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The role of brain barriers in the neurokinetics and pharmacodynamics of lithium

Lithium (Li) is the most widely used mood stabilizer in treating patients with bipolar disorder. However, more than half of the patients do not or partially respond to Li therapy, despite serum Li concentrations in the serum therapeutic range. The exact mechanisms underlying the pharmacokinetic-pharmacodynamic (PK-PD) relationships of lithium are still poorly understood and alteration in the brain pharmacokinetics of lithium may be one of the mechanisms explaining the variability in the clinical response to Li. Brain barriers such as the blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB) play a crucial role in controlling blood-to-brain and brain-to-blood exchanges of various molecules including central nervous system (CNS) drugs. Recent in vivo studies by nuclear resonance spectroscopy revealed heterogenous brain distribution of Li in human that were not always correlated with serum concentrations, suggesting regional and variable transport mechanisms of Li through the brain barriers. Moreover, alteration in the functionality and integrity of brain barriers is reported in various CNS diseases, as a cause or a consequence and in this regard, Li by itself is known to modulate BBB properties such as the expression and activity of various transporters, metabolizing enzymes, and the specialized tight junction proteins on BBB. In this review, we will focus on recent knowledge into the role of the brain barriers as key-element in the Li neuropharmacokinetics which might improve the understanding of PK-PD of Li and its interindividual variability in drug response.

Introduction

About 1-4.5% of the global population is affected by bipolar disorder (BD), with a peak onset age at 15-19 years [START_REF] Gore | Global burden of disease in young people aged 10-24 years: a systematic analysis[END_REF]. Due to the chronicity and early-onset age, BD is the fourth most burdensome disease worldwide for young people aged 10-24 years accounting for 27% of the world population, making it a major public health issue [START_REF] Gore | Global burden of disease in young people aged 10-24 years: a systematic analysis[END_REF][START_REF] Collins | the Executive Committee of the Grand Challenges on Global Mental[END_REF]. Considerable mortality and morbidities were found for BD patients, presenting an extremely higher risk for death from suicide, estimated to be about 10-15% [START_REF] De Bildt | Interrelationship between Autism Diagnostic Observation Schedule-Generic (ADOS-G), Autism Diagnostic Interview-Revised (ADI-R), and the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) classification in children and adolescents with mental retardation[END_REF][START_REF] Goodwin | Rationale for long-term treatment of bipolar disorder and evidence for long-term lithium treatment[END_REF]. One of the major aspects of the clinical management of BD is the prevention of relapses, since it is estimated that individuals with BD will experience one major mood recurrence every two years [START_REF] Radua | Meta-Analysis of the Risk of Subsequent Mood Episodes in Bipolar Disorder[END_REF]. Lithium (Li) is the gold standard treatment for BD patients and the most frequently recommended first-line mood stabilizer treatment worldwide, which has also been shown to efficiently reduce suicide risk by over 8-times in BD patients [START_REF] Goodwin | Rationale for long-term treatment of bipolar disorder and evidence for long-term lithium treatment[END_REF][START_REF] Cipriani | Lithium in the prevention of suicide in mood disorders: updated systematic review and meta-analysis[END_REF]. Li is approved by the U.S Food and Drug Administration and the European Medicines Agency as one of the possible therapeutics for long-term maintenance treatment of BD [START_REF] Goodwin | Rationale for long-term treatment of bipolar disorder and evidence for long-term lithium treatment[END_REF][START_REF] Lopez-Munoz | A History of the Pharmacological Treatment of Bipolar Disorder[END_REF]. However, even at adequate serum levels in the recommended standardized therapeutic window, about at least half of patients do not respond to Li therapy while only one third will fully respond [START_REF] Soares | Brain lithium concentrations in bipolar disorder patients: preliminary (7)Li magnetic resonance studies at 3 T[END_REF], questioning on the relationships between serum Li concentrations and its clinical efficacy [START_REF] Sachs | Variability of brain lithium levels during maintenance treatment: a magnetic resonance spectroscopy study[END_REF][START_REF] Riedl | Duration of lithium treatment and brain lithium concentration in patients with unipolar and schizoaffective disorder--a study with magnetic resonance spectroscopy[END_REF][START_REF] Komoroski | Biomedical applications of 7Li NMR[END_REF]. As a psychotropic drug, Li needs obviously to penetrate brain barriers, to achieve sufficient therapeutic concentrations in the brain parenchyma where it interacts with its pharmacological targets. Since the magnitude of the pharmacologic effect and side effects of a drug depends on the concentration at its receptor sites in the target tissue, brain Li concentration would be of great interest, although to date, Li PK in the brain has not yet been well understood in humans. A part of Li pharmacological response/non response may be thus due to differences in PK in the brain but actually it is still only possible to monitor blood concentrations of Li in the clinics. A better understanding of the PK of Li in the brain is thus crucial for achieving a better understanding of Li response, and exploring brain barriers as variability factor in Li blood/brain exchange gives obviously an opportunity in this context [START_REF] Komoroski | The distribution of lithium in rat brain and muscle in vivo by 7Li NMR imaging[END_REF].

The blood-brain barrier (BBB), the main brain barrier by its surface, is located in brain parenchyma capillaries efficiently controlling blood-to-brain and brain-to-blood exchanges of various molecules. The BBB is constituted by brain microvascular endothelial cells (BMECs) sealed by tight junctions (TJs), playing an important role in maintaining the integrity of BBB and highly restricting paracellular passage of various solutes [START_REF] Hawkins | The blood-brain barrier/neurovascular unit in health and disease[END_REF]. As a charged small inorganic cation, Li may likely not cross BMECs by transcellular passive diffusion, raising the question on the molecular mechanisms by which Li may reach the brain parenchyma. Furthermore, Li itself acting as a modulator agent of the GSK-3/β-catenin pathways in BMECs may also modulate BBB properties during long-term Li medication, such as the expression and functionality of various transporters, metabolism enzymes, and importantly the specialized tight junction proteins (TJs). In addition, brain capillaries render BMECs sensitive to compounds either from blood or brain origin like reactive oxygen species (ROS) and inflammation-mediating compounds involved in some neurological and psychiatric diseases [START_REF] Shuvaev | Targeted modulation of reactive oxygen species in the vascular endothelium[END_REF]. Apart from the BBB, another well-known brain barrier exists between the blood and the cerebrospinal fluid (CSF) known as the blood-CSF barrier (BCSFB) [START_REF] Johanson | The blood-cerebrospinal fluid barrier: structure and functional significance[END_REF]. BCSFB is mainly consisted by choroid plexus epithelial cells that are connected with tight junctions, which controls the materials exchange between the blood and the CSF and plays a critical role in the brain homeostasis [START_REF] Evans | Non-Invasive MRI of Blood-Cerebrospinal Fluid Barrier Function[END_REF].

In this review, we will focus on recent knowledge regarding the role of the BBB and the BCSFB as variability factors affecting CNS pharmacokinetic-pharmacodynamic (PK-PD) relationships of Li therapy. This topic is an emerging opportunity in designing further clinical applications to optimize Li dosage regimen, personalized medicine, and putative directed benefits in treating brain barriers-related diseases with Li.

Lithium transport through brain barriers 1.Lithium neuropharmacokinetics

Neuropharmacokinetics of Li (summarized in Table 1) is crucial as its therapeutic effects and toxicity are likely related to its brain concentrations. Brain Li concentrations in human were reported in the range 0.5 -0.8 mM, serum Li concentrations being usually higher than those found in the brain with a mean serum-to-brain ratio about 1.4 (ranging from 0.8 -2.0) in BD patients [START_REF] Sachs | Variability of brain lithium levels during maintenance treatment: a magnetic resonance spectroscopy study[END_REF][START_REF] Komoroski | Biomedical applications of 7Li NMR[END_REF][START_REF] Plenge | 24-hour lithium concentration in human brain studied by Li-7 magnetic resonance spectroscopy[END_REF]. Consequently, brain elimination half-life of Li in patients is longer than that in serum (48 vs 30 h and 28 vs 16 h in these two different studies, respectively) [START_REF] Girard | 7Li 2D CSI of human brain on a clinical scanner[END_REF][START_REF] Renshaw | In vivo measurement of lithium in humans by nuclear magnetic resonance spectroscopy[END_REF]. Lithium-7 magnetic resonance spectroscopy imaging ( 7 Li-MRI) is the most widely applied non-invasive method to study brain Li distribution in animals and humans [START_REF] Komoroski | The distribution of lithium in rat brain and muscle in vivo by 7Li NMR imaging[END_REF][START_REF] Machado-Vieira | A Selective Association between Central and Peripheral Lithium Levels in Remitters in Bipolar Depression: A 3T-(7) Li Magnetic Resonance Spectroscopy Study[END_REF][START_REF] Komoroski | Lithium compartmentation in brain by 7Li MRS: effect of total lithium concentration[END_REF][START_REF] Komoroski | In vivo 7Li nuclear magnetic resonance study of lithium pharmacokinetics and chemical shift imaging in psychiatric patients[END_REF][START_REF] Komoroski | Estimating intracellular lithium in brain in vivo by localized 7Li magnetic resonance spectroscopy[END_REF][START_REF] Ramaprasad | Lithium spectroscopic imaging of rat brain at therapeutic doses[END_REF][START_REF] Ramaprasad | In vivo 7Li NMR imaging and localized spectroscopy of rat brain[END_REF][START_REF] Ramaprasad | Pharmacokinetics of lithium in rat brain regions by spectroscopic imaging[END_REF][START_REF] Renshaw | Relaxation and imaging of lithium in vivo[END_REF][START_REF] Renshaw | In vivo nuclear magnetic resonance imaging of lithium[END_REF][START_REF] Port | Short TE (7) Li-MRS confirms Bi-exponential lithium T2 relaxation in humans and clearly delineates two patient subtypes[END_REF][START_REF] Lee | 4-T 7Li 3D MR spectroscopy imaging in the brains of bipolar disorder subjects[END_REF].

