Cristina Luongo 
  
Lucile Butruille 
  
Anthony Sébillot 
  
Karine Le Blay 
  
Markus Schwaninger 
  
Heike Heuer 
  
Barbara A Demeneix 
  
Sylvie Remaud 
email: sremaud@mnhn.fr
  
Absence of Both Thyroid Hormone Transporters MCT8 and OATP1C1 Impairs Neural Stem Cell Fate in the Adult Mouse Subventricular Zone

Keywords: Adult neural stem cell, Subventricular Zone, Thyroid hormone, Thyroid hormone transporters, MCT8, OATP1C1, Olfaction

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

Introduction

In the adult mammalian brain, a pool of neural stem cells (NSCs) persists in two welldefined neurogenic regions, the subgranular zone (SGZ) of the hippocampus and the subventricular zone (SVZ) lining the lateral ventricles. Adult neurogenesis and oligodendrogenesis are complex processes that involve proliferation and differentiation of both neuronal and oligodendrocyte progenitors derived from NSCs. In rodents, newlygenerated SVZ-neuroblasts migrate tangentially towards the olfactory bulbs (OBs) where they differentiate into interneurons that participate in olfaction (Breton-Provencher et al., 2009;Enwere et al., 2004). SVZ-derived oligodendrocyte precursor cells (OPCs) migrate radially into the overlying white matter (e.g. the corpus callosum).

Under physiological conditions, SVZ-NSCs generate principally neuronal precursor cells [START_REF] Menn | Origin of Oligodendrocytes in the Subventricular Zone of the Adult Brain[END_REF]. However, SVZ-NSCs can also generate few oligodendrocytes in vitro and in vivo [START_REF] Menn | Origin of Oligodendrocytes in the Subventricular Zone of the Adult Brain[END_REF]. The balance between NSC-derived neurons and oligodendrocytes is modulated by several physiological and pathological stimuli. For example, after a demyelinating lesion (characterized by a loss of myelinating oligodendrocytes, a hallmark of several white matter diseases such as multiple sclerosis), the generation of new SVZ-derived OPCs is favoured to stimulate to myelin repair (Nait-Oumesmar et al., 2007;[START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF][START_REF] Xing | Adult neural precursor cells from the subventricular zone contribute significantly to oligodendrocyte regeneration and remyelination[END_REF]. Thus, understanding how NSC fate decision (neurons versus glia) is modulated in the adult brain could have significant implications for neurodegenerative diseases when new neurons or glia are needed to promote brain repair.

T3, the biologically active form of THs, is essential for brain development in all vertebrates, including humans. In the murine brain, it has recently been established that T3 also regulates adult neurogenesis and especially NSC fate decision between neurons and glia.

In the SGZ, T3 increases neuronal differentiation by enhancing proneural gene expression (Fanibunda et al., 2018;[START_REF] Kapoor | Thyroid Hormone Accelerates the Differentiation of Adult Hippocampal Progenitors[END_REF][START_REF] Kapoor | Perspectives on thyroid hormone action in adult neurogenesis[END_REF]. In the SVZ, T3 drives NSC fate preferentially towards a neuronal fate while a transient lack of T3 favours the generation of new OPCs capable of functional remyelination [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF].

Local control of TH availability is crucial for spatiotemporal control of TH action, in particular within the NSC niches [START_REF] Mayerl | Hippocampal Neurogenesis Requires Cell-Autonomous Thyroid Hormone Signaling[END_REF][START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. Numerous factors control TH availability in the brain from TH-transporters (THTs) [START_REF] Friesema | Identification of Monocarboxylate Transporter 8 as a Specific Thyroid Hormone Transporter[END_REF](Friesema et al., , 2008;;Pizzagalli et al., 2002;), to inactivation/activation by deiodinases (Bianco and Kim, 2006;[START_REF] Vancamp | Gender-specific effects of transthyretin on neural stem cell fate in the subventricular zone of the adult mouse[END_REF], presence of receptors for TH (Flamant and Gauthier, 2013) and even coactivators/corepressors (Astapova and Hollenberg, 2013;Suzuki et al., 2007). SVZ-derived OPCs are protected from the neuralizing effects of T3 through the expression of the T3inactivating enzyme deiodinase type 3 (Dio3) and the absence of the T3-receptor TRα1. In contrast, TRα1 was strongly expressed in neuronal progenitors whereas Dio3 was not [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. However, cell-membrane transporters facilitating TH uptake represent an additional level controlling intracellular TH availability, potentially influencing NSC fate decision too, but their involvement is as yet unknown.

THTs facilitate TH uptake into different cell types, including glial and neuronal cells.

The importance of THTs for brain function is illustrated by patients carrying inactivating mutations in the Slc16a2 gene encoding the monocarboxylate transporter 8 (Mct8). These patients suffer from a severe form of psychomotor retardation (Allan-Herndon-Dudley syndrome or AHDS) combined with abnormal serum TH levels (high T3, low T4) (Dumitrescu et al., 2004;Friesema et al., 2004;Groeneweg et al., 2019). Recently, it has been shown that, in humans, mutations in OATP1C1 decrease T4 uptake and are associated with developmental impairments that later evolve to neurodegenerative disease [START_REF] Strømme | Mutated thyroid hormone transporter OATP1C1 associates with severe brain hypometabolism and juvenile neurodegeneration[END_REF]. Mice deficient in MCT8 (Mct8 KO) faithfully recapitulate the peripheral altered TH serum levels observed in humans, but do not display neurobehavioral deficits, while they suffer from mild brain hypothyroidism (Trajkovic et al., 2007a). It is well established that the organic anion transporting polypeptide 1C1 (OATP1C1) cooperates with MCT8 to facilitate TH transport across the blood brain and/or the blood-cerebrospinal fluid barriers into the rodent brain. Mice deficient for both MCT8 and OATP1C1 (Mct8/Oatp1c1 or DKO) exhibit central TH deficiency associated with locomotor abnormalities as MCT8-deficient patients, showing that this DKO mouse is a suitable model especially for the neurological component of AHDS [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. To be more precise, only DKO mice display a strong decrease of both T3 and T4 contents in the brain as a consequence of a highly reduced T4 and T3 transport across brain barriers [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. This allowed us to compare the cellular effects underlying the absence of both transporters with our previous well-established data obtained after induction of adult onset hypothyroidism (Gothié et al., 2017a;[START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF][START_REF] Vancamp | Gender-specific effects of transthyretin on neural stem cell fate in the subventricular zone of the adult mouse[END_REF].

