [START_REF] Dere | Connexin30-deficient mice show increased emotionality and decreased rearing activity in the open-field along with neurochemical changes[END_REF] and impaired contextual fear memory [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. These different behavioral deficits of Cx30 KO mice as well as the sleep-wake abnormality we observed in our study point to the multi-functionality of Cx30, which is not surprising given its expression throughout the brain [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF]. Notably, these studies used a Cx30 KO mouse model generated by [START_REF] Teubner | Connexin30 (Gjb6)-deficiency causes severe hearing impairment and lack of endocochlear potential[END_REF], while we used another recently developed model in our study [START_REF] Boulay | Hearing is normal without connexin30[END_REF]; see Materials and methods). The former mouse model suffers from unspecific elimination of Cx26 [START_REF] Lynn | Ablation of connexin30 in transgenic mice alters expression patterns of connexin26 and connexin32 in glial cells and leptomeninges[END_REF], which is thought to be the cause of deafness in these mice since half of Cx26 expression is preserved in the new model and these mice have normal hearing [START_REF] Boulay | Hearing is normal without connexin30[END_REF]. Therefore, we took advantage of the new mouse model to avoid potential unspecific deficits of the old model (Teubner et al., 2003).

Finally, we probed the potential mechanisms by which Cx30 may affect sleep homeostasis. We found that six genes related to brain energy metabolism had decreased mRNA expression in multiple brain structures involved in sleep-wake regulation of Cx30 KO mice. There are a few noteworthy points in this part of our findings. First, the decreases in the gene expressions were relatively small, with the highest reaching only 21% of reduction in PTG in the hippocampus. This is in agreement with the lack of gross physiological deficits (by our observations; Dere et [START_REF] Newman | Glial cell inhibition of neurons by release of ATP[END_REF][START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF] and minor baseline sleep-wake alterations in the Cx30 KO mice: only when challenged by SD did these mice exhibit more pronounced behavorial deficits. Second, one of the six genes affected, Mct2, is the isoform mainly expressed by neurons. How does deletion of Cx30, a gene exclusively expressed by astrocytes [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF][START_REF] Kunzelmann | Late onset and increasing expression of the gap junction protein connexin30 in adult murine brain and long-term cultured astrocytes[END_REF], affect expression of these neuronal genes? This might be a due to unknown functions of Cx30 in regulation of gene expression, which has already been demonstrated for Cx43 [START_REF] Iacobas | Array analysis of gene expression in connexin-43 null astrocytes[END_REF][START_REF] Iacobas | Connexin-dependent transcellular transcriptomic networks in mouse brain[END_REF]. However, considering the absence of Cx30 in neurons, a more likely explanation is that the downregulation in the neuronal genes is an indirect consequence of impaired astroglial metabolic functions, or that neuronal genes are downregulated as a result rather than a cause of sleep-wake phenotype of Cx30 KOs. Third, genes expressed in the three cortical structures were less affected than those in the three subcortical structures (Table 3). In particular, none of the examined genes were affected in the frontal cortex, despite that it is the site which expresses the highest sleep homeostatic response after SD [START_REF] Finelli | Dual electroencephalogram markers of human sleep homeostasis: correlation between theta activity in waking and slow-wave activity in sleep[END_REF][START_REF] Muzur | The prefrontal cortex in sleep[END_REF]. A possible explanation may lie in the relative expression levels of Cx30 compared to Cx43: the subcortical structures have generally higher relative expression of Cx30 compared the cortices, although with an exception of the occipital cortex (Figure 10).

Based on the results discussed above, we propose the following working hypothesis of how Cx30 might contribute to regulation of sleep homeostasis: Cx30 mediates neurometabolic coupling responses, either directly or indirectly, to sustain wakefulness during periods of high sleep pressure. So far, our quantitative RT-PCR experiments have identified that metabolism-related genes were affected in multiple brain structures. The next step will be to determine which structure might be the major contributor to the Cx30 KO phenotype by screening for neurotransmission systems-in particular those known to promote wakefulness-that could be altered in Cx30 KO mice. Promising candidates include the orexinergic system in the hypothalamus and the noradrenergic system in the locus coeruleus: the orexin neurons [START_REF] Parsons | ATP-sensitive potassium channel-mediated lactate effect on orexin neurons: implications for brain energetics during arousal[END_REF] and the noradrenergic neurons [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF] are able to sense extracellular lactate and their firing rates are positively correlated with lactate concentration. These observations suggest that lactate might play a role in promoting wakefulness. Therefore, a direct test of our hypothesis would be to perform in vivo injections of lactate immediately before SD to see whether lactate would rescue the deficits of the Cx30 KOs during SD.

! "#'! Table 3. Levels of the affected genes in different brain structures of Cx30 KO mice expressed as the percentages of those in the WT mice. The genes shown here were significantly downregulated in one or more than one brain structures of the Cx30 KO mice (n = 7) compared to the WT mice (n = 9) (*p < 0.05, **p < 0.01, ***p < 0.001). MCT2 that is mainly expressed by neurons is marked in red. Note that none of the genes were affected in the frontal cortex (marked in light green). When considering the dynamic interactions between neurons and astrocytes, the fact that these glial cells are organized into spatially and functionally restricted networks through gap junction channels (GJCs) (Giaume et al., 2010) raises the possibility that behaviors such as sleep involving large neuronal ensembles may need coordinated action of astrocytes on the network scale. The behavioral consequences of possible astroglial interactions at the network level have begun to be addressed in animal knockout (KO) models of astroglial Cxs (e.g., in hippocampus-dependent learning and memory, see [START_REF] Lutz | Deletion of astrocyte connexins 43 and 30 leads to a dysmyelinating phenotype and hippocampal CA1 vacuolation[END_REF]. Therefore, the goal of my thesis work was to investigate the reciprocal neuroglial interaction at the network level in sleep-wake regulation. Based on this objective, I addressed the following questions: are the GJC-mediated astroglial networks regulated by changes in sleep-wake states and do they contribute to sleep-wake regulation? As presented in the Results part of my thesis, I have provided the following answers to these two questions: 1) GJC-mediated astroglial networks are bidirectionally regulated by pharmacological agents affecting the sleep-wake cycle; 2) instrumentally-induced changes in sleep homeostasis in mice also modulate GJC-mediated astroglial networks; 3) one of the two astroglial Cxs, Cx30, play a key role in these regulations; 4) the inactivation of the gene encoding for Cx30 affects sleep homeostasis of mice: Cx30 deficiency impairs the capability of mice to maintain wakefulness when challenged by high sleep pressure. How Cx30 may contribute to these observed phenomena is the focus of the following discussion.
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One significant feature of astroglial networking through GJCs is its dependence on neuronal-activity: it suggests that the astroglial networking is able to respond to changes in neuronal activity and to make adaptations to fulfill the roles of astrocytes in important brain functions such as neurometabolic and neurovascular coupling. The extent of the gap junctional communication differs according to the level of neuronal activity has been demonstrated in the hippocampus for trafficking of energy metabolites [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF] and in the olfactory glomerulus with dye coupling [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. The findings of my thesis work that modafinil (Liu et al., 2013; Results Part I) and sleep deprivation (SD) (Results Part III) increase astroglial dye coupling in an activity-dependent manner further demonstrates that gap junctional communication in astrocytes is capable of adapting to physiologically demanding situations that involves elevated neuronal activity such as in the presence of high sleep pressure. More importantly, a reoccurring observation of these and some other studies is that the dynamic regulation of astroglial networking in response to neuronal ! "$"! activity is mediated by Cx30, not Cx43: Cx30 underlies the activity-dependence of astroglial dye coupling in the olfactory glomerulus [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]; the sleep deprivation-induced increase in astroglial dye coupling in the somatosensory cortex depends on the presence of Cx30 (Results Part III); gene expression of Cx30 is enhanced in the brains of mice raised in an enriched environment [START_REF] Rampon | Effects of environmental enrichment on gene expression in the brain[END_REF]. Altogether, these observations led us to propose that Cx30 may act as a neuronal activity sensor to dynamically regulate the extent GJC-mediated networking in astrocytes according to the level of neuronal activity.