Recently, our laboratory has further established a new 7 Li-MRI method with high spatial resolution and precision to determine Li 3D spatial distribution in ex vivo rat brain [START_REF] Stout | Investigation of lithium distribution in the rat brain ex vivo using lithium-7 magnetic resonance spectroscopy and imaging at 17.2 T[END_REF]. Li distribution was uneven throughout the rat brain, with lower concentrations in the mesencephalon and higher concentrations in the cerebral cortex [START_REF] Stout | Investigation of lithium distribution in the rat brain ex vivo using lithium-7 magnetic resonance spectroscopy and imaging at 17.2 T[END_REF]. Consistent results have been achieved in the rat supporting our data that Li has an uneven distribution [START_REF] Ebadi | Pharmacokinetics of lithium and its regional distribution in rat brain[END_REF][START_REF] Edelfors | Distribution of sodium, potassium and lithium in the brain of lithium-treated rats[END_REF][START_REF] Mukherjee | Temporal and regional differences in brain concentrations of lithium in rats[END_REF][START_REF] Nelson | Localization and quantitation of lithium in rat tissue following intraperitoneal injections of lithium chloride. II. Brain[END_REF].

Quantifying Li in human brain revealed the highest Li levels in the pons and the retrosplenial cortex, the lowest being in the cerebellum and in the white/grey matter [START_REF] Francis | Lithium distribution in the brains of two manic patients[END_REF][START_REF] Spirtes | Lithium levels in monkey and human brain after chronic, therapeutic, oral dosage[END_REF][START_REF] Wittrig | An ashing technique for endogenous lithium in human brain and other biological tissues[END_REF]. Brain Li concentrations determined by 7 Li-MRI in Li-treated BD patients were around half those in plasma with the highest concentration in the left hippocampus [START_REF] Stout | Accumulation of Lithium in the Hippocampus of Patients With Bipolar Disorder: A Lithium-7 Magnetic Resonance Imaging Study at 7 Tesla[END_REF], meanwhile brain Li concentrations increased dramatically during episodes of mania, with no alternations in plasma concentrations [START_REF] Kato | Brain lithium concentration by 7Li-and 1H-magnetic resonance spectroscopy in bipolar disorder[END_REF]. Moreover, acute or chronic administration also seems to affect the Li brain distribution, in which Li brain distribution is less homogeneous when Li was administered chronically [START_REF] Ramaprasad | Lithium spectroscopic imaging of rat brain at therapeutic doses[END_REF][START_REF] Sandner | Distribution of lithium in the rat brain after a single administration known to elicit aversive effects[END_REF].

Serum Li concentrations are nonparallel with brain Li concentrations: Evidence for an active transport in brain barriers

Lithium in biological fluids is an inorganic cation with a low molecular weight (7 g/mol), which was firstly supposed to be possibly transported passively and freely from the blood to the brain. However, as in the case for a variety of other inorganic cations like sodium and potassium [START_REF] Eisenberg | Transport of sodium and potassium across the blood-brain barrier[END_REF][START_REF] Betz | Blood-brain barrier permeability and brain concentration of sodium, potassium, and chloride during focal ischemia[END_REF], it is still a slow process for Li to equilibrate between serum and brain due to its positive charge [START_REF] Amdisen | Lithium and the transfer rate of sodium across the blood-brain barrier[END_REF]. Unidirectional transport of sodium (Na) from blood to brain has been validated in a series of reports through various energy-consuming transporters, carriers and channels at the BBB [START_REF] Betz | Blood-brain barrier permeability and brain concentration of sodium, potassium, and chloride during focal ischemia[END_REF][START_REF] Ennis | Mechanisms of sodium transport at the blood-brain barrier studied with in situ perfusion of rat brain[END_REF][START_REF] Betz | Blood-brain barrier sodium transport limits development of brain edema during partial ischemia in gerbils[END_REF][START_REF] O'donnell | Blood-brain barrier Na transporters in ischemic stroke[END_REF]. In fact, much preclinical and clinical evidence support also this hypothesis for Li. A 24-hour observation of brain and serum concentrations following Li intake in humans and studied by Li-7 magnetic resonance spectroscopy showed a delayed peak Li concentration in the brain compared to serum, suggesting either a slow brain distribution or a blood to brain barrier slowing down its transport into the brain parenchyma [START_REF] Plenge | 24-hour lithium concentration in human brain studied by Li-7 magnetic resonance spectroscopy[END_REF]. Another experiment conducted in humans confirmed these results, with peak Li concentrations in the brain delayed by 0 to 2 h after peak serum concentrations [START_REF] Komoroski | Measurement of psychoactive drugs in the human brain in vivo by MR spectroscopy[END_REF]. The BBB and the BCSFB are the two main brain barriers limiting the drug exchange between the blood and the brain parenchyma, and whose variability in terms of expression and/or function may be responsible for the nonparallel Li concentrations in blood and brain as well as its heterogeneous brain distribution. The BBB and the BCSFB may play different roles affecting Li accumulation in the brain parenchyma at different states. During the brain Li accumulation phase, when brain Li entry is higher than its elimination from the brain, delayed peak concentration was found in the rat brain homogenate (12 h), compared with CSF (2 h) and plasma (0.25 h) after a single dose of Li chloride administered by intraperitoneal injection. This observation possibly suggests a role for active BBB transport mechanism affecting its brain entry and delayed equilibrium [START_REF] Hanak | Study of blood and brain lithium pharmacokinetics in the rat according to three different modalities of poisoning[END_REF]. In contrast, during the brain Li elimination phase, 24 hours after a single oral administration of Li, brain parenchymal Li concentrations were still quantifiable in contrast to those in the CSF, muscle and blood which were undetectable, suggesting that the brain clearance of Li occurs with different kinetics through the BCSFB or the BBB probably due to its binding to brain parenchyma proteins [START_REF] Komoroski | The distribution of lithium in rat brain and muscle in vivo by 7Li NMR imaging[END_REF][START_REF] Renshaw | In vivo measurement of lithium in humans by nuclear magnetic resonance spectroscopy[END_REF][START_REF] Hillert | Uptake of lithium into rat brain after acute and chronic administration[END_REF]. These findings have been also supported by a study showing that Li concentrations decline quickly in the CSF along with those in the plasma, while those in the brain parenchyma remain stable and decline slowly [START_REF] Hanak | Study of blood and brain lithium pharmacokinetics in the rat according to three different modalities of poisoning[END_REF].

Several studies have suggested that Li may cross more the BCSFB by passive paracellular diffusion. Interestingly, BCSFB has also specific features regarding the protein composition of the cellular junctions that could also affect the paracellular diffusion of solutes including water and ions [START_REF] Wraae | The pharmacokinetics of lithium in the brain, cerebrospinal fluid and serum of the rat[END_REF][START_REF] Prockop | Cerebrospinal fluid lithium: passive transfer kinetics[END_REF]. Recent report based on in situ rat brain perfusion experiments showed that Li transport across the BBB is poor, suggesting indirectly some distinct transport mechanisms across the BBB and the BCSFB for Li [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. It has been put forward that Li was handled similarly by transport mechanisms across "leaky" membrane/barrier and differently across "tight" membrane/barrier [START_REF] Ehrlich | Lithium, membranes, and manic-depressive illness[END_REF]. Like the BBB, the BCSFB is a selective permeable tight barrier very restrictive to both small and large solutes from the very earliest stages of brain development when the choroid plexuses are just forming. However, the BSCFB was shown more permeable for some small cations and water than the BBB. A major question on CSF secretion has been how water is transferred from the blood across the epithelial cells into the CSF cavity. Although, the role of aquaporins transporting water by trans-cellular diffusion have been demonstrated in choroidal epithelial cells, the volume of water required to support normal rates of CSF secretion would appear to be much larger than that could be provided solely by this mechanism. In addition, the paracellular movement of water through the cellular junctions of the BCSFB has long been postulated as a possible alternative and an additive route which could be also suggested for some small inorganic cations. Several studies support such hypothesis. Indeed, the choroid plexus exhibits high selective expression of the pore-forming claudins 1, 2 and 3 in the intercellular TJ of the BCSFB whereas these claudins have very low expression in BBB microvessels [START_REF] Kratzer | Complexity and developmental changes in the expression pattern of claudins at the blood-CSF barrier[END_REF], and an increased water flux through TJ that contains claudin-2 as compared to non-pore forming claudins [START_REF] Rosenthal | Claudin-2, a component of the tight junction, forms a paracellular water channel[END_REF]. Thus, paracellular transfer of water and inorganic cations across the BCSFB would appear to be quite plausible as some studies have also shown that expression of claudin-2 in TJ also confers selective permeability to cations whilst maintaining low permeability to anions and other solutes [START_REF] Amasheh | Claudin-2 expression induces cation-selective channels in tight junctions of epithelial cells[END_REF].

Interestingly, [START_REF] Yu | Molecular basis for cation selectivity in claudin-2-based paracellular pores: identification of an electrostatic interaction site[END_REF] have shown that claudin-2 pores were also permeable to Li, albeit to a lesser extent than K + and Na + [START_REF] Yu | Molecular basis for cation selectivity in claudin-2-based paracellular pores: identification of an electrostatic interaction site[END_REF]. Thus, the paracellular pathway for Li could possibly occur in the BCSFB through pore-forming features of claudins (Figure 2) and to a lesser extent at the BBB as these claudins are not expressed (Figure 1). The transporters involved may also allow different velocities of Li net flux across these brain barriers [START_REF] Ehrlich | Lithium, membranes, and manic-depressive illness[END_REF]. All these data suggest at least a possible active transport of Li across the brain barriers resulting in the nonparallel Li levels in blood and brain/CSF. The faster rise in Li concentrations in the CSF as compared to the brain parenchyma could also be attributed to the extent of paracellular diffusion of Li through the BCSFB rather than through the BBB.