Here, we determined how the lack of MCT8 and/or OATP1C1 affects NSC fate in the adult mouse brain. We demonstrate that both THTs are strongly expressed in NSCs and in committed neuronal precursors but not in oligodendroglial lineage cells. Furthermore, using DKO mice, we show that THTs regulate neuronal lineage progression, and that their absence leads to impairments in olfactory function. In contrast, the generation of new OPCs derived from SVZ-NSCs is unaffected by the absence of THTs.

Results

MCT8 and OATP1C1 are both expressed in NSCs and are retained mainly by committed neuronal precursors within the adult SVZ.

Local TH availability is tightly regulated, permitting precise temporal and cell-specific control of TH action in the central nervous system. Cell specific TH availability is determined by (i) a balance between TH-activating (mainly Dio2 in the brain) and inactivating (Dio3) deiodinases enzymes, (ii) cell specific membrane THTs, (iii) ligand (T3)-dependent nuclear receptors (TR) forms (mainly Thra1 within the adult SVZ, [START_REF] López-Juárez | Thyroid hormone signaling acts as a neurogenic switch by repressing Sox2 in the adult neural stem cell niche[END_REF]).

To elucidate the roles of MCT8 and OATP1C1 in adult SVZ neurogenesis, we first determined which SVZ cell types express these THTs by IHC (Figure 1). To detect OATP1C1 expressing cells in vivo, we used the OATP1C1:YFP reporter mouse (see Material and methods) that exhibits a stronger signal (fluorescence in the cytosol) than the antibody directed against OATP1C1 (fluorescence of membrane-bound OATP1C1). Alternatively, we used this antibody to detect endogenous expression of OATP1C1 in vitro using neurosphere cultures. We observed that MCT8 (Figure 1A) and OATP1C1 (YFP+, Figure 1B) were highly expressed in NSCs co-expressing GFAP (pink) and SOX2 (red) in the adult SVZ, as was also confirmed in single cells dissociated from in vitro neurospheres (see the dotted signal in Figure S1A). MCT8 staining was absent in both the dorsal and lateral part of the SVZ in Mct8 KO mice (Figure S1B), confirming the specificity of the MCT8 antibody. The specificity of the OATP1C1 antibody was previously demonstrated [START_REF] Mayerl | Impact of Oatp1c1 deficiency on thyroid hormone metabolism and action in the mouse brain[END_REF]. Moreover, and as expected, MCT8 and OATP1C1 were mainly expressed on the plasma membrane as shown in vitro by the colocalization with the plasma membrane marker pan-Cadherin and by the three-D reconstruction (Figure S1C). Second, we observed that both MCT8 (Figure 1C) and OATP1C1 (Figure 1D) signals were detected at a low level in cells that expressed the neuronal markers DLX2 and DCX, respectively labelling early neuronal precursors and mature neuroblasts, whereas few (5%) oligodendroglial precursors (OLIG2+ SVZ-OPCs) expressed them. Altogether, these data indicate that MCT8 and OATP1C1 transporters are strongly expressed in NSCs, and are retained by neuronal lineage cells, while largely absent from precursors of the oligodendroglial lineage.

The TH signalling pathway is dynamically regulated during neurogenesis

To further characterize the mRNA expression patterns of THTs and other TH signal pathway components in the different adult SVZ cell types, we performed RTqPCR on FACSpurified SVZ populations at each stage of the neuronal lineage (Figure 2A). To this end, we purified NSCs (quiescent NSCs CD133+EGFR-and activated NSCs CD133+EGFR+), transient amplifying cells or TACs (EGFR+), immature and migrating neuroblasts (EGFR+CD24+ and EGFR-CD24+, respectively). The purity of each FACS-purified SVZ cell population was confirmed by the expression of cell type-specific marker genes by RTqPCR (Figure S2). Statistical results are presented in Table 1. As expected, Gfap (Figure S2A) and Nestin (Figure S2B) expression were limited to NSCs, whereas Egfr (Figure S2C) was mainly expressed in highly proliferative TAC progenitors. Early and late neuronal lineage cell markers (Dlx2 (Figure S2D) and Dcx (Figure S2E), respectively) were detected in young and mature neuroblasts. Then, we assessed the gene expression profiles of several components of the TH signalling pathway in each isolated cell population. Mct8 (Slc16a2, Figure 2B) and Oatp1c1 (Slco1c1, Figure 2C) mRNA expression were strongly expressed in NSCs and almost undetectable in TACs and committed neuronal precursors. This discrepancy between mRNA and protein expressions can be explained by a longer half-life of both THT protein, as previously observed in rats [START_REF] Wittmann | Parallel Regulation of Thyroid Hormone Transporters OATP1c1 and MCT8 During and After Endotoxemia at the Blood-Brain Barrier of Male Rodents[END_REF]. Similarly, we previously demonstrated that Ttr transcripts are expressed in the SVZ of adult mice whereas the protein is not detected by IHC [START_REF] Vancamp | Gender-specific effects of transthyretin on neural stem cell fate in the subventricular zone of the adult mouse[END_REF].

Two others key THTs, Mct10 (Slc16a10, Figure 2D) and Lat2 (Slc7a8, Figure 2F), had the opposite profile with a higher expression in young and mature neuroblasts compared to low expression in both NSCs and TACs. The moderate expression of Lat1 (Slc7a5, Figure 2E) was unchanged in the different SVZ cell types. Thra, both α1 (Figure 2G) and α2 (Figure 2H) isoforms were highly expressed in NSCs, significantly decreased in proliferating TACs and then increased again in neuroblasts.