The functional consequences of this regulation may be multifaceted. First, considering that astroglial networking via GJCs is engaged in energy metabolite trafficking [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF] [START_REF] Herve | Gap junctional channels are parts of multiprotein complexes[END_REF]. There is evidence that Cx30 also interacts with cytoskeletal proteins including actin and tubulin [START_REF] Qu | The role of the cytoskeleton in the formation of gap junctions by Connexin 30[END_REF], which may mediate a recently identified channel-independent role of Cx30 in astroglial morphology [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. In addition, Cx30 has been demonstrated to bind to the PDZ domain-containing protein zonula occludens-1 [START_REF] Penes | Expression of zonula occludens-1 (ZO-1) and the transcription factor ZO-1-associated nucleic acid-binding protein (ZONAB)-MsY3 in glial cells and colocalization at oligodendrocyte and astrocyte gap junctions in mouse brain[END_REF] that is involved in signal transduction and transcriptional modulation [START_REF] Bauer | The dual role of zonula occludens (ZO) proteins[END_REF], suggesting that Cx30 may be part of the molecular machinery that regulates gene expression. These converging lines of evidence indicate that Cx30 may act on multiple levels including GJC-mediated metabolite trafficking and intracellular metabolism pathways to boost energy supply in response to elevated neuronal activity during challenging situations such as SD. In addition to a global upregulation of brain metabolism that sustain neuronal function during periods of high sleep pressure, Cx30 might exert a local but more powerful influence on specific neural circuits where Cx30 expression is enriched and that are known to control sleep and wake via enhanced metabolite production. The orexinergic neurons in the hypothalamus and the noradrenergic neurons in the locus cereolus are likely candidates: both types of neurons are known to promote wakefulness (see Introduction III.2.1) and they both sense and are excited by astroglial lactate [START_REF] Parsons | ATP-sensitive potassium channel-mediated lactate effect on orexin neurons: implications for brain energetics during arousal[END_REF][START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF] the preferred energy substrate of neurons [START_REF] Pellerin | Sweet sixteen for ANLS[END_REF]. Intriguingly, lactate excites noradrenergic neurons like a gliotransmitter rather than as a metabolite [START_REF] Tang | Interleukin-1 induces slow-wave sleep at the prostaglandin D2-sensitive sleep-promoting zone in the rat brain[END_REF]. If it is true that lactate is indeed a yet-unidentified gliotransmitter, it can be inferred that ! "$#! Cx30 may not be simply engaged in metabolic support but also mediate reciprocal signaling with neurons via activity-dependent release of lactate.

My thesis work has focused on the regulation of sleep homeostasis. Considering the ubiquitous expression of the Cx30 in the the grey matter [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF], it is not surprising to find that Cx30 is implicated in other animal behaviors (reviewed in [START_REF] Pannasch | Emerging role for astroglial networks in information processing: from synapse to behavior[END_REF]; see also Introduction II. 3.4). This is consistent with our finding that multiple mouse brain structures show downregulation of metabolism-related genes (Results Part III) in Cx30 KO mice. Apart from their roles in sleep-wake regulation, all the brain structures we examined bear other important functions: e.g., the hippocampus is involved spatial learning and memory; the thalamus is the primary sensory relay to the cortex; the sensory-motor cortex mediate sensory information processing and motor control. Thus the downregulated expression of metabolism-related genes could be a universal mechanism underlying the diverse behavioral deficits of Cx30 KO mice. There is now accumulating evidence indicating that Cx30 and Cx43 play differential roles in various brain functions. For example, Cx30 KO mice display a higher anxiety level in novel environments [START_REF] Dere | Connexin30-deficient mice show increased emotionality and decreased rearing activity in the open-field along with neurochemical changes[END_REF], whereas Cx43 KO mice exhibit an anxiolytic behavior [START_REF] Frisch | Mice with astrocyte-directed inactivation of connexin43 exhibit increased exploratory behaviour, impaired motor capacities, and changes in brain acetylcholine levels[END_REF]. Also, the Cx30 KO mice [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF] and double KO mice of both Cxs (Pannasch et al., 2011) show opposite alterations in excitatory synaptic transmission, indicating Cx43 and Cx30 modulate synaptic transmissions in the opposite directions. Our findings that the expression of Cx30 but not 43 is upregulated by modafinil and SD as well as the Cx30-mediated activity dependence of GJCs (Results Part I, III; Liu et al., 2013;[START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF] also point out the divergent roles of the two Cxs. These observations may partly answer why two different Cxs are expressed in one cell type. Such functional divergence of astroglial Cx30 and Cx43 probably originates from different functions at the molecular level. For instance, Cx43 can form hemichannels HCs under both physiological (Roux et al., in revision;[START_REF] Stehberg | Release of gliotransmitters through astroglial connexin 43 hemichannels is necessary for fear memory consolidation in the basolateral amygdala[END_REF]Torres et al., 2012) and pathological conditions [START_REF] Kang | Connexin 43 hemichannels are permeable to ATP[END_REF]Garré et al., 2010;Orellana et al., 2011a, b), whereas so far the HC function has not been reported for Cx30 in astrocytes, although Cx30 can form functional hemichannels in transfected cells and in Xenopus oocytes [START_REF] Valiunas | Electrical properties of gap junction hemichannels identified in transfected HeLa cells[END_REF][START_REF] Hansen | Distinct permeation profiles of the connexin 30 and 43 hemichannels[END_REF].