Serum Li concentrations poorly predict Li treatment efficacy and toxicity: The emerging role of the BBB

Therapeutic Drug Monitoring (TDM) is a standard of care to follow-up Li therapy in clinical practice considering its narrow therapeutic window. Lithium serum concentration is an easy and widely used biomarker of Li follow-up treatment. However, even as gold standard in treating BD patients, approximately 40% of BD patients do not respond to Li treatment, despite serum Li concentrations within the therapeutic window (0.8 to 1.2 mM) 12 hours after intake of tablets containing sustained release forms of Li [START_REF] Gupta | Annual cost of bipolar disorder to UK society[END_REF][START_REF] Sproule | Lithium in bipolar disorder: can drug concentrations predict therapeutic effect?[END_REF]. Kato et al (1994) explored the relationship between brain Li concentrations and the therapeutic response in a clinical trial including 14 BD patients, and showed a significant linear correlation between brain Li concentrations and improvement in BD therapeutic scores (r=0.64, P< 0.05), while no significant correlation was found using serum Li concentrations (r= 0.33). In addition to Li efficacy, serum concentration is a poor predictor of Li toxicity [START_REF] Speirs | Severe lithium toxicity with "normal" serum concentrations[END_REF][START_REF] Kato | Lithium side effects in relation to brain lithium concentration measured by lithium-7 magnetic resonance spectroscopy[END_REF]. Despite serum concentrations within the therapeutic window, life-threatening Li toxicity could be observed [START_REF] Speirs | Severe lithium toxicity with "normal" serum concentrations[END_REF]. In another study, Li side-effects were found more closely related to brain Li concentrations measured by 7 Li-MRI [START_REF] Kato | Lithium side effects in relation to brain lithium concentration measured by lithium-7 magnetic resonance spectroscopy[END_REF]. Patients with tremor exhibited significantly higher brain Li concentrations compared with those without tremor, although no significant alteration in serum Li concentrations was seen [START_REF] Kato | Lithium side effects in relation to brain lithium concentration measured by lithium-7 magnetic resonance spectroscopy[END_REF].

Therefore, it is important to identify any possible biochemical and/or clinical mechanisms behind Li response variability, which should be crucial for future personalized Li therapy.

Recently, our lab has identified several molecular biomarkers associated with response to Li treatment [START_REF] Moreira | Lithium effects on serine-threonine kinases activity: High throughput kinomic profiling of lymphoblastoid cell lines from excellent-responders and non-responders bipolar patients[END_REF][START_REF] Geoffroy | Circadian genes and lithium response in bipolar disorders: associations with PPARGC1A (PGC-1alpha) and RORA[END_REF][START_REF] Geoffroy | Lithium response in bipolar disorders and core clock genes expression[END_REF][START_REF] Moreira | Lithium response in bipolar disorder: No difference in GADL1 gene expression between cell lines from excellent-responders and non-responders[END_REF][START_REF] Marie-Claire | A DNA methylation signature discriminates between excellent and non-response to lithium in patients with bipolar disorder type 1[END_REF]. We hypothesized that BD non-responders may present inadequate brain Li pharmacokinetic profile [START_REF] Stout | Investigation of lithium distribution in the rat brain ex vivo using lithium-7 magnetic resonance spectroscopy and imaging at 17.2 T[END_REF][START_REF] Hanak | Study of blood and brain lithium pharmacokinetics in the rat according to three different modalities of poisoning[END_REF][START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. Interestingly, a recent study was consistent with our findings showing that serum Li concentrations poorly predicted the therapeutic efficacy and risk of relapse or non-response, while brain Li concentrations were validated as a more accurate tool, suggesting that Li response may be more closely related with altered Li transport across the BBB [START_REF] Machado-Vieira | A Selective Association between Central and Peripheral Lithium Levels in Remitters in Bipolar Depression: A 3T-(7) Li Magnetic Resonance Spectroscopy Study[END_REF]. A better prognosis was achieved in patients with sufficient serum concentrations (0.6-1.2 mM) compared with patients with lower serum concentrations (< 0.6 mM) [START_REF] Nolen | The association of the effect of lithium in the maintenance treatment of bipolar disorder with lithium plasma levels: a post hoc analysis of a double-blind study comparing switching to lithium or placebo in patients who responded to quetiapine (Trial 144)[END_REF]. However, no difference regarding the onset of adverse effects was found between patients exhibiting 0.6-1.2 mM and < 0.6 mM lithium concentration [START_REF] Nolen | The association of the effect of lithium in the maintenance treatment of bipolar disorder with lithium plasma levels: a post hoc analysis of a double-blind study comparing switching to lithium or placebo in patients who responded to quetiapine (Trial 144)[END_REF].

Additionally, brain Li concentrations were found to be negatively correlated with age, suggesting that putative Li transport mechanisms allowing Li brain entry through the BBB could be downregulated by age [START_REF] Machado-Vieira | A Selective Association between Central and Peripheral Lithium Levels in Remitters in Bipolar Depression: A 3T-(7) Li Magnetic Resonance Spectroscopy Study[END_REF].

Transport mechanisms of Lithium across the BBB and BCSFB

As Li was classified into the same alkali metal group in the Mendeleev's table as sodium (Na) due to similar chemical and physical properties, it is possible that Li and Na would be transported across the BBB by shared active transporters. At the BBB, several types of sodium-coupled transporters and channels have been identified mediating Na entry into the brain, located at the luminal and/or abluminal membranes of BMECs. These carriers include the Na + /H + antiporters (NHE, SLC9A) [START_REF] Betz | Sodium transport in capillaries isolated from rat brain[END_REF][START_REF] Lam | Cerebral microvascular endothelial cell Na/H exchange: evidence for the presence of NHE1 and NHE2 isoforms and regulation by arginine vasopressin[END_REF], the sodium/carbonate symporters (NBC, SLC4A) [START_REF] Taylor | Transporters involved in regulation of intracellular pH in primary cultured rat brain endothelial cells[END_REF], the Na + /K + /Cl -cotransporters (NKCC, SLC12A) [START_REF] Sun | Astroglial cell-induced expression of Na-K-Cl cotransporter in brain microvascular endothelial cells[END_REF][START_REF] O'donnell | Role of Na-K-Cl cotransport in vascular endothelial cell volume regulation[END_REF], the Na + /K + ATPase pump [START_REF] Kubo | Quantitative Determination of Luminal and Abluminal Membrane Distributions of Transporters in Porcine Brain Capillaries by Plasma Membrane Fractionation and Quantitative Targeted Proteomics[END_REF] and the sodium-amino acids cotransporters [START_REF] Broer | The SLC38 family of sodium-amino acid co-transporters[END_REF]. Early evidence suggesting that Li and Na could share a same unidirectional transport system in the BBB was validated in insects in 1975, showing that a transporter which accepts Li can interfere with Na transport across the BBB [START_REF] Schofield | Sodium transport and lithium movements across the insect blood-brain barrier[END_REF]. However, the molecular mechanism based on Na-Li transport at BBB was not clarified for a long time. Our recent data demonstrated that Li transport at the BBB was significantly altered by Na, indicating the possible involvement of Na-coupled carriers allowing Li transport across the BBB [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. This was further validated using in vitro human BBB models, including the human BBB cell line hCMEC/D3 [START_REF] Weksler | Blood-brain barrier-specific properties of a human adult brain endothelial cell line[END_REF] and cord-blood-derived hematopoietic stem cells derived from the human BBB model [START_REF] Cecchelli | A stable and reproducible human blood-brain barrier model derived from hematopoietic stem cells[END_REF]. Li influx was significantly increased in hCMEC/D3 cell using Na-free buffer, while depletion of chloride or carbonate in the transport buffer had no effect. Accordingly, a relationship between Na and Li transport in red blood cells [START_REF] Pandey | Lithium transport pathways in human red blood cells[END_REF] or renal tubules [START_REF] Thomsen | A hypothesis linking sodium and lithium reabsorption in the distal nephron, Nephrology, dialysis, transplantation[END_REF] was evidenced in a previous work, showing that Li was actively transported across cell membranes through Na-coupled transporters in rat kidney [START_REF] Thomsen | A hypothesis linking sodium and lithium reabsorption in the distal nephron, Nephrology, dialysis, transplantation[END_REF]. We have further validated the hypothesis that Na-coupled transporters might play a crucial role in Li transport across the BBB [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF], especially transporters from the solute carrier superfamily (SLC) like NHE, NBC and NKCC which have been identified to be expressed in the BBB and mediating Na influx [START_REF] O'donnell | Blood-brain barrier Na transporters in ischemic stroke[END_REF] (also seen in Figure 1).

Early evidence for the expression of NHEs on BBB was raised in 1983, showing Na transport from blood to brain using isolated rat brain capillaries was inhibited by furosemide and amiloride, two non-specific NHEs inhibitors [START_REF] Betz | Sodium transport from blood to brain: inhibition by furosemide and amiloride[END_REF]. Later studies confirmed these results claiming that the non-specific NHEs inhibitor DMA and the specific NHEs inhibitor HOE-42, significantly decreased Na entry from blood to brain in a rat stroke model [START_REF] Ennis | Mechanisms of sodium transport at the blood-brain barrier studied with in situ perfusion of rat brain[END_REF][START_REF] O'donnell | Intravenous HOE-642 reduces brain edema and Na uptake in the rat permanent middle cerebral artery occlusion model of stroke: evidence for participation of the blood-brain barrier Na/H exchanger[END_REF], further validating the functional expression of NHEs at the rat BBB. In our recent work, DMA, a nonspecific NHEs inhibitor, decreased the influx of Li by 50% in hCMEC/D3 cells [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF].

