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Introduction

Schizophrenia and bipolar disorder are common, lifelong psychiatric illnesses affecting mood, perception and cognition. A strong genetic contribution to these conditions is indicated by family and epidemiological studies.

A role for the NPAS3 gene in psychiatric illness risk was suggested through the study of a mother and daughter diagnosed with schizophrenia and mild learning disability who carried a chromosomal abnormality disrupting the gene [START_REF] Kamnasaran | Disruption of the neuronal PAS3 gene in a family affected with schizophrenia[END_REF][START_REF] Pickard | Disruption of a brain transcription factor, NPAS3, is associated with schizophrenia and learning disability[END_REF]. Subsequent gene-specific and genome-wide case-control association studies have linked single nucleotide polymorphisms at the NPAS3 locus with increased risk of schizophrenia [START_REF] Pickard | Interacting haplotypes at the NPAS3 locus alter risk of schizophrenia and bipolar disorder[END_REF][START_REF] Huang | Cross-Disorder Genomewide Analysis of Schizophrenia, Bipolar Disorder, and Depression[END_REF], bipolar disorder [START_REF] Pickard | Interacting haplotypes at the NPAS3 locus alter risk of schizophrenia and bipolar disorder[END_REF][START_REF] Huang | Cross-Disorder Genomewide Analysis of Schizophrenia, Bipolar Disorder, and Depression[END_REF][START_REF] Ferreira | Collaborative genome-wide association analysis supports a role for ANK3 and CACNA1C in bipolar disorder[END_REF] and major depression [START_REF] Huang | Cross-Disorder Genomewide Analysis of Schizophrenia, Bipolar Disorder, and Depression[END_REF]. Three common NPAS3 exonic variants have also been recently associated with increased risk of schizophrenia [START_REF] Macintyre | Association of NPAS3 exonic variation with schizophrenia[END_REF]. Genetic variation at the NPAS3 locus has also been linked with response to treatment with the antipsychotic drug, iloperidone [START_REF] Lavedan | Association of the NPAS3 gene and five other loci with response to the antipsychotic iloperidone identified in a whole genome association study[END_REF].

NPAS3 encodes a member of the bHLH-PAS (basic helix-loop-helix -Per, Arnt, Sim) domain transcription factor family that form functional heterodimers [START_REF] Brunskill | Characterization of npas3, a novel basic helix-loop-helix PAS gene expressed in the developing mouse nervous system[END_REF][START_REF] Gilles-Gonzalez | Signal transduction by hemecontaining PAS-domain proteins[END_REF]. Npas3 knockout mice display neuroanatomical, memory and behavioral phenotypes typical of a model of human psychiatric disorders [START_REF] Brunskill | Abnormal neurodevelopment, neurosignaling and behaviour in Npas3-deficient mice[END_REF][START_REF] Erbel-Sieler | Behavioral and regulatory abnormalities in mice deficient in the NPAS1 and NPAS3 transcription factors[END_REF]. They also exhibit a deficit in adult hippocampal neurogenesis [START_REF] Pieper | The neuronal PAS domain protein 3 transcription factor controls FGFmediated adult hippocampal neurogenesis in mice[END_REF] -a potential cellular pathology of schizophrenia and depression [START_REF] Kempermann | The contribution of failing adult hippocampal neurogenesis to psychiatric disorders[END_REF][START_REF] Reif | Neurogenesis and schizophrenia: dividing neurons in a divided mind?[END_REF]. Importantly, a novel compound acting on mitochondria, P7C3, reverses the neurogenesis, neuroanatomical, electrophysiological and behavioural phenotypes of the Npas3 knockout [START_REF] Pieper | Discovery of a proneurogenic, neuroprotective chemical[END_REF].

Here we report results from parallel experimental approaches designed to identify the function of NPAS3 in health and mental illness. The hippocampal neurogenesis deficit associated with Npas3 deletion suggested NPAS3 might directly regulate the developmental pathway associated with new neuron production and maturation and As a transcription factor, NPAS3 is particularly amenable to a transcriptomics approach because observed expression changes are likely to represent direct activity rather than secondary or homeostatic reactions. We employ an in vitro system; over-expression of full-length (FLNPAS3) and artificially truncated (ΔNPAS3) forms of NPAS3 in the human embryonic kidney cell line, HEK293, followed by microarray analysis not to model psychiatric illness but rather to efficiently identify target genes. We compare NPAS3 targets with those of a known family of neurodevelopmental regulators, the SOX family of transcription factors [START_REF] Azim | SOX6 controls dorsal progenitor identity and interneuron diversity during neocortical development[END_REF][START_REF] Haslinger | Expression of Sox11 in adult neurogenic niches suggests a stage-specific role in adult neurogenesis[END_REF][START_REF] Lefebvre | The SoxD transcription factors -Sox5, Sox6, and Sox13are key cell fate modulators[END_REF]. We also describe an immunofluorescence study to determine NPAS3's spatio-temporal contribution to hippocampal neurogenesis. The observation that the related NPAS2 protein acts as a functional equivalent of the CLOCK circadian regulator in certain brain regions [START_REF] Reick | NPAS2: an analog of clock operative in the mammalian forebrain[END_REF] prompted us to examine NPAS3 targets in cells stimulated to commence synchronous circadian cycling. Finally, we assess the biological relevance of the in vitro microarray data to the in vivo pathologies in the Npas3 knockout mouse. This was achieved by high-resolution mass spectrometry-based metabonomic comparison of wild-type and mutant brain tissue.