! "$$! ATP, as an important gliotransmitter, has been shown to be released through astroglial vesicles [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF] and modulate cortical slow oscillations in vivo [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF] and cortical up states in vitro [START_REF] Poskanzer | Astrocytic regulation of cortical UP states[END_REF]. Recently, adenosine derived from Cx43 HC-mediated ATP release is observed to increase up states of slow oscillations recorded in acute slices of the olfactory glomerulus (Roux et al., in revision). This is consistent with a massive decrease of slow oscillations in the olfactory bulb in the double KO mice of Cx43 and Cx30 (Roux et al., in revision).

In addition, slow oscillations are also decreased during NREM sleep in the prefrontal cortex in the double KO mice (Roux et al., in revision). These findings suggest that Cx43 HC-mediated ATP release might contribute to sleep-related slow oscillations and NREM sleep is likely to be decreased in Cx43 KO mice, although it awaits confirmation in the Cx43 KO mice and in vivo characterization of the sleep-wake behavior of these mice. This is apparently contrary to what we found in the Cx30 KO mice, which display more baseline NREM sleep and increased slow wave activity in recovery sleep (Results Part III). As discussed above, the differential roles in the regulation of slow oscillations/slow wave activity by Cx30 and Cx43 probably result from their distinct functions in metabolic support and ATP release, respectively. The unresolved issue is how to reconcile these apparently contrary functions of the two astroglial Cxs. Do they act in competition? Does one of them take a dominant role over the other under specific conditions? Such questions await more detailed comparative analysis of single Cx KO mice for a particular brain function.

In addition to their molecular functions, Cx43 and Cx30 also show distinct expression patterns. It is known that the expression of Cx43 begins around embryonic day 12 while Cx30 becomes detectable during the third postnatal week in rodents [START_REF] Kunzelmann | Late onset and increasing expression of the gap junction protein connexin30 in adult murine brain and long-term cultured astrocytes[END_REF]. The early developmental emergence of Cx43 is consistent with its crucial role in radial migration of cortical neurons [START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF][START_REF] Cina | Involvement of the cytoplasmic C-terminal domain of connexin43 in neuronal migration[END_REF]. Following the same line of reasoning, its late postnatal appearance may imply a role of Cx30 in neurodevelopmental events that occur in the same time window. Interestingly, while cultured astrocytes only express Cx43, they start to express Cx30 when they are cocultured with neurons [START_REF] Koulakoff | Neurons control the expression of connexin 30 and connexin 43 in mouse cortical astrocytes[END_REF] suggesting that their presence and their differentiation is required. Taking the cortex for example. At the late embryonic and early postnatal stages when cortical neurons have finished migration into their target regions, neural stem cells migrate into the cortex, proliferate locally and differentiate into astrocytes [START_REF] Namihira | Mechanisms of astrocytogenesis in the mammalian brain[END_REF]. Then during the second and third postnatal week synaptogenesis and synaptic pruning take place to wire the cortical neurons, a process in which astrocytes are known to participate [START_REF] Clarke | Emerging roles of astrocytes in neural circuit development[END_REF][START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. The facts that Cx30 appears only after astrocyte differentiation (compared to the onset of Cx43 in undifferentiated radial glia) and that its onset coincides with the period of synaptogenesis imply a possible function of Cx30 in the wiring of neuronal circuits. In addition, neuronal activity is necessary for guidance of wiring and fine-tuning of neuronal connections [START_REF] Yamamoto | Shaping brain connections through spontaneous neural activity[END_REF]. Thus Cx30, being able to mediate activity-dependent responses of astroglial GJCs, and perhaps other ! "$%! astroglial signaling pathways, might contribute to the coordination of astrocytes in their regulation of neural circuit formation.

One prominent feature of astroglial networking is their preferential connections within neuronal functional units compared to areas outside the units, which has been demonstrated for the barrels of the somatosensory cortex (Houades et al., 2008) and the olfactory glomerulus [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. Such compartmented spatial organization of astroglial networking is based on the enrichment of the two astroglial Cxs within these functional units. For the olfactory glomerulus, it is demonstrated that Cx30 mRNA expression is higher than Cx43 [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF]. Moreover, there is even a sub-functional unit difference in the expression of the two Cxs: Cx43 is preferentially expressed at the inner edge of the glomerular neuropile whereas Cx30 is more enriched towards the central part of the glomerulus where neuronal activity takes place [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]. Considering the olfactory glomerulus as well as the barrels of the somatosensory cortex is the site where synapses are enriched, the activity-sensitive Cx30 may play a more important role than Cx43 in the spatial organization of the astroglial networks. Combined with the above-discussed implications of developmental onset of Cx30, it can be further speculated that such overlapping between neural circuits and astroglial networks might be a result of coordinated wiring of the two networks during development and that Cx30 might an important contributor to such coordination.