Although no other reports demonstrated the involvement of NHEs in Li transport at the BBB, Thomsen & Shirley reported similar results in the late distal tubules in kidney, showing the possible involvement of NHEs in Li transport by the epithelial basolateral membrane [START_REF] Thomsen | A hypothesis linking sodium and lithium reabsorption in the distal nephron, Nephrology, dialysis, transplantation[END_REF].

The NHE family contains 9 isoforms, of which, NHE6, NHE7, NHE8 and NHE9 may not be involved in plasma membrane Li transport across the BBB, as they are mainly located in endosomes and the Golgi apparatus rather than at the plasma membrane [START_REF] Orlowski | Na+/H+ exchangers[END_REF]. Some studies evidenced the participation of plasma membrane expressed NHE1-5 in mediating net Na entry into the brain and net proton efflux from brain to blood [START_REF] Lam | Cerebral microvascular endothelial cell Na/H exchange: evidence for the presence of NHE1 and NHE2 isoforms and regulation by arginine vasopressin[END_REF][START_REF] Orlowski | Na+/H+ exchangers[END_REF], with NHE1 and NHE2 mainly but not exclusively expressed on the BBB luminal surface [START_REF] Lam | Cerebral microvascular endothelial cell Na/H exchange: evidence for the presence of NHE1 and NHE2 isoforms and regulation by arginine vasopressin[END_REF]. NHE1-5, NHE1 and NHE5 are the predominant NHE genes expressed in primary cultured rat BMECs, whereas NHE2, NHE3 and NHE4 are not expressed [START_REF] Mokgokong | Ion transporters in brain endothelial cells that contribute to formation of brain interstitial fluid[END_REF]. These findings are consistent with our observations showing that NHE1 and NHE5 were the main NHE genes expressed in isolated primary human BMECs or hCMEC/D3 cells, while NHE2, NHE3 and NHE4 were barely detected [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF], indicating the possible involvement of NHE1 and NHE5 in Li transport at the BBB.

Apart from NHEs, Li influx in hCMEC/D3 cells was also significantly reduced by DIDS, a non-specific NBCs inhibitor, suggesting the participation of NBCs in the transport of Li in human brain endothelial cells [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. Previous studies reported the involvement of NBCs in Li transport in other tissues and cells. In rabbit renal vesicles, Li was found to inhibit the HCO 3 --stimulated Na influx [START_REF] Soleimani | Cation specificity and modes of the Na+:CO3(2-):HCO3-cotransporter in renal basolateral membrane vesicles[END_REF]. In HEK293 cells over-expressed NBCe1, Li was shown to modulate DIDS-sensitive HCO 3 --dependent Na extrusion [START_REF] Amlal | Functional characterization of a cloned human kidney Na+:HCO3-cotransporter[END_REF]. Gene expression of NBCn1 and NBCe2 was found at the human BBB, in contrast to NBCn2 and NBCe1 [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. The presence of NBCn1 was also verified in rat brain capillaries using immunohistochemistry staining [START_REF] Mokgokong | Ion transporters in brain endothelial cells that contribute to formation of brain interstitial fluid[END_REF] and in rat primary cultured BMEC both at mRNA and protein levels [START_REF] Taylor | Transporters involved in regulation of intracellular pH in primary cultured rat brain endothelial cells[END_REF],

compared with the absence of NBCn2 in rat brain capillaries [START_REF] Mokgokong | Ion transporters in brain endothelial cells that contribute to formation of brain interstitial fluid[END_REF], It is also well defined that NKCCs were involved in the brain uptake of Na [START_REF] O'donnell | Bumetanide inhibition of the blood-brain barrier Na-K-Cl cotransporter reduces edema formation in the rat middle cerebral artery occlusion model of stroke[END_REF][START_REF] O'donnell | Estradiol reduces activity of the blood-brain barrier Na-K-Cl cotransporter and decreases edema formation in permanent middle cerebral artery occlusion[END_REF], mainly through NKCC1, which is found on the luminal side of BBB endothelial cells [START_REF] O'donnell | Estradiol reduces activity of the blood-brain barrier Na-K-Cl cotransporter and decreases edema formation in permanent middle cerebral artery occlusion[END_REF][START_REF] Foroutan | Moderate-to-severe ischemic conditions increase activity and phosphorylation of the cerebral microvascular endothelial cell Na+-K+-Clcotransporter[END_REF].

Moreover, bumetanide, a high-selective NKCCs inhibitor, is able to decrease the efflux of Li from Li-loaded erythrocytes [START_REF] Hardman | Correction for the adverse influence of sodium-potassium cotransport on apparent sodium-lithium countertransport activity in human erythrocytes[END_REF], indicating the participation of NKCCs in Li transport across the plasma membrane. Consistently, we showed that bumetanide decreased Li influx in hCMEC/D3 cells [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF], giving direct evidence for NKCCs participation in the Li transport at the BBB. Further evidence was given that NKCC1 may be the main isoform involved in BBB Li transport, considering the absence of NKCC2 mRNA expression in human BBB endothelial cells [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF][START_REF] Spatz | Functional properties of cultured endothelial cells derived from large microvessels of human brain[END_REF]. NKCC1 has been verified to be expressed primarily at the luminal surface of the BBB in diverse works from O'Donnell and coworkers [START_REF] Sun | Astroglial cell-induced expression of Na-K-Cl cotransporter in brain microvascular endothelial cells[END_REF][START_REF] O'donnell | Bumetanide inhibition of the blood-brain barrier Na-K-Cl cotransporter reduces edema formation in the rat middle cerebral artery occlusion model of stroke[END_REF][START_REF] Brillault | Hypoxia effects on cell volume and ion uptake of cerebral microvascular endothelial cells[END_REF].

Li can actively enter into the brain cells, possibly through the Na-Li counter-transport (SLCT) system [START_REF] West | Sodium-lithium countertransport: physiology and function[END_REF]. However, to date, the molecular identity of the SLCT remains unknown.

Moreover, the Na + /K + -ATPase is also highly expressed at the abluminal surface of BMECs mediating the efflux of Na into the extracellular cerebral fluid [START_REF] Kubo | Quantitative Determination of Luminal and Abluminal Membrane Distributions of Transporters in Porcine Brain Capillaries by Plasma Membrane Fractionation and Quantitative Targeted Proteomics[END_REF]. However, our recent data demonstrated that ouabain, an inhibitor of the Na + /K + -ATPase, was unable to inhibit the Li influx in hCMEC/D3, suggesting the non-participation of the Na + /K + -ATPase in Li transport from the intracellular space to the abluminal face of BMEC (Data not published).

Similarly to BBB, Na related transporters/channels might be also involved in the Li transport across the BCSFB [START_REF] Hesketh | Effects of potassium and lithium on sodium transport from blood to cerebrospinal fluid[END_REF][START_REF] Reed | The effect of lithium on electrolyte transport by the in situ choroid plexus of the cat[END_REF] (Figure 2). NHE1 is not expressed in the human choroid plexuses, while it is still unknown whether the other NHE isoforms (such as NHE5) are expressed or not [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF][START_REF] Damkier | Cerebrospinal fluid secretion by the choroid plexus[END_REF][START_REF] Damkier | Epithelial pathways in choroid plexus electrolyte transport[END_REF]. Interestingly, NHE1 is well expressed in rodent choroid plexus at all stages of development [START_REF] Damkier | Nhe1 is a luminal Na+/H+ exchanger in mouse choroid plexus and is targeted to the basolateral membrane in Ncbe/Nbcn2-null mice[END_REF], evidencing an interspecies difference at least for the Na transport at the choroid plexus. NBCn1 and NBCn2 were confined to the luminal (basolateral) side of choroid plexus epithelial cells facing the blood, while NBCe1 and NBCe2 were not detected [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF][START_REF] Damkier | Cerebrospinal fluid secretion by the choroid plexus[END_REF][START_REF] Damkier | Epithelial pathways in choroid plexus electrolyte transport[END_REF].

NBCn2 is speculated as a major Na entry route in the choroid plexus epithelium [START_REF] Haselbach | Porcine Choroid plexus epithelial cells in culture: regulation of barrier properties and transport processes[END_REF].