To assess in which cell type the TH signalling is preferentially activated, we quantified the expression of Klf9 (Figure 2I), a well-known TH target gene (Hu et al., 2016). We found that Klf9 was highly expressed in NSCs and decreased in more committed cell types.

Taken together, the data show a dynamic expression pattern of several TH components during neuronal lineage specification indicating a high TH responsiveness, especially in NSCs.

The absence of MCT8 and OATP1C1 impairs NSC density and self-renewal potential

As the above results suggest that both THTs are strongly expressed in adult NSCs, we next examined the functional properties of DKO derived NSCs (Figure 3). A first observation was that the density of SOX2+ cells (Figure 3A), a pluripotency marker of both NSCs and progenitors, was reduced in the lateral SVZ of DKO mice compared to wild-type littermates (WT: 1156±95.07; DKO: 39.26±4.99; t test: p<0.0001, t=11.73, df=16; Figure 3B). Then, we tested if the proliferative potential of SOX2+ cells was affected in DKO mice. To this end, we performed IHC for SOX2 and KI67 (a cell proliferative associated marker, Figure 3A) to identify cycling progenitors. The density of SOX2+KI67+ cells was reduced in the SVZ of DKO mice compared to wild-type littermates (WT: 350.9±29.5; DKO: 175.6±24.32; t test: p=0.0003, t=4.59, df=16; Figure 3C), suggesting that proliferative neural stem/progenitor cell pool of the SVZ is impaired in the absence of both THTs. Accordingly, one day after plating neurosphere-dissociated cells (Figure 3D), we observed a two-fold reduction of SOX2+KI67+GFAP+ NSCs, showing that there were less cycling SVZ-NSCs in DKO mice (WT: 62.45±4.68; DKO: 32.68±5.59; Mann-Whitney test: p=0.0002, U=203.5, Figure 3E).

The alteration observed in the SOX2+ population could be a consequence of a decreased selfrenewal potential.

To test this hypothesis, we performed a neurosphere clonal assay. We determined selfrenewal capacity by counting the number of neurospheres plated at a clonal density of 10,000 cells/ml over serial clonal passaging (from passages II to IX; Figure 3F). The number of neurospheres from WT and DKO SVZ were similar at passage II (DKO-NS II: 0.93±0.04; Bonferroni's test following two-way ANOVA: p>0.99, t=1.02; Figure 3G). However, after nine passages, WT versus DKO neurospheres revealed distinct NSC behaviors (Bonferroni's test: p=0.0003, t=7.75). As expected (Yoshioka et al., 2015), neurosphere numbers derived from WT mice drop strongly beyond the ninth passage (WT-NS IX: 0.24±0.08; Bonferroni's test: p<0.0001, t=10.37). In contrast, DKO mice generated a large number of neurospheres forming-NSC that could be passaged extensively (DKO-NS II: 0.93±0.04; DKO-NS IX: 0.81±0.05; Bonferroni's test: p=0.89, t=1.6; Figure 3G). Therefore, neurospheres derived from DKO mice had an enhanced self-renewal capacity, continuing to propagate beyond the ninth passage. These results show that MCT8 and/or OATP1C1 exert key roles in selfrenewal and maintenance of SVZ-NSCs in adult mice.

Loss of MCT8 and OATP1C1 impairs regulation of NSC lineage determination and olfactory behavior

Then, we determined consequences of the combined absence of both THTs on the generation of new neuronal versus oligodendroglial precursors derived from SVZ-NSCs in vivo. First, we quantified the density of uncommitted (DLX2+, DCX-) and committed (DLX2+, DCX+) NPCs and mature neuroblasts (DLX2-, DCX+) in the SVZ of WT and DKO mice by IHC on coronal sections (Figure 4A). In DKO mice, the density of uncommitted and committed NPCs was significantly decreased (DLX2: WT: 130.7±15.55 cells/mm 2 ; DKO: 53.03±8.24 cells/mm²; t test: p=0.002, t=3.46, df=30; Figure 4B; DLX2-DCX: WT: 213.4±20.04 cells/mm²; DKO: 132.6±20.39 cells/mm²; t test: p=0.02, t=2.57, df=30; Figure 4C) as compared to WT mice. Surprisingly, the density of DCX+ mature neuroblasts is higher in DKO mice in comparison to controls (WT: 256.8±32.14 cells/mm²; DKO: 401±55.81 cells/mm²; t test: p=0.02, t=2.41, df=30; Figure 4D).

The accumulation of neuroblasts in the SVZ of DKO mice may reflect hampered or delayed migration of mature neuroblasts, and so we investigated whether the loss of MCT8 and OATP1C1 affected SVZ-NPC migration. To this end, neurospheres generated from SVZ of WT and DKO mice were plated on 8-well glass slides (Millicell) coated with Poly-D-Lysine (Sigma). Their migration behavior was determined after 3 days in vitro without EGF and FGF by measuring radial migration away from adherent neurospheres (Figure 4E). For this, we measured the distance of each cell that migrated from the neurosphere, and averaged the distances per neurosphere. We found that on average, cells migrated from DKO neurospheres covered a significantly shorter distance than those migrated from WT neurospheres (WT: 259.9±21.79; DKO: 181.4±22.21; Mann-Whitney test: p=0.03, U=2; Figure 4F). Thus, ablation of Mct8 and Oatp1c1 reduces the migration of neurosphere-derived NPCs.