Finally, Cx30 and Cx43 are differentially distributed in the brain. As shown by an early study [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF] and confirmed by our observations (Results Part III), Cx30 is generally more expressed in subcortical structures compared to Cx43. Their differential distributions suggest that Cx30 and Cx43 may display different functional importance depending on the brain region. Indeed, in contrast to neocortical astrocytes in which Cx43 outweighs Cx30 in both the expression level and contribution to GJC-mediated dye coupling (Results Part III), a recent study showed that the thalamic astrocytes highly express Cx30 compared to Cx43, with the former contributing to about 70% of astroglial gap junctional communication [START_REF] Griemsmann | Characterization of Panglial Gap Junction Networks in the Thalamus, Neocortex, and Hippocampus Reveals a Unique Population of Glial Cells[END_REF]. Previously, the relative contribution of the two astroglial Cxs to gap junctioanl communication have been rarely addressed in brain structures other than the cortex and hippocampus (Cx30 KO mice preserve 50% dye coupling in the hippocampus; see [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF][START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Consequently, it was generally thought that Cx30 constitutes a minor portion of gap junctioanl communications in astrocytes. This recent work in thalamus point to the possibility that Cx30 may play a primary role compared to Cx43 in certain brain functions carried out by brain structures where Cx30 is enriched. This is likely the case for sleep-wake homeostatic regulation. Most of the important nuclei that are involved in sleep-wake control are located in subcortical structures such as the hypothalamus and the brain stem (see Introduction III.2), where Cx30 is also abundantly expressed [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF]. Thus Cx30 may exert an influence on sleep and wake primarily on the subcortical level, whereas Cx43 may act more on the cortical level likely 
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Although the initial goal of my thesis was to investigate the contribution of Cx30 as part of astroglial GJCs in sleep regulations, our finding that Cx30 inactivation results in downregulation of expression of some genes as discussed above strongly suggests a non-channel function of Cx30. Therefore, to further elucidate whether Cx30 acts in GJC-dependent or -independent manner, more specific genetic tools are needed, such as the Cx30 T5M/T5M mice that target only the channel function of Cx30 [START_REF] Grifa | Mutations in GJB6 cause nonsyndromic autosomal dominant deafness at DFNA3 locus[END_REF]. As articulated above that the two astroglial Cxs very likely have different roles depending on the brain region, and Cx43, in particular, has a crucial role in embryonic development [START_REF] Wiencken-Barger | A role for Connexin43 during neurodevelopment[END_REF], one common problem faced by the studies that investigate astroglial Cx functions in vivo is the use of constitutional Cx KO models that suffer from developmental effects and lack of spatial and temporal specificity. Therefore, conditional transgenetic models that have brain region-specificity and are temporally controllable are necessary. Finally, a solution for discriminating GJC and HC functions of Cx43 has begun to emerge: peptides such as TAT-L2 and GAP19 that target the L2 region of the Cx43 C-terminus have been shown to specially inhibit HCs without affecting GJCs (reviewed in [START_REF] Iyyathurai | Peptides and peptide-derived molecules targeting the intracellular domains of Cx43: gap junctions versus hemichannels[END_REF]Abudara et al., in revision). These peptides are of great value for in vitro studies, and they have been applied in vivo in several recent works [START_REF] Stehberg | Release of gliotransmitters through astroglial connexin 43 hemichannels is necessary for fear memory consolidation in the basolateral amygdala[END_REF][START_REF] Wang | Selective inhibition of Cx43 hemichannels by Gap19 and its impact on myocardial ischemia/reperfusion injury[END_REF], although their stability and efficiency in vivo need to be further tested.
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I have accomplished the aim of my thesis work to establish an association between changes in sleep-wake states and GJC-mediated astroglial and to identify the role of Cx30 in sleep homeostasis. The findings of my thesis work have also revealed a few open questions that are worthy of future investigations. As a recent work demonstrated that several general anesthetics specifically impair astroglial Ca 2+ signaling without affecting neuronal activity at low dosages (Thrane et al., 2012), it is likely that astrocytes may independently contribute to the sedative action of the anesthetics. Accordingly, one open issue of my thesis work is whether the effects of modafilnil and the three general anesthetics on astroglial Cx channels ! "$'! contribute to their clinical effects. This possibility can be tested, for example, by examining whether the clinical effects of modafinil and the anesthetics are compromised or not in Cx KO mice. Such investigations would provide valuable knowledge on the action mechanisms of these widely used drugs.
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Apart from sleep-wake regulation, alterations in lactate metabolism might also contribute to other behavioral phenotypes of Cx30 KO mice, such as impairment in hippocampus-dependent learning and memory [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Production of lactate from astroglial glycogenolysis and its trafficking to neurons have been demonstrated to be necessary for long-term memory formation [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF]Newman et al., 2011). Moreover, we have found relatively big (15-20%) decreases in the expressions of Ldha and another two genes related to glycogenolysis in the hippocampus of Cx30 KO mice (see Results Part III), suggesting impaired glycogenolysis and lactate production in the hippocampus of these mice. 4). The remaining question is how neurons behave in the absence of astroglial Cxs. One mechanism underlying the behavioral phenotypes of Cx KO mice may be alterations of brain oscillations. In agreement with this view, vesicular release of gliotransmitters in astrocytes has been shown to impact on slow oscillations [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF][START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF] and gamma rhythms [START_REF] Lee | Suppression of hippocampal synaptic plasticity during slow-wave sleep[END_REF], consequently modulating sleep homeostasis [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF] and recognition memory [START_REF] Lee | Suppression of hippocampal synaptic plasticity during slow-wave sleep[END_REF], respectively. For astroglial Cxs, there are several possible mechanisms by which they may contribute to astroglial modulations of brain oscillations. Both Cxs may function as GJCs to regulate extracellular ion homeostasis to modulate slow oscillations (see Introduction IV.3). As a study has shown that slow oscillations in brain slices depend on neuronal metabolic states [START_REF] Cunningham | Neuronal metabolism governs cortical network response state[END_REF], GJCs may also contribute via its role in energy metabolite trafficking (see Introduction II.3.3) and Cx30 may act additionally through its transcriptional regulation of metabolism related genes. Finally, Cx43 can contribute to gliotransmission, especially ATP release, as hemichannels to regulate slow oscillations. What remains unaddressed is their role in fast oscillations, such as theta, gamma, and beta, which are associated with learning and memory [START_REF] Colgin | GABA transporters in the mammalian cerebral cortex: localization, development and pathological implications[END_REF][START_REF] Igarashi | Coordination of entorhinal-hippocampal ensemble activity during associative learning[END_REF][START_REF] Yamamoto | Successful execution of working memory linked to synchronized high-frequency gamma oscillations[END_REF].
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Figure 1 .

 1 Figure 1. Subtypes of astrocytes. Ia: pial tanycyte. Ib: vascular tanycyte. II: radial astrocyte (Bergmann glia). III: marginal astrocyte. IV: protoplasmic astrocyte. V: velate astrocyte. VI: fibrous astrocyte. VII: perivascular astrocyte. VIII: interlaminar astrocyte. IX: immature astrocyte. X: ependymocyte. XI: choroid plexus cells. Reproduced from Reichenbach and Wolburg, 2005.!

Figure 3 .

 3 Figure 3. Ca 2+ signaling in astrocytes. [Ca 2+] i increase can derive from the endoplasmic reticulum (ER) that expresses InsP3 receptors, which are activated metabotropic G-protein coupled receptors (GPCRs) and phospholipase C (PLC). The ER store is filled by the activity of the store-specific Ca 2+ -ATPase (SERCA). Another Ca 2+ source comes from the entry of extracellular Ca 2+ through ionotropic receptors, store-operated channels (SOC) or Na + /Ca 2+ exchangers (NCXs). Ca 2+ pumps/ATPases (PMCA) can extrude cytosolic Ca 2+ . [Ca 2+ ] i is affected by cytosolic Ca 2+ -binding proteins (CBPs) and the mitochondria. Mitochondrial Ca 2+ uptake occurs through voltage-dependent anion channels (VDAC) in the outer membrane and the uniporter in the inner membrane, while Ca 2+ exits the mitochondria through the mitochondrial NCX and the mitochondrial permeability transition pore (MPTP). Reproduced fromVerkhratsky et al., 2012a. 