Moreover, a recent genome-wide association studies (GWAS), which focused on the Li response in BD patients, has demonstrated the association of Li response with SLC4A10 (NBCn2) gene polymorphisms [START_REF] Rybakowski | Genetic influences on response to mood stabilizers in bipolar disorder: current status of knowledge[END_REF], further suggesting a possible crucial role of NBCn2 in Li transport across the BCSFB [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF]. The NKCC1 was localized to the abluminal (apical) side of choroid plexus epithelial cells facing the CSF and contributes to Na secretion from the intracellular space to the CSF [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Javaheri | Bumetanide decreases canine cerebrospinal fluid production. In vivo evidence for NaCl cotransport in the central nervous system[END_REF][START_REF] Bairamian | Potassium cotransport with sodium and chloride in the choroid plexus[END_REF]. The Na + /K + -ATPase has showed a pivotal role in actively transporting Na from the epithelial cell to the CSF [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Masuzawa | Immunohistochemical localization of Na+, K+-ATPase in the choroid plexus[END_REF], although it is unknown whether it is involved in the Li transport across the BCSFB. A possible paracellular transport of Li across the BCSFB was also suggested considering that the TJ of BCSFB are less tight than those constituting the BBB [START_REF] Praetorius | Distribution of sodium transporters and aquaporin-1 in the human choroid plexus[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF][START_REF] Damkier | Cerebrospinal fluid secretion by the choroid plexus[END_REF]. including Na + /H + exchangers (NHE, SLC9A), sodium/carbonate symporters (NBC, SLC4A), and Na + /K + /Cl -cotransporters (NKCC, SLC12A) [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF][START_REF] Betz | Sodium transport in capillaries isolated from rat brain[END_REF][START_REF] Schofield | Sodium transport and lithium movements across the insect blood-brain barrier[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF]. NHE1 and NHE5 are the two predominant NHE genes expressed at the human BBB (mainly localized to the luminal side facing the blood [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF][START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF]), while NHE2, 3 and 4 are absent [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. Relative abundant gene expression of NBCn1 was found at the human BBB, in contrast to the low expression of NBCe1 and the absence of NBCn2 and NBCe1 [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. The localization of NBCn1 to the luminal or abluminal surface of the BBB has not been clarified yet. NKCC1 but not NKCC2

is the main NKCC isoform expressed at the human BBB [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF], mainly localized to the luminal surface of BMEC (blood side) [START_REF] Sun | Astroglial cell-induced expression of Na-K-Cl cotransporter in brain microvascular endothelial cells[END_REF][START_REF] O'donnell | Bumetanide inhibition of the blood-brain barrier Na-K-Cl cotransporter reduces edema formation in the rat middle cerebral artery occlusion model of stroke[END_REF][START_REF] Brillault | Hypoxia effects on cell volume and ion uptake of cerebral microvascular endothelial cells[END_REF]. The Na + /K + -ATPase does not seem to be involved in the Li flux across the BBB, although it is highly expressed at the abluminal side of BBB (Brain side) [START_REF] Luo | Sodium Transporters Are Involved in Lithium Influx in Brain Endothelial Cells[END_REF]. Some other Na-coupled carriers, such as sodium-amino acids cotransporters, are also expressed at the BBB, but whether they are involved in the Li flux across the BBB remains to be clarified. It was also proposed a long time ago that Li can actively enter into brain cells, possibly through the Na-Li counter-transport (SLCT) system [START_REF] West | Sodium-lithium countertransport: physiology and function[END_REF]. However, the molecular identity of SLCT still remains unknown and involvement of paracellular transport in mediating Li flux across the BBB remains debated [START_REF] Hladky | Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles[END_REF]. 

Modulation of the BBB by Lithium

Lithium was the first established inhibitor of the glycogen synthase kinase-3β (GSK3β) [START_REF] Klein | A molecular mechanism for the effect of lithium on development[END_REF] that enhances Ser9 phosphorylation of GSK-3β in vivo [START_REF] Jope | The glamour and gloom of glycogen synthase kinase-3[END_REF]. Previous studies have suggested that Li was able to strengthen the integrity of BBB by inducing the expression and rearranging the sub-cellular distribution of TJ proteins through inhibiting GSK3β in BMECs [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF]. Indirect evidence supported GSK3β participation in the functionality of BBB, showing that GSK3β inhibition induced endothelial barrier properties in pulmonary endothelial cells [START_REF] Liu | Hepatocyte growth factor enhances endothelial cell barrier function and cortical cytoskeletal rearrangement: potential role of glycogen synthase kinase-3beta[END_REF]. Direct evidence was confirmed as Li dramatically induced the gene expression of Axin2 by 8.6-fold in BMECs [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF], a well-known gene that is transcriptionally induced upon activation of the Wnt/β-catenin signal pathway as it is the case when GSK-3β is inhibited [START_REF] Spencer | Wnt signalling in osteoblasts regulates expression of the receptor activator of NFkappaB ligand and inhibits osteoclastogenesis in vitro[END_REF]. This observation was in accordance with one report arguing that the Wnt/planar cell polarity signaling pathway in hCMEC/D3 cells was also promoted by Li treatment [START_REF] Artus | The Wnt/planar cell polarity signaling pathway contributes to the integrity of tight junctions in brain endothelial cells[END_REF].

Although the Wnt pathway has numerous downstream targets, β-catenin is one of particular importance at the BBB; stabilization of β-catenin can indeed increase the formation of BBB-type TJ proteins, limits the devastating effects after BBB disruption, and modulates a series of BBB properties [START_REF] Liebner | Wnt/beta-catenin signaling controls development of the blood-brain barrier[END_REF]. Normally, GSK3β phosphorylates β-catenin, leading to the degradation of β-catenin. Therefore, when GSK3β is inactivated by inhibitors such as Li, the Wnt/β-catenin pathway is indirectly activated and β-catenin accumulates in the cytoplasm and migrates into the nucleus where it serves as transcription factor activating gene transcription of its target genes. Various BBB biomarkers such as transporters, drug-metabolizing enzymes and TJ proteins have been identified as putative targets of β-catenin downstream signal, such as the breast cancer resistance protein (ABCG2/BCRP), the glutathione-S-transferase M3 (GSTM3) [START_REF] Li | beta-catenin accumulation in nuclei of hepatocellular carcinoma cells up-regulates glutathione-s-transferase M3 mRNA[END_REF] and TJ proteins like Claudin-1, -2 and -3 [START_REF] Liebner | Wnt/beta-catenin signaling controls development of the blood-brain barrier[END_REF][START_REF] Miwa | Involvement of claudin-1 in the beta-catenin/Tcf signaling pathway and its frequent upregulation in human colorectal cancers[END_REF][START_REF] Mankertz | Functional crosstalk between Wnt signaling and Cdx-related transcriptional activation in the regulation of the claudin-2 promoter activity[END_REF]. Here we summarize in the following paragraph the possible modulation of BBB biomarkers by short-or long-term exposure of BMECs to Li (Table 2).

ABC and SLC Transporters at the BBB

The effect of Li was studied on the expression and/or activity of SLC and ATP-binding cassette (ABC) transporters in BBB endothelial cells. The continuous transport of glucose across the BBB is crucial as glucose is the primary energy source for the mammalian brains [START_REF] Devraj | GLUT-1 glucose transporters in the blood-brain barrier: differential phosphorylation[END_REF]. Glucose is mainly transported into the brain through glucose transporters (GLUT/SLC2A) [START_REF] Roncero | Expression of glucose transporter isoform GLUT-2 and glucokinase genes in human brain[END_REF][START_REF] Mantych | Jejunal/kidney glucose transporter isoform (Glut-5) is expressed in the human blood-brain barrier[END_REF][START_REF] Mantych | Cellular localization and characterization of Glut 3 glucose transporter isoform in human brain[END_REF], which are highly expressed in the BBB. In our recent work, 10 mM Li chloride (LiCl) treatment for 6 days did not change the gene expression of GLUT1 (SLC2A1) in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF]. In accordance, Li had no effect on the gene expression of GLUT1 in hCMEC/D3 cells, while expression of GLUT3 (SLC2A3) and GLUT5

(SLC2A5) increased [START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. Moderate mRNA expression was found for creatine (CRT, SLC6A8), glycine (GLYT1, SLC6A9) and taurine (TAUT1, SLC6A6) carriers in BMECs, similarly increased by Li [START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. No effect was found for other SLC carriers in Li-treated hCMEC/D3 cells, including transporters for large neutral amino acids (LAT1, SLC7A5), cationic amino acids (CAT1, SLC7A1), cysteine/glutamate (XCT, SLC7A11), monocarboxylates (MCT1/6, SLC16A1/6), symbiotic ammonium (SAT1/2, SLC38A1/2), and phosphate (PHT2, SLC15A3) [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF].

In our previous studies, we demonstrated that the P-glycoprotein (P-gp, MDR1/ABCB1), BCRP (ABCG2) and multidrug-associated resistance proteins (MRP, ABCC) were the main efflux transporters identified in freshly isolated human brain capillaries [START_REF] Dauchy | ABC transporters, cytochromes P450 and their main transcription factors: expression at the human blood-brain barrier[END_REF][START_REF] Shawahna | Transcriptomic and quantitative proteomic analysis of transporters and drug metabolizing enzymes in freshly isolated human brain microvessels[END_REF]. LiCl incubation with hCMEC/D3 cells from 1.25 (therapeutic serum levels) to 5 mM (toxic serum levels) [START_REF] Hewick | Age as a factor affecting lithium therapy[END_REF] had no effect on the gene, protein and functionality of P-gp (MDR1/ABCB1) [START_REF] Newman | Assessing the Impact of Lithium Chloride on the Expression of P-Glycoprotein at the Blood-Brain Barrier[END_REF]. This is consistent with our recent work showing that 10 mM LiCl for 6 days did not increase the gene expression of P-gp (MDR1/ABCB1) in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF].

Interestingly β-amyloid peptide was demonstrated as being cleared from the brain by some ABC transporters expressed in the BBB such as ABCB1, ABCG2 and ABCG4 [START_REF] Do | ABCG2-and ABCG4-mediated efflux of amyloid-beta peptide 1-40 at the mouse blood-brain barrier[END_REF][START_REF] Dodacki | Expression and function of Abcg4 in the mouse blood-brain barrier: role in restricting the brain entry of amyloid-beta peptide[END_REF][START_REF] Ito | Functional characterization of the brain-to-blood efflux clearance of human amyloid-beta peptide (1-40) across the rat blood-brain barrier[END_REF].

Thus, Li therapy may alter β-amyloid clearance by modulating ABC transporter activity.