Given that the absence of THTs strongly affects SVZ-neurogenesis, we investigated possible effects on olfactory behavior by performing the short-term olfactory memory test (as described in (Lazarini et al., 2009)). WT versus DKO mice were exposed four times to the same non-social odor (almond, lemon or orange blossom) at different intervals (2 min, 30 min and 1 hour). We observed that the decrease in investigation time of the cotton swab after two consecutive exposures to a similar odor was comparable in DKO and WT mice (Habituation: WT: 0.46±0.04; DKO: 0.55±0.03; Bonferroni's test following two-way ANOVA: WT p<0. 0001,t=10.15,DKO p<0.0001,t=10.95;WT vs. DKO p=0.46,t=1.59;Figure 4G), suggesting that DKO mice are able to discriminate simple odors. In contrast, after a longer interval of 30 minutes and one hour, DKO mice spent significantly more time investigating the odor compared to control animals (Memory: 30min: WT: 0.28±0.03; DKO: 0.82±0.04;

Memory 1 hour: WT: 0.16±0.05; DKO: 0.97±0.05; WT vs. DKO : Memory 30 min p<0.0001, t=9.61; Memory 1 hour p<0.0001, t=14.46; Figure 4G). Interestingly, the investigation time of DKO mice during the last presentation (after an interval of one hour) was not statistically different from that of the first presentation of the odor (Bonferroni's test: WT p<0.0001, t=15.76; DKO p>0.99, t=0.81). This suggests that DKO mice are unable to memorize odors. Thus, our findings show that short-term olfactory memory is affected by the absence of THTs, associating reduced adult SVZ-neurogenesis with altered olfactory memory.

The absence of MCT8 and OATP1C1 does not affect SVZ-oligodendrogenesis

Lastly, we investigated whether the generation of new SVZ-OPCs was affected in DKO mice by performing an IHC for the oligodendroglia lineage markers OLIG2 and SOX10 (Figure 5A). We observed that neither the OLIG2+ nor the SOX10+ SVZ-OPC density was affected in DKO mice as compared to control animals (OLIG2: WT: 0.33±0.04 cells/mm²; DKO: 0.22±0.03 cells/mm²; Mann-Whitney test, p=0.098, U=24.5; Figure 5B; SOX10: WT: 0.64±0.1; DKO: 0.76±0.12; Mann-Whitney test, p=0.41, U=34.5; Figure 5C), suggesting that the generation of OPCs derived from adult SVZ-NSCs is not impacted by the absence of both MCT8 and OATP1C1.

Two distinct populations of OPCs are present in the adult mammalian brain. Contrary to SVZ-OPCs that are continuously generated from NSCs in the adult SVZ, another source of oligodendrocytes is located in the parenchyma (pOPCs), notably in the corpus callosum.

Since, these parenchymal resident pOPCs are generated earlier during development and remain quiescent in the adult under steady-state conditions, we hypothesised that pOPCs were affected during development of DKO mice (Figure 5D). Although the SVZ area of DKO mice is unchanged compared to control SVZ (data not shown), the corpus callosum area is significantly thinner in DKO than in controls (619 ± 17.24 mm² in DKO mice vs. 838.01 ± 53.01 mm² in WT), as previously observed in [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. Using IHC, we found that the density of either OLIG2+ or SOX10+ pOPCs was strongly reduced in DKO mice as compared to WT mice (OLIG2: WT: 32.64±3.05; DKO: 12.95±1.05; t test, p<0.0001, t=5.96, df=31; Figure 5E; SOX10: WT: 17.96±1.7; DKO: 7.31±0.78; t test, p<0.0001, t=5.57, df=31; Figure 5F). These findings show that pOPCs are highly sensitive to the absence of MCT8 and/or OATP1C1 whereas newly generated SVZ-OPCs are unaffected.

Discussion

The SVZ niche is a well-established TH target tissue: TH preferentially drives SVZderived NSC fate toward a neuronal fate (Gothié et al., 2017b;[START_REF] López-Juárez | Thyroid hormone signaling acts as a neurogenic switch by repressing Sox2 in the adult neural stem cell niche[END_REF][START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. In contrast, a T3-free window due to the presence of Dio3 and the absence of TRα1 is required for OPC generation. However, how intracellular TH levels are regulated within the different SVZ-cell types remains unknown. In this study, we determined how the different components of the TH signalling pathway are modulated during NSC determination to a neuronal fate. In particular, we provide new insights into the functional role of two key THTs, MCT8 and OATP1C1, in NSC fate choice to a neuronal or a glial progenitor within the adult mouse brain. Our work shows that cellular uptake/efflux of TH through membrane transporters is involved in NSC function, impacting the generation of new neuronal and glial cells within the adult mouse brain.

Stem cell TH status

Our data support a key role for MCT8 and/or OATP1C1 in NSC function. First, we observed by RTqPCR and IHC that both THTs MCT8 and OATP1C1, are highly expressed in NSCs within the adult SVZ. Second, in adult DKO mice, the density of SOX2+ NSCs and progenitors is decreased. This result was confirmed in vitro: the number of cycling SOX2+GFAP+ NSCs was reduced when neurospheres were grown from NSC dissected from the SVZ of DKO mice, suggesting altered stem/progenitor cell behavior in absence of THTs.

Further, using the neurosphere assay, we determined that the absence of THTs does not exhaust SVZ-NSC self-renewal after IX passages, contrary to WT NSCs.

Two subpopulations of NSCs co-exist in the adult SVZ: highly proliferative (activated, aNSC) and quiescent (qNSCs) stem cells (Codega et al., 2014;Morshead et al., 1994). The mechanisms regulating the transition from a quiescent to an activated state are still poorly known. The TH signalling pathway could be a key regulator of this cell transition, especially by controlling exit of NSCs from quiescence. The two-fold depletion of cycling NSCs in DKO mice could indicate a return to quiescence in the absence of intracellular T3 signalling. qNSCs contribute to the generation of neurospheres when the pool of aNSC has been experimentally depleted (Morshead et al., 1994). Hence, the challenging in vitro environment could reactivate the expected accumulation of qNSCs due to the absence of a functional TH signalling in DKO mice. In the absence of intracellular T3, reactivated NSCs could proliferate indefinitely, thus maintaining the neurosphere-forming potential that we still observed after passage IX. Similarly, in another NSC niche, the subgranular zone (SGZ) of the hippocampus, Mayerl et al. [START_REF] Mayerl | Hippocampal Neurogenesis Requires Cell-Autonomous Thyroid Hormone Signaling[END_REF] have recently demonstrated that activation of NSCs is impaired in a global Mct8 KO adult mouse model. Furthermore, Mayerl et al. (Mayerl et al., 2018) demonstrated that the activation of muscle stem cells is reduced to about 50% in DKO mice, impairing the myogenic program. They also found that a higher expression of both