Our findings indicate that NPAS3 contributes to both neurodevelopmental transcription factor networks and the regulation of brain glucose metabolism.

Materials and methods

Immunofluorescence

Immunofluorescence of frozen brain sections was carried out as previously described [START_REF] Knight | A cytogenetic abnormality and rare coding variants identify ABCA13 as a candidate gene in schizophrenia, bipolar disorder, and depression[END_REF]. Antibodies against Npas3, Gfap, Dcx and Nestin were all obtained from Santa Cruz Biotechnology. 1:400 donkey secondary antibodies against goat or rabbit IgG, conjugated to Alexa Fluor 594 were applied for red fluorescence, or to Alexa Fluor 488 or FITC for green fluorescence (Invitrogen Life Technologies, Paisley, UK). Sections were mounted with Prolong antifade reagent with DAPI nuclear stain (Invitrogen). For circadian induction, cells were maintained in DMEM alone for 36 hours. At the zero hour time-point, the cell medium was replaced with DMEM supplemented with 50% horse serum plus tetracycline in order to induce circadian cycling/NPAS3 over-expression [START_REF] Balsalobre | A serum shock induces circadian gene expression in mammalian tissue culture cells[END_REF][START_REF] Huang | Induction of circadian rhythm in cultured human mesenchymal stem cells by serum shock and cAMP analogs in vitro[END_REF]. At +2 hours, cells were washed with DMEM and then incubated with the same plus tetracycline for the remaining period of the experiment. At either +12 or +24 hours, cells were removed, washed and frozen.

NPAS3 and SOX expression constructs and standard/circadian cell culture

Illumina microarray analysis and data normalization

For baseline and circadian NPAS3 over-expression experiments parental HEK293 [T-REx-293] cells were used as negative controls. Samples (n=2) were assessed for FLNPAS3 over-expression, ΔNPAS3 over-expression, and parental negative controls. In the SOX microarray studies, DNA-free Lipofectamine2000 transfections (n=4) were used as shared negative controls compared to transfections with each of the SOX expression constructs (n=3).

RNA extraction (RNeasy kit, Qiagen) and synthesised microarray probes (Illumina® TotalPrep RNA Amplification Kit, Ambion) were quantified and quality checked using an Agilent Bioanalyzer. An Illumina Beadstation platform was used in conjunction with Sentrix® HumanRef-8 v2 chips [START_REF] Reisz-Porszasz | Identification of functional domains of the aryl hydrocarbon receptor nuclear translocator protein (ARNT)[END_REF]500 gene transcripts) to detect gene expression profiles. This work was carried out in the Wellcome Trust Clinical Research Facility at the Western General Hospital, Edinburgh. Microarray data analysis was carried out using BRB-ArrayTools 3.8.0 freeware. Regulated genes were categorised using Ingenuity Pathway Analysis and GeneCodis2 for over-representation of particular gene ontologies or biological processes. ProSim Ternary Diagram freeware (http://www.prosim.net/en/resources/download.html) was used to visualise normalized/de-transformed microarray expression data.

Confirmation by QPCR

Oligo-dT-primed cDNA synthesis of microarray sample RNA was performed (Roche) followed by triplicate QPCR with SYBR green QPCR Master Mix (Invitrogen) and a Real-Time QPCR machine (BIO-RAD). For relative quantification of mRNA expression, geometric means were calculated using the comparative double delta method. Primers used in QPCR are included in Supplementary Information Table 9. The housekeeping gene (18sRNA) was selected as the endogenous references in this QPCR studies.