However, our results did not show any effect of Li on ABC transporter expression in human BMEC, suggesting that less cognitive impairment observed in BD patients taking long-term Li medication would not be due to the induction of ABCB1/MDR1 that would have indeed increased β-amyloid cerebral clearance [START_REF] Forlenza | Disease-modifying properties of long-term lithium treatment for amnestic mild cognitive impairment: randomised controlled trial[END_REF][START_REF] Nunes | Lithium and risk for Alzheimer's disease in elderly patients with bipolar disorder[END_REF]. In contrast, Lim et al. have showed that the protein expression of P-gp was significantly increased by Li (at higher Li concentrations from 5 or 10 mM for 24 h) via GSK3β/β-catenin pathway in hCMEC/D3 cells [START_REF] Lim | Activation of beta-catenin signalling by GSK-3 inhibition increases p-glycoprotein expression in brain endothelial cells[END_REF],

suggesting that a short-term exposure of Li at high concentration may well induce P-gp. In contrast, mRNA expression of BCRP/ABCG2 was significantly increased by 1.8-fold in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF]. This is in line with a previous study showing that gene expression of ABCG2/BCRP was significantly increased by 2-times in BMECs after incubating with 6-bromoindirubin-3'-oxime, another GSK3β inhibitor [START_REF] Lim | Activation of beta-catenin signalling by GSK-3 inhibition increases p-glycoprotein expression in brain endothelial cells[END_REF]. Moreover, Li treatment induced the gene expression of MRP2 [START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF], which was consistent with our recent data showing a 2.6-fold gene expression increase for MRP2 [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF].

Drug-Metabolizing Enzymes

Drug-metabolizing enzymes are divided into phase I and phase II enzymes, which are mainly located in the liver for drug detoxication [START_REF] Almazroo | Drug Metabolism in the Liver[END_REF]. The functional role of drug-metabolizing enzymes in the brain is an exciting and evolving field of research, determining the local efficiency and toxicity in the brain [START_REF] Mcmillan | CYP-mediated drug metabolism in the brain impacts drug response[END_REF]. Regarding phase I enzymes, although CYP2S1 and CYP2U1 were highly expressed in BMEC, no significant effect of Li treatment (10 mM for 6 days) on their gene expression was observed in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF]. Veszelka et al. also confirmed that LiCl treatment had no effect on the gene expression of CYP2S1 and CYP2U1 in hCMEC/D3 cells [START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. Conversely, 10 mM Li treatment for 6 days dramatically enhanced the expression of CYP1A1 by 9.0-fold in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF] and this trend for elevation in CYP1A1 gene expression was also observed in another study [START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. Circulating melatonin acts as a main synchronizer in controlling the sleep/wake cycle and human behavior and mood [START_REF] Srinivasan | Melatonin in mood disorders[END_REF]. Exogenous melatonin has been proposed as a possible effective therapy in treating BD patients by normalizing the sleep/wake cycle and improving both sleep quality and duration [START_REF] Srinivasan | Melatonin in mood disorders[END_REF][START_REF] Leibenluft | Effects of exogenous melatonin administration and withdrawal in five patients with rapid-cycling bipolar disorder[END_REF]. It is worthy to note that the highly-induction properties of Li on CYP1A1 may affect the metabolism of melatonin, as well as its biologic function, since melatonin is mainly metabolized in vivo by CYP1A1/1A2 [START_REF] Skene | Contribution of CYP1A2 in the hepatic metabolism of melatonin: studies with isolated microsomal preparations and liver slices[END_REF][START_REF] Ma | Metabolism of melatonin by human cytochromes p450[END_REF]. No significant change was observed for the other CYP450 enzymes, including CYP1B1, CYP2B6, CYP2D6, CYP2E1, CYP2R1 and CYP7A1 [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. Regarding phase II drug-metabolizing enzymes, glutathione S-transferases (GSTs) play an important role in protecting BMECs from various toxins including ROS generated from various CNS diseases like brain tumor, stroke, infectious diseases, and neuroinflammation. GSTP1 was the highest expressed isoform in human brain capillaries [START_REF] Shawahna | Transcriptomic and quantitative proteomic analysis of transporters and drug metabolizing enzymes in freshly isolated human brain microvessels[END_REF][START_REF] Porte | Proteomic and transcriptomic study of brain microvessels in neonatal and adult mice[END_REF]. No significant change was found for GSTP1 gene expression in Li-treated hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. However, LiCl treatment dramatically induced the gene expression of GSTM3 by 4.6-times in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF], which was also confirmed by another assay showing that the gene expression of GSTM3 was significantly enhanced by 1.4-fold in primary cultured rat cerebral cortical cells treated with

Li (1 mM, 1 week) [START_REF] Shao | The effect of mood stabilizer lithium on expression and activity of glutathione s-transferase isoenzymes[END_REF]. No significant changes were observed for the other GST isoforms, including GSTM5, GSTA1, GSTA4, and other type of phase II drug-metabolizing enzymes such as the sulfotransferase A1 (SULT1A1) and the UDP-glucuronosyltransferase 1A1 (UGT1A1) [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF].

Tight Junctions and Adhesion Proteins

To increase the integrity of in vitro human BBB models, LiCl (10 mM) is usually added in the culture medium that significantly increases the transendothelial electrical resistance (TEER) [START_REF] Paolinelli | Wnt activation of immortalized brain endothelial cells as a tool for generating a standardized model of the blood brain barrier in vitro[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. Many studies have helped to gain insight into the possible molecular mechanism by which Li decreased in vitro BBB permeability of paracellular compounds. The integrity of the BBB is mainly controlled by various TJ proteins, such as Claudin-3 and ZO-1. Our recent study showed that LiCl treatment (10 mM, 6 days) dramatically increased the gene expression of Claudin-3 by 7.6-times in hCMEC/D3 cells, while the mRNA levels of other TJ proteins such as ZO-1, Occludin, Claudin-1, Claudin-5, and Claudin-12 were not significantly affected [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF]. This is in agreement with one study showing that Occludin, Claudin-5 and ZO-1 gene expression was not regulated by the GSK3β/β-catenin signal pathway [START_REF] Liebner | Wnt/beta-catenin signaling controls development of the blood-brain barrier[END_REF]. A similar result showed that the gene expression of Claudin-3 was significantly increased in Li-treated hCMEC/D3 cells [START_REF] Paolinelli | Wnt activation of immortalized brain endothelial cells as a tool for generating a standardized model of the blood brain barrier in vitro[END_REF]. However, no obvious change was observed for Claudin-3 gene expression in human BMEC after a short exposure time (6 or 24 h) of 10 mM LiCl [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF].

Another β-catenin stabilizer, Wnt3a, also up-regulated Claudin-3 expression in primary cultured BMECs through the Wnt/β-catenin signaling pathway [START_REF] Liebner | Wnt/beta-catenin signaling controls development of the blood-brain barrier[END_REF]. In addition, an elevation trend of Claudin-5 gene expression was observed which may account for the increased TEER value observed in an in vitro BBB model after Li treatment [START_REF] Artus | The Wnt/planar cell polarity signaling pathway contributes to the integrity of tight junctions in brain endothelial cells[END_REF]. Moreover, the gene expression of PLVAP, an endothelial permeability marker, was dramatically induced by 3.0-fold after Li treatment in hCMEC/D3 cells [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF]. Previous studies showed that inhibition of GSK3β by LiCl increased the elimination half-life of Claudin-5 and Occludin in BBB TJ, which further promoted a sustained and gradual increase of TEER in human BMEC [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF]. No significant change was found for Li-treated hCMEC/D3 cells like Junctional Adhesion Molecules A (JAM-A), VE-Cadherin, PECAM-1 and ATP1A1 [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF].

Lithium enhances BBB Integrity in BBB-disruption related CNS diseases

Some endo-and/or exogenous injuries for the brain can activate the GSK3β/β-catenin signaling pathway, resulting in worsening BMEC and BBB disruption [START_REF] Hu | The role of the Wnt/beta-catenin-Annexin A1 pathway in the process of sevoflurane-induced cognitive dysfunction[END_REF][START_REF] Tran | Endothelial beta-Catenin Signaling Is Required for Maintaining Adult Blood-Brain Barrier Integrity and Central Nervous System Homeostasis[END_REF]. Lithium, as a GSK3β inhibitor, might thus protect the BBB through enhancing the barrier tightness in BBB-disrupted CNS diseases [START_REF] Paolinelli | Wnt activation of immortalized brain endothelial cells as a tool for generating a standardized model of the blood brain barrier in vitro[END_REF][START_REF] Veszelka | Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport[END_REF][START_REF] Yu | Lithium ameliorates neurodegeneration, suppresses neuroinflammation, and improves behavioral performance in a mouse model of traumatic brain injury[END_REF][START_REF] Yu | Posttrauma cotreatment with lithium and valproate: reduction of lesion volume, attenuation of blood-brain barrier disruption, and improvement in motor coordination in mice with traumatic brain injury[END_REF][START_REF] Van Vliet | Inhibition of mammalian target of rapamycin reduces epileptogenesis and blood-brain barrier leakage but not microglia activation[END_REF].

-Ischemic stroke Ischemic stroke is one of the main causes of serious disability and mortality in humans [START_REF] Hemphill | Council on Clinical, Guidelines for the Management of Spontaneous Intracerebral Hemorrhage: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF].