Figure 4 .

 4 Figure 4. Receptors, channels and transporters that contribute to astroglial [Na+ ] i changes and the astroglial homeostatic functions regulated by [Na + ] i changes. Abbreviations: ASIC, acid-sensing ion channels; EAAT, excitatory amino acid transporters; ENac, epithelial sodium channels; GAT, GABA transporters; GS, glutamine synthetase, iGluRs, ionotropic glutamate receptors; mito, mitochondrion; Na x , Na + channels activated by extracellular Na + ; NCLX, mitochondrial Na + /Ca 2+ exchanger; NHE, Na + /H + exchanger; NKCC1, Na + /K + /Cl - cotransporter; MCT1, monocarboxylase transporter 1; P2X, P2X purinergic receptor; TRP, transient receptor potential channel. Reproduced from[START_REF] Kirischuk | Sodium dynamics: another key to astroglial excitability?[END_REF] 

Figure 5 .

 5 Figure 5. Pathways for gliotransmitter release from astrocytes. Abbreviations: Xc system, cystine-glutamate exchanger; VRAC, volume-regulated anion channel. Reproduced from Verkhratsky et al., 2012b.

Figure 6 .

 6 Figure 6. Spatial K + buffering: control of extracellular K + homeostasis by astrocytes. Generation of action potentials in neurons leads to rise in [K + ] o . Locally, extracellular K + is taken up locally by individual astrocytes through Na + /K + pumps and Na + /K + /Cl - cotransporters. Local intracellar K + is dispersed from the site of activity into distant astrocytes through gap junction channels (GJCs) and extruded through K ir 4.1 channels back to the extracellular space. Reproduced from Verkhartsky and Butt, 2013.

Figure 7 .

 7 Figure 7. Glutamate-glutamine cycle and the GABA-glutamine cycle. (A) In glutamatergic synapses, released glutamate is mostly taken up by astrocytes, where it is amidated to glutamine by GS and trafficked back to the neurons. In neurons, glutamate is regenerated from glutamine by PAG and ammonia (NH 4 + ) is produced. The ammonia is transported back

Figure 8 .

 8 Figure 8. Functional effects of glutamate, ATP and D-serine released from astrocytes on synaptic events (see text). Abbreviations: Pr, release probability; EctoATPase, extracellular ATPase. Adapted from Hamilton and Attwell, 2010.

Figure 9 .

 9 Figure 9. Schematic representation of the neurovascular unit. Penetrating arterioles and capillaries are covered by endfeet of astrocytes, which also extend perisynaptic processes that cover synapses and detect synaptic activity. Vasoactive interneurons targeting the vasculature synapse onto astrocyte endfeet rather than directly on the vessels. Inserts show the structures of neurovascular units on the level of arterioles (top) and capillaries (down left) and of the 'tripartite synapse' (down right). Adapted from Petzold and Murthy, 2011.

Figure 10 .

 10 Figure10. Major neuronal and astroglial pathways involved in the regulation of cerebral blood flow. In astroyctes, synaptically released glutamate activates metabotropic glutamate receptors (mGluRs) and raises [Ca 2+ ] i , which activates phospholipase A2 (PLA2) to produce arachidonic acid (AA) and its metabolites: prostaglandins (PGs) and epoxyeicosatrienoic acids (EETs) in astrocytes, which dilate vessels, and 20-hydroxy-eicosatetraenoic acid (20-HETE) in smooth muscle around the vessel, which constricts vessels. Elevated [Ca 2+ ] i in astrocyte endfeet also activate Ca 2+ -gated K + channels (g K(Ca) ), releasing K + , which dilates vessels. In neurons, glutamate activating N-methyl-D-aspartate receptors (NMDARs) raises [Ca 2+ ] i , which stimulates neuronal nitric oxide synthase (nNOS) to produce nitric oxide (NO). NO leads to production of cyclic guanosine monophosphate (cGMP) in smooth muscle to dilate vessels. Raised [Ca 2+ ] i , also results in generation of AA, which is converted to PGs that dilate vessels. Adapted from[START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF] 

Figure 11 .

 11 Figure11. Schematic presentation of the astrocyte-neuron lactate shuttle. Glutamate (Glu) released at the synapse is taken up by astrocytes via EAATs together with Na + , which is extruded by Na+/K+ ATPase. Consumption of ATP triggers glucose uptake from the circulation through the glucose transporter 1 (GLUT1) and production of pyruvate through glycolysis in astrocytes. Pyruvate is converted to lactate by lactate dehydrogenase 5 (LDH5) and shuttled to neurons through mainly MCT1 in astrocytes and MCT2 in neurons. In neurons, lactate is converted to pyruvate by LDH1 and enters the Krebs cycle for oxidation. Neurons can also take up glucose via GLUT3. Concomitantly, glutamate uptaken by astrocytes is recycled back to the neurons through the glutamate-glutamine cycle. Abbreviations: GLS, glutaminases. Reproduced from Bélanger et al 2011.

Figure 12 .

 12 Figure 12. Gap junction channels (GJCs) and connexions (Cxs) (A) Schematic drawing of GJCs, connexons and junctional plaques. Adapted from Kandel et al., 1995. (B) Topological model of a Cx. The cylinders represent transmembrane domains (M1-M4). Each of the extracellular loops (E1 and E2) has three conserved cysteine residues. Adapted from Kumar[START_REF] Kumar | The gap junction communication channel[END_REF] 

Figure 13 .

 13 Figure 13. Schematic illustrations of the organizations of astroglial networks in different brain regions. Red triangles, hippocampal pyramidal neurons. Red circles, neurons. Dark blue, astrocytes. Light blue, astrocytes in the septa of the barrel cortex. Adapted from Giaume et al., 2010.

Figure 14 .

 14 Figure 14. Proposed pathways of intercellular Ca 2+ waves initiation and propagation. Local stimulation leads to elevated IP3 in the initiator cell and generates an intracellular Ca 2+ wave by IP3 activated release of Ca 2+ from the ER. Diffusion of IP3 through GJCs to the adjacent cell elicits a second intracellular Ca 2+ wave via IP3Rs. In addition, the initiator cell may release ATP, via plasma membrane channels (hemichannels, maxi-anion channels) or vesicular release, to activate P2Y receptors on adjacent cells, leading to IP3 production and Ca 2+ rise in the adjacent cell. Propagation of Ca 2+ waves may involve the regenerative release of ATP. Abbreviations: DAG, diacyl-glycerol; ER, endoplasmic reticulum; GPCR, metabotropic G-protein coupled receptor; IP3, inositol 1,4,5-trisphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, Phospholipase C; Adapted from Leybaert and Sanderson, 2012.