Mct8 and Oatp1c1 is associated with the activation of quiescent satellite stem cells. These data support our hypothesis that the absence of both THTs and intracellular T3 induce the transition of SVZ-NSCs to a quiescent state. Altogether, our work combined with Mayerl et al.'s studies, underline a crucial function of MCT8 and/or OATP1C1 transporters in stem cell quiescence and reactivation. However, the relative contribution of MCT8 and/or OATP1C1 to maintain NSC identity could be further assessed by analysing NSC behaviour in simple KO mice or following inhibition using commercially available inhibitors [START_REF] Mayerl | Hippocampal Neurogenesis Requires Cell-Autonomous Thyroid Hormone Signaling[END_REF]. Furthermore, our in vitro experiments were done in presence of T3 (0.3 nM, present in the B27 supplement), and in this experimental condition, we still observed a reduction in the numbers of NSCs and also impaired cell migration. Therefore, these results strongly suggest that alterations in NSCs behaviour observed in vivo could be largely due to a local intracellular hypothyroidism. However, we cannot exclude an additional impact due to (i) the lack of MCT8 in both choroid plexus and endothelial cells of the BBB (Dumitrescu et al., 2006;Heuer et al., 2005;Trajkovic et al., 2007) and (ii) OATP1C1 that facilitates T4 uptake across the BBB and/or the CSF (Roberts et al., 2008;[START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. Furthermore, since MCT8 and OATP1C1 are also found in radial glia cells in the prenatal human brain (López-Espíndola et al., 2019), we cannot rule out a developmental impact of the absence of both transporters contributing to the adult phenotype that we observed in the SVZ of DKO mice.

Further analysis is needed to assess whether a reduction of TH availability within radial glial cells of the mouse prenatal brain long-lasting influences NSC proliferation and cell fate in the adult SVZ.

A decrease of intracellular T3 could preserve/maintain the NSC pool that can be reactivated under more favourable environmental conditions. We previously demonstrated that SVZ-NSCs are blocked in G2-phase, the phase before mitosis, following an adult-onset hypothyroidism [START_REF] Lemkine | Adult neural stem cell cycling in vivo requires thyroid hormone and its alpha receptor[END_REF]. In the Drosophila brain, G2-quiescent cells are capable of reactivating faster than G0-stem cells (Otsuki and Brand, 2018). Interestingly, the localization of NSCs in their niche, i.e. dorsal vs. ventral, would determine the enter in phase G0 or G2: under the control of patterning factors, dorsal NSCs enter G0 quiescence while ventral NSCs undergo G2 quiescence (Otsuki and Brand, 2019). Elucidating whether SVZ-NSCs are preferentially arrested either in G0 or G2 phase following a decrease of TH availability could help to adapt therapeutic purposes so as to manipulate NSC physiology and promote generation of new neural cells.

We cannot exclude that the decreased density of cycling NSCs/progenitors might be related to a developmental issue. THs are crucial for brain development: congenital hypothyroidism and AHDS (Mct8 deficiency) are two pathological conditions where low brain TH content incurs intellectual disability [START_REF] López-Espíndola | Mutations of the thyroid hormone transporter MCT8 cause prenatal brain damage and persistent hypomyelination[END_REF][START_REF] Schwartz | The MCT8 thyroid hormone transporter and Allan-Herndon-Dudley syndrome[END_REF][START_REF] Vatine | Modeling Psychomotor Retardation using iPSCs from MCT8-Deficient Patients Indicates a Prominent Role for the Blood-Brain Barrier[END_REF]. Here, we showed that NSCs express high levels of several components of the TH signalling pathway in mice.

We speculate that high intracellular T3 levels in NSCs (high expression of both THTs, Thra1, Klf9) could be acquired during the transition from embryonic/post-natal NSCs to adult NSCs. The absence of both THTs could prevent sufficient uptake of THs and therefore an intracellular lack of TH to determine the features of adult NSCs, consequently decreasing the density of proliferating NSCs, as we observed in the adult SVZ of DKO mice. Further investigation is necessary to determine whether T3 is a key molecular signal controlling the transition from qNSC to aNSC and inversely.

Once activated, NSCs express the epidermal growth factor receptor (Egfr), a key proliferation-activating factor that also regulates NSC fate by blocking neurogenesis and promoting glial fate (Ayuso-Sacido et al., 2010). Interestingly, high Egfr expression in activated NSC and their progeny (TACs) associates with reduced intracellular TH levels due to high expression of Dio3 and absence of TRα1 expression [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. Similarly, we detected a low mRNA expression of both Mct8 and Oatp1c1 and others THTs as Mct10, Lat1 and Lat2 in TACs, suggesting that absence of THTs and TRα1, combined with elevated Dio3 expression [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF], associate with actively proliferating progenitors derived from SVZ-NSCs.