A cascade of signaling molecules leading to BBB disruption is initiated and activated by pathological symptoms in brain ischemia stroke, such as ischemia-reperfusion (I/R) and inflammation [START_REF] Daneman | The blood-brain barrier in health and disease[END_REF]. I/R can promote BMEC injury, thus inducing BBB disruption and increasing vascular permeability, which in turn results in a poor clinical treatment and prognosis for patients presenting ischemic stroke [START_REF] Date | Hepatocyte growth factor attenuates cerebral ischemia-induced increase in permeability of the blood-brain barrier and decreases in expression of tight junctional proteins in cerebral vessels[END_REF]. Cerebral edema formation after BBB disruption worsens the devastating influence of intracerebral hemorrhage. Also, the leakage of various toxins and microorganisms after BBB disruption contributes to the apoptosis of neurons, leading to subsequent neurologic injuries [START_REF] Chu | Erythropoietin protects against hemorrhagic blood-brain barrier disruption through the effects of aquaporin-4[END_REF][START_REF] Wang | Poloxamer-188 can attenuate blood-brain barrier damage to exert neuroprotective effect in mice intracerebral hemorrhage model[END_REF]. Thus, preserving or rescuing the integrity of the BBB is of importance for the cerebral function recovery and prognosis of ischemic stroke patients. The protective effect of Li in ischemic stroke has been highlighted by two recent clinical studies showing that long-term Li therapy significantly reduced the risk of ischemic stroke in BD patients [START_REF] Lan | A reduced risk of stroke with lithium exposure in bipolar disorder: a population-based retrospective cohort study[END_REF], and improved neurological recovery in ischemic stroke patients [START_REF] Mohammad | The psychopharmacology algorithm project at the Harvard South Shore Program: an algorithm for acute mania[END_REF]. In fact, a series of in vitro and in vivo animal experiments have been conducted [START_REF] Lan | A reduced risk of stroke with lithium exposure in bipolar disorder: a population-based retrospective cohort study[END_REF][START_REF] Gao | Cerebrovascular Signal Complexity Six Hours after Intensive Care Unit Admission Correlates with Outcome after Severe Traumatic Brain Injury[END_REF] by improving disturbances in endothelial functions, especially capillary endothelial barrier permeability [START_REF] Bosche | relevance of blood-brain barrier disruption after endovascular treatment of ischemic stroke: dual-energy computed tomographic study[END_REF][START_REF] Bosche | A differential impact of lithium on endothelium-dependent but not on endothelium-independent vessel relaxation[END_REF][START_REF] Bosche | Low-Dose Lithium Stabilizes Human Endothelial Barrier by Decreasing MLC Phosphorylation and Universally Augments Cholinergic Vasorelaxation Capacity in a Direct Manner[END_REF][START_REF] Bosche | Lithium prevents early cytosolic calcium increase and secondary injurious calcium overload in glycolytically inhibited endothelial cells[END_REF][START_REF] Gunduz | ATP antagonism of thrombin-induced endothelial barrier permeability[END_REF][START_REF] Butcher | Perihematomal edema in primary intracerebral hemorrhage is plasma derived[END_REF][START_REF] Meisel | Predicting post-stroke infections and outcome with blood-based immune and stress markers[END_REF][START_REF] Renu | Relevance of blood-brain barrier disruption after endovascular treatment of ischemic stroke: dual-energy computed tomographic study[END_REF]. BBB damage was reduced by Li in stroke patients with intracerebral hemorrhage through regulating GSK3β and stabilizing β-Catenin [START_REF] Li | Lithium Posttreatment Alleviates Blood-Brain Barrier Injury After Intracerebral Hemorrhage in Rats[END_REF]. A work conducted by Li et al further found that the cause may be the increased Claudin-1 and Claudin-3 expressions induced by Li through the GSK3β/β-Catenin signaling pathway, leading to improved BBB integrity and further ameliorating neurological deficits and cerebral edema in stroke animals with intracerebral hemorrhage [START_REF] Li | Lithium Posttreatment Alleviates Blood-Brain Barrier Injury After Intracerebral Hemorrhage in Rats[END_REF]. Li pretreatments also significantly reversed the decreased level of the TJ protein ZO-1 produced during oxygen glucose deprivation and reperfusion (OGD/R), rearranging the subcellular distribution of ZO-1 in BMECs, and thus attenuated Evans blue extravasation and brain edema in the ischemic stroke rat.

Apart from the GSK3β/β-catenin signaling pathway, Li can also protect the brain from ischemic stroke by rescuing the disrupted BBB through the autophagy pathway. Autophagy can prevent cell death by the degradation of serious toxins produced in various physical or pathological statuses, which can protect BMEC from damage in a brain context [START_REF] Ravikumar | Regulation of mammalian autophagy in physiology and pathophysiology[END_REF]. Li was identified as activator of mTOR-independent autophagy, thus decreasing the high ROS level produced by OGD/R decreasing the apoptosis of BMEC and protecting the BBB during I/R injury [START_REF] Zhang | Activation of Wnt3alpha/beta-catenin signal pathway attenuates apoptosis of the cerebral microvascular endothelial cells induced by oxygen-glucose deprivation[END_REF]. These results are in agreement with several previous studies demonstrating that autophagy occurs in the brain suffering ischemic stroke [START_REF] Li | The regulatory role of NF-kappaB in autophagy-like cell death after focal cerebral ischemia in mice[END_REF] and Li has effectively relieved the damage of brain induced by I/R [START_REF] Takahashi | Lithium treatment reduces brain injury induced by focal ischemia with partial reperfusion and the protective mechanisms dispute the importance of akt activity[END_REF]. Bosche et al. have also demonstrated that low-dose Li (0.4 mM) could stabilize the human endothelial peripheral barrier through decreasing myosin light chain (MLC) phosphorylation [START_REF] Bosche | Low-Dose Lithium Stabilizes Human Endothelial Barrier by Decreasing MLC Phosphorylation and Universally Augments Cholinergic Vasorelaxation Capacity in a Direct Manner[END_REF]. Thrombin plays an important pathophysiological role for the endothelial barrier disruption or impairment in ischemic stroke with intracerebral hemorrhage [START_REF] Coughlin | Thrombin signalling and protease-activated receptors[END_REF]. Li treatment was identified to be able to rescue the thrombin-induced hyperpermeability of human brain endothelium at a relative low dose (0.4 mmol/L) [START_REF] Bosche | Low-Dose Lithium Stabilizes Human Endothelial Barrier by Decreasing MLC Phosphorylation and Universally Augments Cholinergic Vasorelaxation Capacity in a Direct Manner[END_REF].

Neuroinflammation appears in various CNS disorders, such as stroke, neurogenic disease and infectious disorders [START_REF] Zlokovic | Neurovascular pathways to neurodegeneration in Alzheimer's disease and other disorders[END_REF][START_REF] Abbott | Dynamics of CNS barriers: evolution, differentiation, and modulation[END_REF]. GSK3β was also identified as molecular target owning the anti-inflammatory effects on primary cultured BMEC [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF][START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta (GSK3beta) decreases inflammatory responses in brain endothelial cells[END_REF][START_REF] Klamer | Using small molecule GSK3beta inhibitors to treat inflammation[END_REF]. Migration/adhesion of primary cultured human monocytes across BMEC monolayers was significantly reduced when inhibiting GSK3β, while the expression of pro-inflammatory factors decreased in BMECs and attenuated BBB disruption [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta (GSK3beta) decreases inflammatory responses in brain endothelial cells[END_REF]. In later studies, analysis of sub-cellular distribution of TJ proteins showed that the membrane enrichment of Occludin and Claudin-5, induced by Li-mediated GSK3β inhibition, was not due to de novo synthesis, but rather to protein stabilization in TJ domains [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF]. Li is thus greatly able to protect against Occludin degradation, increasing the Occludin elimination half-life by 2.7-times (to ~16 hour) through GSK3β inhibition. Similarly, the elimination half-life of Claudin-5 was also extended to approximately 24 hours in the presence of Li-induced GSK3β inhibition [START_REF] Ramirez | Inhibition of glycogen synthase kinase 3beta promotes tight junction stability in brain endothelial cells by half-life extension of occludin and claudin-5[END_REF].

-Traumatic Brain Injury (TBI)

Traumatic brain injury (TBI) is the leading cause of morbidity and mortality in young adults [START_REF] Honan | Outcome instruments in moderate-to-severe adult traumatic brain injury: recommendations for use in psychosocial research[END_REF]. For TBI patients, a series of subsequent injuries including endothelial dysfunction and BBB leakage may occur in hours or days in relation to mechanical damage after the primary injury [START_REF] Loane | Neuroprotection for traumatic brain injury: translational challenges and emerging therapeutic strategies[END_REF]. BBB disruption is reversible and crucial to define prognosis and consider potential effective treatments in TBI patients [START_REF] Loane | Neuroprotection for traumatic brain injury: translational challenges and emerging therapeutic strategies[END_REF].

Extracellular matrix and TJ proteins such as ZO-1 and Claudin-5 can be digested by matrix metalloproteinases 9 (MMP-9). Yu et al. have demonstrated that Li (1.5 mmol/kg) is able to attenuate the overexpression of MMP-9 induced by TBI and reverse BBB disruption [START_REF] Yu | Lithium ameliorates neurodegeneration, suppresses neuroinflammation, and improves behavioral performance in a mouse model of traumatic brain injury[END_REF]. A previous study demonstrated that a chronic low dose of Li (1 mmol/kg) did not show therapeutic benefits in treating mice with TBI [START_REF] Zhu | Neuroprotective effect and cognitive outcome of chronic lithium on traumatic brain injury in mice[END_REF]. In contrast, Yu et al. showed that combined subeffective doses of Li (1 mmol/kg) and valproate post TBI dramatically reduced brain lesion volume and attenuated BBB disruption [START_REF] Yu | Posttrauma cotreatment with lithium and valproate: reduction of lesion volume, attenuation of blood-brain barrier disruption, and improvement in motor coordination in mice with traumatic brain injury[END_REF], in which the extravagated IgG in lesioned area of TBI was significantly decreased by 40% by combining subeffective Li and valproate regimen, while neither 1 mmol/kg Li nor 200 mg/kg valproate administrated alone significantly decreased TBI-induced IgG extravasation [START_REF] Yu | Posttrauma cotreatment with lithium and valproate: reduction of lesion volume, attenuation of blood-brain barrier disruption, and improvement in motor coordination in mice with traumatic brain injury[END_REF]. Several recent studies done in rats have also showed encouraging results that LiCl treatment could protect against TBI [START_REF] Zakeri | Lithium protects against spinal cord injury in rats: role of nitric oxide[END_REF][START_REF] Yang | Efficacy and safety of lithium carbonate treatment of chronic spinal cord injuries: a double-blind, randomized, placebo-controlled clinical trial[END_REF]. LiCl treatment reduced BBB damage during TBI and enhanced the expression of TJ related proteins, including p120, β-catenin, Occludin and Claudin-5, through reversing the upregulated reticulum stress (ER) related proteins [START_REF] He | Inhibiting endoplasmic reticulum stress by lithium chloride contributes to the integrity of blood-spinal cord barrier and functional recovery after spinal cord injury[END_REF].