Figure 15 .

 15 Figure 15. Illustrations of the typical electroencephalography (EEG) signals recorded during different wake-sleep states in humans and rats. Adapted from Brown et al., 2012.

Figure 16 .

 16 Figure 16. The typical structure of human sleep in a night. The hypnogram shows that sleep proceeds in cycles of NREM and REM sleep, the order normally being NREM stage 1, stage 2, stage 3, stage 4, stage 2 and REM. There is more deep sleep (stage 3, 4) in early sleep, while REM sleep increases before awakening. Adapted from Peplow, 2013.

Figure 17 .

 17 Figure 17. Illustrations of several brain oscillatory patterns associated with sleep. The dominant electrical field potentials during slow wave sleep (SWS) are the neocortical slow oscillations (!0.8 Hz), thalamocortical spindles[START_REF] Kj | B@D,@.2D2-.P1./12<2N.+E[END_REF](11)(12)(13)(14)(15), and the hippocampal sharp wave-ripples (SWRs). In animals, REM sleep is characterized by ponto-geniculo-occipital (PGO) waves, which originate from the pontine brain stem and propagate to the lateral geniculate nucleus and visual cortex, and by hippocampal theta rhythms(4)(5)[START_REF];510?2053 !"#$%&'()*(+[END_REF](7)(8). In humans, PGO waves and theta activity are less prominent. Adapted from[START_REF] Rasch | About sleep's role in memory[END_REF] 

Figure 18 .

 18 Figure 18. Example traces of a regular-spiking cortical neuron intracellularly recorded with simultaneous EEG and electromyography (EMG) recordings during wake, SWS and REM sleep in a freely moving cat. Periods marked by horizontal bars are expanded below (arrows).

Figure 19 .

 19 Figure 19. Simultaneous EEG (upper panel) recordings and raster plots of spike activity of 6 cortical neurons (lower panel; each vertical line respresents a spike) in a rat during wake, NREM and REM sleep. Note the high tonic spiking activity of the neurons in wake and REM sleep. In NREM sleep, the rhythmic periods devoid of spiking are temporally associated with negative phase of EEG slow waves. Adapted from Vyazovskiy et al., 2009.

Figure 20 .

 20 Figure20. The dorsal and ventral pathways of the ascending reticular activation system (ARAS). The dorsal pathway (blue) originates in pontine and midbrain reticular formation, most prominently the pedunculopontine and laterodorsal tegmental nuclei (LDT/PPT), which project to the thalamic nuclei that innervate widespread areas of the cerebral cortex. The ventral pathway (red) also originates in pontine/midbrain regions including the locus coeruleus (LC) and the dorsal raphe nuclei (DRN). It is relayed by the lateral hypothalamic (LH) and tuberomammillary (TMN) nuclei of the hypothalamus and the basal forebrain (BF), all of which in turn project to the cortex. Adapted from[START_REF] Brown | Control of sleep and wakefulness[END_REF] 

Figure 21 .

 21 Figure 21. Flip-flop switch model of wake-sleep control. (A) During wake, cholinergic (blue) and monoaminergic neurons (green) of the ARAS are active and inhibit the VLPO/MnPO neurons (magenta). (B) In NREM sleep, VLPO/MnPO neurons fire and inhibit the components of the ARAS. Pathways under inhibition are illustrated as open circles and dashed lines. Abbreviations: MnPO, median preoptic area; PB, parabrachial nucleus (glutamate); PC, precoeruleus area; VLPO, ventrolateral preoptic nucleus; vPAG, ventral periaqueductal gray. Adapted from Saper et al., 2010.

Figure 22 .

 22 Figure 22. Slow oscillations are reduced dnSNARE mice. (A) In vivo current-clamp recordings from neurons showing slow oscillations in the cortex of anesthetized WT and dnSNARE mice (B) Normalized power spectra from WT and dnSNARE animals. Adapted from Fellin et al., 2009.

Figure 23 .

 23 Figure 23. Simultaneous recording of the field potential, a glia, and extracellular K concentration ([K + ] out ) in the cortex of an anesthetized cat.!The slow oscillation in the field potential is in-phase with variations in the [K + ] out and intraglial potentials. Adapted from Amzica et al., 2002.

Figure S1 .

 S1 Figure S1. Effects of several sleep-wake affecting molecules on astroglial gap junction channels (GJCs). (A) The numbers of coupled astrocytes in slices treated with 100$M oleamide (50.60±4.925; n = 5) or 4$M melatonin (43.33±5.783; n = 3) are not significantly different from that in the control slices (50.00±1.125; n = 6). (B) 20$M Ritalin slightly decrease the number of coupled astrocytes (36.20±2.458; n = 5) compared to the control condition (43.80±2.437; n = 4).

  As a part of my thesis work, we first aimed to demonstrate changes in gap junction (GJ)-mediated astroglial networks are correlated with changes in sleep-wake states. To induce such changes, pharmacological treatments of experimental animals with sleep-wake affecting molecules represent one important approach as we have employed in the first part of my thesis work (see Results Part I).

Figure 1 :

 1 Figure 1: Propofol strongly inhibits gap junctional communication in astroglial network from acute cortical slices. A 1 -A 3 : Typical fluorescent images of dye-coupled astrocytes in acute cortical slices under different conditions: control (A 1 ), 15 min propofol 150 $M (A 2 ) and 30 min washout after 15 min of propofol 150 $M (A 3 ). Scale bar, 10 µm. B: Summary diagram indicating the numbers of dye coupled astrocytes under increasing concentrations of propofol. Compared to the control (n = 10), no difference is found with 50 $M (n = 4), while there is a significant decrease with 100$M (n = 5) and 150$M (n = 6).

Figure 2 :

 2 Figure 2: Weak effects of ketamine and dexmedetomidine on gap junctional communication in cortical astroglial networks. A: Dose-response curve for ketamine indicates that this drug is ineffective at 50 $M (n = 5), while its inhibitory effect becomes but significant at 100 $M (n = 6) and more pronounced at 300 $M (n = 4). B: Dose response curve for dexmedetomidine.This anesthetic has no effect on astroglial coupling when used at a concentration of 500 nM (n = 4) and has a weak, but statistically significant, inhibitory action at 1 $M and 10 $M (n = 4 and 5, respectively).