We demonstrated that the absence of MCT8 and/or OATP1C1 impairs SVZneurogenesis whereas the generation of new SVZ-OPCs is unaffected. This is consistent with our previous studies showing that TH signalling acts as a neurogenic switch in SVZprogenitors (Gothié et al., 2017b;[START_REF] López-Juárez | Thyroid hormone signaling acts as a neurogenic switch by repressing Sox2 in the adult neural stem cell niche[END_REF] whereas a T3-free window is necessary to promote SVZ-oligodendrogenesis [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. However, we did not expect to observe an accumulation of DCX+ neuroblasts along the lateral ventricles of DKO mice, suggesting a potential migration failure. Similarly, radial migration of newly-generated SVZ-neural precursors was impaired in vitro. Using RTqPCR analysis on isolated cell types by FACS, we observed that both Mct8 and Oatp1c1 mRNA were expressed at low levels in young and mature neuroblasts. In contrast, IHC allowed us to detect high expression of both MCT8 and OATP1C1 proteins in these cell types. To our knowledge, this is the first study highlighting a functional role of these transporters in the neuronal lineage derived from adult SVZ-NSCs. However, further work is needed to analyse the relative contribution of MCT8 and OATP1C1 during lineage progression of neural progenitors in the SVZ of adult mice. Recently, using similar approaches, Mayerl [START_REF] Mayerl | Hippocampal Neurogenesis Requires Cell-Autonomous Thyroid Hormone Signaling[END_REF] detected high levels of MCT8 in neuroblasts located within the hippocampus at both the mRNA and protein levels. Furthermore, they demonstrated that the density of differentiated neuroblasts is decreased in Mct8 KO animals, showing that a global inactivation of MCT8 impaired adult neurogenesis in the mouse SGZ too. However, they found that the density of TACs and proliferating neuroblasts is unchanged in Mct8 KO, strongly suggesting that MCT8 acts at later stages during SGZ-NSC lineage progression, during cell transition from neuroblast to immature neurons. This is consistent with previous work by [START_REF] Kapoor | Thyroid Hormone Accelerates the Differentiation of Adult Hippocampal Progenitors[END_REF] showing that TH signalling targets predominantly post-mitotic committed neural progenitors and that THs accelerate neuronal differentiation both in vivo and in vitro.

These studies demonstrate that TH action on adult neurogenesis is NSC niche-specific and depends on the developmental window. Contrary to the adult SGZ, our study shows that MCT8 and/or OATP1C1 are involved in the proliferation of SOX2+ TACs and DLX2+ young neuroblasts, indicating that THT-dependent TH availability regulates lineage progression at multiple steps, from NSC/progenitor proliferation [START_REF] Lemkine | Adult neural stem cell cycling in vivo requires thyroid hormone and its alpha receptor[END_REF] to cell fate determination to a neuronal fate (Gothié et al., 2017b;[START_REF] López-Juárez | Thyroid hormone signaling acts as a neurogenic switch by repressing Sox2 in the adult neural stem cell niche[END_REF][START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF] in the adult SVZ. Our findings echo a recent study showing that MCT8 knockdown reduced the pool of progenitors, and impaired neurogenesis in the chicken optic tectum, thus demonstrating that MCT8-dependent TH supply is crucial for early corticogenesis (Vancamp et al., 2017). 

Olfactory function is affected by the absence of both MCT8 and OATP1C1

In rodents, newly-generated neuroblasts derived from NSCs migrate through the RMS to the OBs where they differentiate into mature interneurons throughout life. This continuous integration of new neurons into the pre-existing neuronal circuits has been implicated in olfactory behavior, including odor memory and discrimination.

We showed a decreased generation of new migrating neuroblasts in DKO mice, that together with a neuroblast migration defect, may affect the recruitment of new neurons in the adult OBs. Newly generated neurons in the olfactory network play a key role in short-term olfactory memory (Breton-Provencher et al., 2009). In particular, reduced levels of SVZ neurogenesis following antimitotic drug AraC treatment caused a depletion of SVZ cells derived from proliferating cells (Doetsch et al., 1999), moreover, a loss of olfactory memory is seen, without affecting odor discrimination. Similarly, an upregulation of SVZ neurogenesis by an olfactory-enriched environment increased olfactory memory (Rochefort et al., 2002). These data strongly suggest that olfactory memory is dependent on the rate of adult SVZ neurogenesis and that newly-generated neurons play a crucial role in establishing shortterm olfactory memory, but not odor discrimination (Breton-Provencher et al., 2009;Enwere et al., 2004). Finally, absence of MCT8 and/or OATP1C1 impairs (i) generation and migration of SVZ-neuroblasts (ii) olfactory capacities, suggesting that SVZ neurogenesis in DKO mice is functionally impaired. However, the discriminative capacity of WT and DKO mice was tested using simple, easily discernable odors. Some studies have previously demonstrated that discrimination between two simple different odors is not impaired in mice with reduced SVZ neurogenesis (Breton-Provencher et al., 2009;Enwere et al., 2004). We cannot rule out that more difficult discrimination tasks using very similar odorants would have been more challenging for DKO mice, as it has been recently demonstrated in other mouse models aiming to analyse the impact of aging (Enwere et al., 2004) and consequences of a transitory increase of the NSC pool on olfactory discrimination [START_REF] Bragado Alonso | An increase in neural stem cells and olfactory bulb adult neurogenesis improves discrimination of highly similar odorants[END_REF].

TH deficiency is usually linked to impaired myelogenesis during development. It is well established that TH controls the timing of oligodendrocyte differentiation [START_REF] Barres | A novel role for thyroid hormone, glucocorticoids and retinoic acid in timing oligodendrocyte development[END_REF][START_REF] Billon | Normal timing of oligodendrocyte development depends on thyroid hormone receptor alpha 1 (TRα1)[END_REF]Kim and Petratos, 2019). Our work showed that DKO mice have a significant lower density of resident pOPCs localised in the corpus callosum, above the lateral ventricle, corresponding to the reduced myelination observed in the corpus callosum of DKO brains with a silver staining technique [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. This hypomyelination state associates with neurological and behavioral impairments described in DKO mice as well as in AHDS patients [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]. Post-mortem brain tissue analysis of an AHDS patient strongly suggest that MCT8 drives OPCs T3-dependent differentiation into mature and functional myelinating oligodendrocytes [START_REF] López-Espíndola | Mutations of the thyroid hormone transporter MCT8 cause prenatal brain damage and persistent hypomyelination[END_REF]. These resident pOPCs, widely distributed in the parenchyma throughout the adult brain, are generated during development and can remain quiescent throughout adult life (Tokumoto et al., 2017). The significant reduction of resident parenchymal pOPCs in the corpus callosum could reflect neurodevelopmental and behavioral consequences of Mct8 and Oatp1c1 depletion in the developmental DKO mouse model. A conditional DKO mouse line would permit to better distinguish effects generated early during development from those affected later during the adulthood. Lastly, the crucial role of MCT8 in the differentiation of OPCs is known in humans: MCT8 downregulation in hESCs-derived cells induces oligodendrocyte apoptosis and myelin damage [START_REF] Lee | Overcoming Monocarboxylate Transporter 8 (MCT8)-Deficiency to Promote Human Oligodendrocyte Differentiation and Myelination[END_REF]. These data suggest that the decrease in resident OPCs in the corpus callosum of DKO mice could be due to OPCs apoptosis.