-Neonatal Brain Injuries

Fetal hypoxia leads to malfunction of various organs in newborns including life-threatening neonatal brain injuries. About 2-6 out of 1000 newborns develop neonatal brain injuries worldwide, with a high risk of mortality. Li may protect BMEC from injuries by ROS and generated peroxynitrite due to high concentrations of NO and improve the barrier integrity in newborn rat suffering neonatal brain injury [START_REF] Silachev | Protection of Neurovascular Unit Cells with Lithium Chloride and Sodium Valproate Prevents Brain Damage in Neonatal Ischemia/Hypoxia[END_REF]. Li-attributed role in neonatal brain protection and detoxication may be due to its high induction of GSTs [START_REF] Shawahna | Effect of Long-term In Vitro Lithium Exposure on mRNA Levels of Claudin-3, CYP1A1, ABCG2 and GSTM3 Genes in the hCMEC/D3 Human Brain Endothelial Cell Line[END_REF], which are metabolizing enzymes expressed at the BCSFB and playing a major role in excess ROS and peroxynitrite elimination [START_REF] Saudrais | Choroid plexus glutathione peroxidases are instrumental in protecting the brain fluid environment from hydroperoxides during postnatal development[END_REF].

Conclusions and perspectives

Knowledge on Li neuropharmacokinetics focused at the role of the brain barriers including mostly the BBB and its effects on BBB integrity and functional activity is constantly in progress. Involvement of sodium transporters in the cell transport of Li in kidneys and across the BBB is now better established. Conversely, Li by itself alters the BBB in various aspects including the expression and/or activity/properties of ABC and SLC transporters, drug-metabolizing enzymes, and TJ proteins related permeability. Indeed, some pharmacological targets of Li (e.g. GSK3β) are now identified at least at the BBB.

Importantly, the permeability modulation of BBB by Li has been involved in various BBB disruption related diseases. Regarding the current progress in this area, we have some related concerns and perspectives, which are the following:

1) More detailed work should be conducted to clarify which sodium transporters were exactly involved in Li penetration across the BBB, which is important in future applications in clinical pharmacogenomics and personalized medicine. Studies that combine evaluation of brain Li-MRI with MRI BBB permeability measurements may be useful to clarify these issues. Clinical genomics should be performed to validate the involvement of transport factors in Li response.

2) Various transporters or drug-metabolizing enzymes were affected by Li at BBB, it would thus be interesting to investigate whether there is drug-drug interaction in brain uptake in patients receiving both Li and drugs such as substrates of ABCG2/BCRP or substrates of the relevant metabolizing enzymes that tend to be affected by Li. It is also important to explore if therapeutic concentrations of Li can also change the expression and functionality of related transporters or drug metabolizing enzymes in vivo. 

  indicating the possible involvement of NBCn1 in Li transport at the BBB. So far, the localization of NBCn1 to luminal or abluminal surface of BMECs has not yet been clearly demonstrated.

Figure 1 .

 1 Figure 1. Model of a possible transport mechanism of lithium across BBB. Several types of Na-related transporters or channels might be responsible for Li transport through the BBB,

Figure 2 .

 2 Figure 2. Model of a possible transport mechanism of Lithium across the BCSFB based on previous observations [94-99]. The Na + /K + -ATPase and the NKCC1 were both localized to the apical side (CSF side). NBCn1 and NBCn2 were confined to the basolateral side (blood side), while NBCe1 and NBCe2 were not detected in the human choroid plexus. NHE1, the main isoform of Na + /H + exchanger, was not expressed in the human choroid plexuses, while whether the other NHE isoforms (such as NHE5) are expressed or not is still unknown. A paracellular transport of Li across the BCSFB may also exist.

3 )

 3 Much basic research based on in vitro or in vivo animal experiments has been done and possible applications were identified in BBB disruption related CNS diseases, including but not limited to ischemic stroke, neuroinflammation, and traumatic brain/spinal cord injuries. As old and relatively safe drug, a vast amount of clinical data has been established. More epidemiological studies should be done based on these data to clarify the possible benefits of Li in bipolar disorder patients presenting BBB-disruption diseases. In addition, more research effort should be devoted to preclinical experiments when regarding the therapy of Li in treating BBB-disruption related CNS diseases. 4) Although we know that BBB permeability modulation may be due to Li-inhibited GSK3β, the exact downstream signals after GSK3β inhibition on brain endothelial barrier function 29 still remains largely unexplored. More studies should be conducted to focus on the precise mechanisms of Li-induced BBB permeability change.

  

Table 1 . Main CNS pharmacokinetic parameters of lithium in humans, rats and mice.

 1 per os, oral administration; I.V., Intravenous injection; I.P., Intraperitoneal injection; BID, bis in die, twice a day; TID, ter in die, three times a day; QID, quater in die, four times a day; MRS, Magnetic resonance spectroscopy; ICP-MS, Inductively coupled plasma mass spectrometry; NMR, Nuclear magnetic resonance.

	Study	Salt	Route	Dosage regimen	Detection	Sampling	t1/2(h)	t1/2 (h)	Serum	Brain	Cerebrospinal	Brain/serum	CSF/serum	Subregional distribution
				Duration			(Serum)	(Brain)	concentration	concentration	(CSF)	concentration ratio	concentration	in brain
									(mM)		concentration		ratio	
	Human													
	[36]	Li 2 CO 3	P.O.	900 mg/day, TID	Atomic absorption	Autopsy 29-30 h after death -	-	0.3	Cerebral white: 0.2	-	Cerebral white: 0.7;	-	Highest Li concentration in
				3-4 days	spectrophotometer					mmol/kg; Cerebral		Cerebral grey: 0.8;		the brain pons; lowest in the
										grey: 0.26 mmol/kg;		Cerebellum: 0.8;		cerebellum, cerebral grey
										Cerebellum: 0.26		Pons: 1.7		and white matter
										mmol/kg; Pons: 0.5				
										mmol/kg				
	[37]	Li 2 CO 3	P.O.	1200 mg/day, TID	Atomic absorption	Autopsy 12 h after death	-	-	0.86	0.19 -1.49 mmol/kg	-	Varying for different	-	High concentration found in
				3 months	spectrophotometer							brain regions: 0.2-1.7		the retrosplenial cingulate
														cortex, caudate nucleus and
														hippocampus; low
														concentrations found in
														cortex temporal lobe and
														subcallosal cingulate gyrus
	[19]	Li 2 CO 3	P.O.	1200 mg/day, BID	Li-7 MRS	Serum and brain	30	48	Steady state:	Steady state: ~0.4	-	steady state: ~0.4	-	-
				7 days		concentration prior to the			~1.0	mmol/kg brain				
						morning dosing every day								
	[106]	Li 2 CO 3	P.O.	900-1500 mg/day	Li-7 NMR	Serum and brain	-	-	Steady state:	Steady state:	-	steady state: 0.6-1.1	-	-
				BID or QID	spectroscopy	concentration 12 h prior to			0.55-1.09	0.32-0.91 mmol/L				
				6 months		the last dose in the morning								
	[107]	Li 2 CO 3	P.O.	600-1000 mg/day, TID	Li-7 MRS	MRS examinations were	-	-	-	-	-	steady state: ~0.5	-	-
				At least 7 days		performed between 5 pm								
						and 8 pm, 5-8 h after the last								
						Li dose								
	[17]	Li 2 CO 3	P.O.	Two subjects were	Li-7 MRS	Serum and brain Li	16	28	12 h-steady	12 h-steady state:	-	The brain/serum Li	-	-
				administered		concentrations were			state: 0.7-0.9	0.5-0.8 mM		concentration ratio		
				controlled-release Li 2 CO 3		measured every second hour						varied considerably		
				once daily for 7 days to		during a 24-h period						during the 48-h		
				establish steady state		following Li intake, and						period, ranging from		
				conditions: Daily dosage in		again 48h later in two						0.4 to 1.3, but the		
				the two subjects was 1,000		normal subjects at steady						ratio was		
				mg (27 mmol Li) and 1,200		state.						independent of the		
				mg (32 mmol Li),								serum Li		
				respectively								concentration.		

Table 2 . Modulation of BBB biomarkers (Transporters, Enzymes, Junction proteins) by Lithium Studies In vivo or in vitro Cell line or Species Li treatment Modulation target Modulation level (gene/protein/activity) Mechanism Solute Carriers/Transporters and Efllux Transporters

 2 

	Lim JC et al 2008 [115] In vitro	hCMEC/D3	5 or 10 mM LiCl for 24 h	P-gp/MDR1

→ = no effect on expression ; ↑= expression upregulated ; ↓= expression down-regulated