Figure 3 :

 3 Figure 3: Propofol inhibits hemichannel activity in astrocytes studied in acute hippocampal slices treated with LPS. A 1-A 3 and B 1 -B 3 . Representative images of Etd uptake (red) in astrocytes (green) in cortical slices from GFAP-eGFP transgenic mice, after LPS treatment (100 ng/ml, 90 min) in the absence (A 1 and A 2 ) and in the presence (B 1 and B 2 ) of propofol 150 $M. Merge signals are illustrated in A 3 and B 3 , respectively. Scale bars: 10 µm. C. Summary graph demonstrating that Etd uptake in astrocytes from LPS treated slices is strongly inhibited by propofol used at concentration of 25, 50, 100 and 150 mM. Statistical comparisons in B were done with the LPS stimulus condition without propofol (n= 5 independent experiments).

Figure 4 :

 4 Figure 4: Inhibitory effects of ketamine and dexmedetomidine on hemichannel activity in LPS treated astrocytes. A 1-A 3 and B 1 -B 3 . Representative images of Etd uptake (red) in astrocytes (green) in cortical slices from GFAP-eGFP transgenic mice, after LPS treatment (100 ng/ml, 90 min) in the absence (A 1 and A 2 ) and in the presence (B 1 and B 2 ) of ketamine 50 $M. Merge signals are shown in A 3 and B 3 , respectively. Scale bars: 10 µm. C: Summary graph illustrating that the Etd uptake in LPS treated astrocytes is strongly inhibited by ketamine used at concentration of 5, 10, 20 and 50 mM (n= 4 independent experiments). D: Summary graph illustrating that the Etd uptake in LPS treated astrocytes is weakly, but significantly, inhibited by dexmedetomidine used at concentration 10 mM while 1 mM is ineffective (n= 4 independent experiments). Statistical comparisons in C and D were done with the LPS stimulus condition without anesthetics.

Figure 1 .

 1 Figure 1. The schematic drawing of the CaResS device. Adapted from Petit et al., 2013.

Figure 2 .

 2 Figure 2. Effects of sleep deprivation on mRNA expressions of astroglial connexins (Cxs).For Cx30 in both the cortex (left) and hippocampus (right), its mRNA levels in the SD6 and SR3 groups were substantially increased compared to the ZT6 and ZT9 groups, respectively. For Cx43, a small increase was found only in the SR3 group in the cortex; no significant differences were found for other groups (*p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant). Error bars = SEM, as in all other figures.

Figure 3 .

 3 Figure 3. Dye coupling in cortical astrocytes under control condition and after sleep deprivation (SD) in wild type (WT) and Cx30 knockout (Cx30 KO) mice. (A) Representative fluorescent images of the dye coupled cells in acute brain slices from the control mice (A 1 ) and the mice after SD (A 2 ). Note the faintly labeled cells in the periphery of the images. Scale bar, 10 $m. (B) The number of dye coupled cells in Cx30 KO mice was moderately decreased under control condition compared WT mice (**p < 0.01). (C) Dye coupling in WT and Cx30 KO mice after SD. In the WT mice, SD increased the number of coupled cells while TTX treatment abolished the SD-induced increase (C 1 ), whereas in Cx30 KO mice SD failed to increase dye coupling in astrocytes (C 2 ) (**p < 0.01).

Figure 4 .

 4 Figure 4. Hourly locomotor activity of WT and Cx30 KO mice over 24 hours under the baseline condition.The shaded area represents the dark period from 19:00 to 7:00. The activity level is expressed in arbitrary units (AU). Significant decreases were found at 13:00, 1:00 and 2:00 in Cx30 KO mice (n = 6) compared to WT mice (n = 6) (*p < 0.05, **p < 0.01). Data for each mouse were collected and averaged over 6 consecutive days.

Figure 5 .

 5 Figure 5. Cx30 KO mice displayed moderate changes in durations of baseline NREM and REM sleep in the light period. The duration of SWS was significantly increased (A) while that of PS was decreased (B) in the Cx30 KO mice (*p < 0.05).

Figure 6 .

 6 Figure 6. Durations of NREM sleep during the 6-hour CaResS SD protocol. (A) Hourly distributions of NREM sleep over the 6 hour of SD in Cx30 KO and WT mice. Compared to WT mice, Cx30 mice exhibited an increasing tendency in both the number of NREM episodes (A 1 ) and the mean duration of NREM episodes (A 2 ), and consequently a significant increase in the duration of NREM sleep during the 4 th hour of SD (A 3 ) (*p < 0.05). (B) The total NREM sleep duration during the last three hours of SD was significantly longer in the Cx30 KO compared to that in the WT mice (*p < 0.05).

Figure 7 .

 7 Figure 7. Cx3O KO mice needed more stimuli than WT mice to be maintained awake during gentle sleep deprivation (*p < 0.05).

Figure 8 .

 8 Figure 8. Slow wave activity (SWA) of Cx30 KO and WT mice during recovery sleep after SD. (A) The mean NREM sleep spectrum (0.5-40 Hz) of 6 Cx30 KO and 7 WT mice during both baseline and recovery sleep from ZT6 to ZT10. The data points represent the power spectrum of each 0.25-Hz bin expressed as the percentage of the total EEG spectrum of NREM sleep. The area in light blue presents the frequency band of the SWA (0.5-4 Hz), and insert shows the EEG spectra in this frequency band in magnification. (B) The percentages of SWA, which was summed from 0.5 Hz to 4 Hz, were increased in both Cx30 KO and WT mice after SD (*p < 0.05, **p < 0.01). (C) During recovery sleep, the rebound in SWA relative to the baseline level was not different between Cx30 KO and WT mice (left panel), whereas the percentage of SWA in the total NREM spectrum was significant higher in the Cx30 KO mice compared the WT mice (right panel; *p < 0.05).

Figure 9 .Figure 10 .

 910 Figure 9. The expression levels of the four most frequently altered genes (MCT2, PTG, Ldha and Gphos) in Cx30 KO mice in their respective affected brain regions. The mRNA level of each gene was normalized against #-actin or cyclophilin A (*p < 0.05, **p < 0.01, ***p < 0.001).
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Table 1 .

 1 Ion channels in astrocytes. Adapted from Verkhrasky and Butt 2013.

Table 2 .

 2 Astroglial receptors of neurotransmitters and neuromodulators. Adapted from Verkhrasky and Butt 2013.
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Table 3 .