In contrast to resident pOPCs, our work shows that newly generated OPCs derived from adult SVZ-NSCs express neither MCT8 nor OATP1C1, with generation of new OPCs in the SVZ of DKO mice being unaffected. Our previous results showed that a transient hypothyroidism promotes the generation of new SVZ-OPCs and not resident pOPCs, demonstrating that both OPC populations differentially respond to a TH-free window (Gothié et al., 2017a;[START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]. The discrepancy observed in the number of the SVZ-OPCs compared to our previously published data could depend on the timing of when the hypothyroidism was induced. In [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]Gothié et al., 2017a, we induced a systemic transient hypothyroidism in adult mice, whereas in the present work, brain TH deficiency already occurs during developmental stages. Thus, the absence of an increase in OPCs in the DKO mice could be the due to a developmental defect. Several studies underline that SVZ-OPCs are more capable of functional repair in demyelinating lesions than pOPCs [START_REF] Brousse | Region and dynamic specificities of adult neural stem cells and oligodendrocyte precursors in myelin regeneration in the mouse brain[END_REF][START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF][START_REF] Xing | Adult neural precursor cells from the subventricular zone contribute significantly to oligodendrocyte regeneration and remyelination[END_REF]. Thus, how TH signalling preferentially regulates SVZ-OPCs, an efficient source of remyelinating cells, will provide new therapeutic options to favour myelin repair in multiple sclerosis and others demyelinating diseases. More precisely, understanding how local intracellular TH levels differentially regulate SVZ-OPCs and resident-OPCs could overcome the gap of knowledge on the distinct behavior of these two kinds of OPCs after a myelin insult.

Conclusion.

This work highlights first, a new role of MCT8 and/or OATP1C1 in adult NSC physiology, second, a tight and dynamic regulation of TH signalling during neuronal lineage progression and third, an impairment of olfactory behavior and memory. Our data could shed new lights on potential therapeutic purposes for AHDS patients and more generally for demyelinating diseases where new remyelinating cells are needed. The neurological phenotype of DKO mice and AHDS patients could be due to a developmental defect worsened by an impaired neurogenesis in the adult.

Experimental procedures

Animals

Generation and genotyping of Mct8 KO and Mct8/Oatp1c1 double-knockout (DKO) male mice were reported elsewhere [START_REF] Mayerl | Transporters MCT8 and OATP1C1 maintain murine brain thyroid hormone homeostasis[END_REF]Trajkovic et al., 2007). For visualising OATP1C1 expressing cells, transgenic animals were used that express YFP reporter and a tamoxifen inducible cre-recombinase under the control of the Slco1c1 promoter (Ridder et al., 2011). Four weeks prior to immunofluorescence analysis, these OATP1C1:YFP reporter mice were treated with tamoxifen (40 µg/g i.p.) for five consecutive days in order to induce YFP expression specifically in OATP1C1 expressing cells.

Only male mice on a C57BL/6 background at the age of 2 months (WT, DKO; 

Olfactory function

Procedure is described in the Supplemental Information.

Tissue preparation and immunohistochemistry (IHC)

Three WT and three DKO mice were anesthetized with Pentobarbital (130 mg/kg, Centravet) and perfused rapidly through the left heart ventricle with 1X PBS followed by 4% paraformaldehyde in PBS (0.1 M, pH 7.4). Brains were harvested and post-fixed at 4°C in the same fixative solution overnight. Brains were cryoprotected in 30% sucrose in 1X PBS at 4°C and embedded in OCT (Sakura) and stored at -80°C. Brain coronal sections (30 µm thick) were performed using a cryostat and were rigorously selected from bregma +0.9 mm to -0.1 mm and then, collected in sterile 1X PBS. The IHC procedure is described in the Supplemental Information.

Imaging and quantification

A Leica TCS-SP5 confocal microscope was used to acquire fluorescence images (1024x1024 pixels; 400X magnification). Images were taken on 3-5 sections per mouse. Three detailed images were taken lining the lateral ventricles corresponding to the lateral SVZ of both sides to quantify NSCs, NPCs and OPCs. In addition, three images were taken of the corpus callosum at each side to quantify the density of parenchymal OPCs (pOPCs). Cell counting was performed in the freely available FIJI software. For each image, the region of interest (i.e. the lateral ventricular border or the corpus callosum) has been drawn. Moreover, the immunopositive cells were quantified using the cell counter plugin. The results were expressed as the number of immunopositive cells per mm². For MCT8 and OATP1C1 colocalization with the plasma membrane marker pan-Cadherin, Z-stack images were acquired using 1024X1024 pixels; stack images: 0.34 µm; 630X magnification zoom: 2.5, visualisations were done on Max Intensity Z projections using FIJI software and 3D reconstitution were processed using Imaris software. 

  Thus, the absence of MCT8 and/or OATP1C1 could alter the molecular and cellular machinery necessary for the phosphorylation of doublecortin and the migration of neuroblasts, inducing the accumulation of newly immature neurons along the lateral ventricles. The role of TH signalling on neuroblast migration through the Rostral Migratory Stream (RMS) remains unknown, though the role of TH in optimal cell migration has been shown in other brain regions, notably during development in the cerebellum (Morte et al., 2002; Portella et al., 2010) and neocortex (Pathak et al., 2010). Misregulation of two well-established TH target genes involved in neural migration, reelin (Alvarez-Dolado et al., 1999) and NCAM (Iglesiaset al., 1996) blocked radial neuroblast migration, resulting in loss of cortical layering and behavioral defects. Similarly, depletion of key components of the Reelin pathway (as ApoER2/VLDLR or Dab1) resulted in accumulation of neuroblasts within the adult SVZ(Andrade et al., 2007), phenocopying the results found in our DKO mice. Thus, the interaction of TH with the Reelin signalling pathway deserves further analysis in the context of adult SVZ-neurogenesis.