 3 Gliotransmitter

-dependent regulations of synaptic transmission by astrocytes. Abbreviations: EPSC, excitatory postsynaptic current; IPSC, inhibitory postsynaptic current; LTD: long-term depression; LTP, long-term potentiation; NMDA, N-methyl-D-aspartate; TNF, tumor necrosis factor. Adapted from Araque et al., 2014. ! #(!

  + , which dilates vessels. In neurons, glutamate activating N-methyl-D-aspartate receptors (NMDARs) raises [Ca 2+ ] i , which stimulates neuronal nitric oxide synthase (nNOS) to produce nitric oxide (NO). NO leads to production of cyclic guanosine monophosphate (cGMP) in smooth muscle to dilate vessels. Raised [Ca 2+ ] i , also results in generation of AA, which is converted to PGs that dilate vessels. Adapted from[START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF] 
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Table 4 .

 4 The connexin gene family and its chromosomal distribution in mice and humans. From[START_REF] Sohl | Gap junctions and the connexin protein family[END_REF] 
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	Connexins (Cxs) are the molecular components of gap junctions (GJs) in vertebrates.

Table 5 .

 5 Relative immunolabelling densities of Cx30 and Cx43 in various regions of the rat brain. From[START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF] 

	!

#"9 GH-'+%%.(1,(4,2%&'(08.28,)(11+H.1%,

  Cx43 and Cx30 are the main astroglial Cxs in the adult brain

+'&.+%,(4,2%&'(08.28,)(11+H.1,)7211+8%, , !!"5"# /(I,&(,:+2%A'+,2)&.K.&*,(4,2%&'(08.28,)(11+H.1,)7211+8%, 2= G8+)&'(-7*%.(8(0.)28,:+2%A'+:+1&%,

  

	Communications of GJs can be assessed by measuring junctional currents in pairs of
	astrocytes with the double patch-clamp technique. It consists of imposing a voltage
	step in one cell and monitor the currents induced in both cells.

"5"; M2-,RA1)&.(1S:+3.2&+3,2%&'(08.28,1+&I('Q%,

  + ] o -dependent increase in GJ coupling involves phosphorylation of Cx43 by the calmodulin kinase II[START_REF] %%! De Pina-Benabou | Calmodulin kinase pathway mediates the K+-induced increase in Gap junctional communication between mouse spinal cord astrocytes[END_REF].
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	As discussed previously, astrocytes play critical roles in maintaining K + spatial
	buffering and glutamate clearance from the synapse, and the former requires diffusion
	of K + through GJCs (

see Introduction I.2.1). The consequences of lacking the

  

Table 6 .

 6 Loss-of-function approaches for studying astroglial Cxs. Abbreviations: Cre, Cre-recombinase; Cx, Connexin; fl, floxed; GFAP, glial fibrillary acidic protein; GJ, gap junction; T5M, substitution of a threonine by methionine at position 5 of the N-terminus. Adapted from[START_REF] Pannasch | Emerging role for astroglial networks in information processing: from synapse to behavior[END_REF] 

Table 7 .

 7 Summary

of the impact of astroglial Cx deficiency on animal behaviors. Adapted from Pannasch and Rouach, 2013. ! %&!

Table 1 .

 1 Sequences of gene primers.

! ""&!

Table 2 .

 2 The list of brain metabolism-related genes examined.

! "#&!

  , Cx30 may instruct the enhancement of intercellular trafficking to fulfill the increased energy demand for sustaining elevated neuronal activity during challenging situations such as SD. What remains unknown is whether Cx30 itself constitutes part of the enhanced gap junctional communication or only serves as a signal transducer. Second, Cx30 may as well mediate recruitment of intracellular pathways other than gap junctional communication. This hypothesis is supported by our finding that multiple genes related to brain energy metabolism are downregulated at the transcription level in Cx30 KO mice (Results Part III). This finding also suggests that Cx30 has an unidentified role in transcriptional regulation of gene expression. So far the non-channel functions of Cxs have been better documented for

Cx43 (see Introduction II.3.5), which are thought to take place via interactions with intracellular proteins such as cytoskeletal proteins and transcription factors

44+'+1&.28,'(8+%,(4,BH9X,213,BH;9, ,

  What remains to be identified is how Cx30 may "sense" the changes in neuronal activity: what are the neuronal signals that Cx30 senses and what is the signaling pathways in astrocytes that acts on Cx30? In addition, our finding that a neuronal gene, MCT2, is downregulated in Cx30 KO mice (Results Part III) raises another equally unclear issue: how does Cx30 located in astrocytes affect gene expression in neurons?

!"9 P.

Introduction I.2.5); in

  Although my thesis work has focused on Cx30, our finding that two general anesthetics, propofol and ketamine, strongly inhibit astroglial HC activity raises the possibility that astroglial HCs, which are composed by Cx43 and pannexins, might be also involved in sleep regulations (Results Part II). Furthermore, as discussed above, Cx43 HC-mediated ATP release modulates slow oscillations in the olfactory glomerulus, and slow oscillations are decreased during NREM sleep in the prefrontal cortex in the double KO mice(Roux et al., in revision). These findings suggest that Cx43 HC-mediated ATP release might contribute to regulation of sleep homeostasis. Therefore, it would be revealing to compare ATP release and adenosine concentration in Cx43 KO mice before and during SD. Ideally, transgenetic models or mimetic peptides that specifically targets hemichannel forming of Cx43 should be used.The downregulated expression of the energy metabolism-related genes suggests a hypofunction of brain metabolism and possibly decreased concentrations of energy metabolites such as glucose and lactate in the Cx30 KO mice. We speculate that lactate is likely the energy metabolite underlying the sleep phenotypes of the Cx30 KO mice, for several reasons: it plays a central role in the neurometabolic coupling (see Cx30 KO mice, the expressions of MCT2 and Ldha that are directly associated with lactate metabolism and several genes in astroglial glycogenolysis that can also lead to production of lactate are downregulated (see Results Part III); it is closely associated with sleep homeostasis and it directly influences the activity of the wakefulness-promoting orexin and noradrenergic neurons (see Introduction IV.2.
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  Altogether, these observations suggest that lactate is very likely a downstream effector of the action of Cx30 in mediating the coupling between astroglial energy metabolism and neuronal activity. A direct test of this hypothesis would be to compare in vivo concentrations of lactate in WT and Cx30 KO mouse brains and to determine whether injection of lactate in vivo would rescue the behavioral deficits of Cx30 KO mice.So far, I have presented and discussed evidence that both astroglial Cxs participate in sleep regulations, and probably in learning and memory as well (as demonstrated by studies of the double KO mice; see Introduction II.3.
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