  Compared to Mct8 and Oatp1c1 mRNA, mRNA levels for others THTs (Mct10 and Lat2) are higher in the neuronal lineage. Further analysis is needed to study the function of these secondary THTs, Lat2 and Mct10, during neuronal lineage progression. In contrast to the SVZ, Mayerl[START_REF] Mayerl | Hippocampal Neurogenesis Requires Cell-Autonomous Thyroid Hormone Signaling[END_REF] detected high expression of Mct10 (and Mct8, as mentioned before) in SGZ-neuroblasts whereas Lat1 and Lat2 are expressed in NSCs and TACs, showing distinct expression patterns of these THTs in the two neurogenic niches. This recent finding is consistent with many others showing a complementary distribution pattern of both Mct8 and Mct10 in several brain areas such as in the cerebral cortex (Müller and Heuer, 2014), strongly suggesting a compensatory function of Mct10 in absence of Mct8. Due to the mutually exclusive distribution of Mct8 and Mct10 mRNA in the SVZ, this region SVZ can provide a key model to assess the physiological significance of Mct10 as a specific THT in SVZ-derived neuroblasts. Moreover, the contribution of all these THTs to SVZoligodendrogenesis should also be addressed. In particular, a high Mct10 signal has been observed in white matter regions of the adult mouse brain (Müller and Heuer, 2014), raising the question of whether Mct10 provides TH during migration of SVZ-derived oligodendrocytes towards the corpus callosum, thereby participating in axonal myelination in physiological or demyelinated conditions (Menn et al., 2006). Thus, analysing the function of the dynamic expression pattern of Mct8/Oatp1c1 and others THTs in the different SVZ cell populations will open new avenues on how cellautonomous function of the TH signalling could regulate NSC fate commitment to a neuronal fate.

  OATP1C1:YFP) or 4 months (Mct8 KO) were used in the study. Mct8 KO, DKO, OATP1C1:YFP mice and age-matched wildtype mice on the same genetic background were obtained from the Heuer lab. C57BL/6 WT mice purchased from Janvier Labs (Le Genest St. Isle, France) were used for qRT-PCR experiment (see protocols below). Mice were left undisturbed for at least ten days after arrival in the animal facility to limit environmental stress due to transport and to allow a better acclimatization to their new environment. Mice were housed with an enriched environment to ameliorate anxious behaviour. Mice were kept under standard conditions (22°C, 50% humidity, 12h light/dark cycle) and food and water were available ad libitum. Animals were handled and cared for in accordance with the EU Directive of 22 September 2010 (2010/63/EU). All procedures were conducted according to the principles and procedures in Guidelines for Care and Use of Laboratory Animals and validated by local and national ethical committees (CEEA Cuvier n°68; AZ 84-02.04.2017.A219 LANUV NRW Recklinghausen Germany).
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Adult neurosphere assay

Three WT and five DKO animals were sacrificed by cervical dislocation and the region containing the lateral SVZ was dissected. Tissues were incubated in digestion medium (papain (Worthington), DNase (Worthington), L-cysteine (Sigma-Aldrich)) for 30 min at 37°C and mechanically dissociated to obtain a single cell suspension. Cells were collected by centrifugation at 1,000 rcf for 5 min and then cultured in a tissue culture flask 25 (TPP) containing DMEM-F12 (Gibco), 40 mg/ml insulin (Sigma), 1/200 B-27 supplement (Gibco) which contains 0.3 nM T3, 1/100 N-2 supplement (Gibco), 0.3% glucose (Sigma-Aldrich), 5 nM Hepes (Thermo Fisher), 100 U/ml penicillin/streptomycin (Thermo Fisher), 20 ng/ml EGF (Peprotech) and 20 ng/ml FGF2 (Peprotech) to obtain primary neurospheres. The cultures were maintained in a 5% CO2 environment at 37 ˚C for 7 days and the growing medium was supplemented with EGF and FGF2 every two days.

Primary neurospheres were first used for cell migration (procedure described in the Supplemental Information). To analyse cell differentiation, primary neurospheres were dissociated and 50x10 3 cells were plated in 8-well glass slides (PEZGS0816, Millicell) coated with Poly-D-Lysine (0.1 mg/ml, Sigma-Aldrich). Differentiation was induced by EGF and FGF2 withdrawal. After 24 hours of differentiation, cells were fixed with 4% paraformaldehyde in PBS (0.1 M, pH 7.4). IHC was performed as described above.

Quantifications were done on Max Intensity Z projections of 4 µm stack images using FIJI software. Results are presented as the number of immunopositive cells respect to the total number of cells.

Clonality neurosphere assay

Primary neurospheres (NS I), obtained as indicated above, were dissociated and then, plated at 10,000 cells/ml concentration in 24-well tissue culture test plate (TPP) as indicated above (n = 5-10 wells per passage, n = 1 experimental replicate). Three wells of floating neurospheres (NS II to NS IX) were imaged with EVOS XL Core cell imaging system microscope (x10) and the number of neurospheres per well was determined using FIJI software.

Flow Cytometry and Real-time PCR

Procedure is described in the Supplemental Information.

Statistical analysis

Statistical analyses were performed with GraphPad Prism8 software (GraphPad Software, San Diego, CA) and StatXact8 (Cytel Inc.). A Kruskal-Wallis test followed by permutation test were used for the qPCR analyses. For in vivo and in vitro quantifications, means from two groups were compared using a two-tailed Student's t test or a Mann-Whitney U test, depending on whether data were normally distributed or not, respectively. A two-way ANOVA test followed by a Bonferroni post-test was used to compare the number of neurospheres and the short-term olfactory memory in CTL and DKO mice. Differences were considered statistically significant for a p-value<0.05. Data are presented in the histograms and expressed as mean ± standard error of the mean (S.E.M.) or in the boxplots with medians, minimum and maximum values. 
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