Dual luciferase assay

5' human VGF sequence (2029kb), containing promoter, exon1, intron1 and part of exon2, was amplified by PCR and cloned into digested pGL3 reporter vectors. HEK293 and SHSY-5Y cell samples were collected at 24 hours after transfection. The activities of Firefly luciferase (expressed from all pGL-3 reporter vectors) and Renilla luciferase (expressed from co-transfected pRL-TK vector) were measured sequentially from each sample by using the Dualluciferase reporter (DLR TM) Assay System with the Plate-reader (Synergy HT, Bio-Tech). For each sample, the Firefly luciferase activity was normalised by the Renilla luciferase activity and then compared with the mean value of control samples. Dual luciferase assay results were statistically analysed using SigmaPlot© (Bruxton Corp., Seattle, WA). One-way ANOVA tests test was used to compare the VGF promoter activity of different cells among treatment groups.

Metabonomics

Extraction of polar metabolites from brain tissue homogenates for LC-MS analysis The deleted mouse Npas3 locus (on a 129S6/SvEvTac background) was backcrossed with mice from the C57BL/6J strain such that, at the stage of metabonomic analysis, the mice were on average 62.5% C57BL/6J. Sagitally dissected half-brains from homozygote Npas3 knockout (n=4) and wild-type (n=4) littermates were snap frozen in isopentane and stored at -80ºC. A twostep metabolite extraction method using methanol, water and chloroform as extraction solvents produced a biphasic solution comprising polar and nonpolar fractions [START_REF] Wu | High-throughput tissue extraction protocol for NMR-and MS-based metabolomics[END_REF]. Only the polar fractions were analysed in this study. 200µl of collected polar extract was added to 600µl of 1:1 acetonitrile:water.

Samples were diluted to combat salt interference and to prevent ion suppression. Samples were filtered using Acrodisc 13 mm syringe filters with 0.2 µm nylon membrane (Sigma Aldrich) before LC-MS analysis.

LC-MS Analysis of Polar Metabolites

Analysis was carried out using a Finnigan LTQ-Orbitrap fitted with a Surveyor HPLC pump (Thermo Fisher, Hemel Hempstead, UK) using 30 000 resolution.

The software programme XCalibur (version 2.0) was used to acquire the LC-MS data. Analyses were carried out in positive and negative modes over mass range of 60-1 000 m/z. The capillary temperature was set at 250 °C and in positive ionisation mode the ion spray voltage was 4.5 kV, the capillary voltage 30 V and the tube lens voltage 105 V. In negative ionisation mode the ion spray voltage was -4.5 kV, the capillary voltage -25 V, the tube lens voltage -95.0 V. The sheath and auxiliary gas flow rates were 45 and 15, respectively (manufacturer units). A ZIC-HILIC column (5 µm, 150 x 4.6 mm; HiChrom, Reading, UK) was used with a binary gradient. Solvent A was 0.1% v/v formic acid in HPLC water and B was 0.1% formic acid in acetonitrile. A flow rate of 0.3 ml/min was used and injection volume was 10 µl. The gradient programme used was 80% B at 0 min to 50% B at 12 min to 20% B at 28 min to 80% B at 37 min with total run time of 45 minutes. The instrument was externally calibrated before analysis and internally calibrated using lock masses at m/z 83.06037 and m/z 195.08625. Samples were analysed sequentially and the vial tray temperature was set at a constant temperature of 4 °C. Raw XCalibur data files from wild-type and Npas3 knockout samples were processed using Sieve™ version 1.2 (Thermo Fisher, Hemel Hempstead, UK).

Results

Npas3 expression in the dentate gyrus supports its role in neurogenesis

We observed the strongest NPAS3 immunofluorescence originating in the subgranular zone of the dentate gyrus with immuno-positive processes radiating into the granule cell layer proper (Fig. 1j). Additional expression included nuclear distribution in ependymal cells and axo-dendritic staining adjacent to the cell soma in many cortical neurons. To define the stage of Npas3 action in newly forming neurons we co-stained with antibodies against Nestin, Gfap and Dcx (Fig. 1a-i). Only Dcx showed an overlapping expression pattern indicating that Npas3 acts during neuronal maturation/differentiation.

Identifying NPAS3 target genes in standard culture conditions

Unsupervised hierarchical clustering of gene expression profiles using centred correlation and average linkage showed reproducible transcriptional changes after FLNPAS3 or ΔNPAS3 over-expression (Supplementary Information Fig. 1a). Using the SAM algorithm (Significance Analysis of Microarrays) with a 0.01 target proportion of false discoveries and 100 permutations, 3 476 genes were found to discriminate between FLNPAS3 and control. 282 genes showed >=1.5-fold up-regulation by FLNPAS3, and 359 genes were similarly downregulated (Table 1a,b and Fig. 2a). NPAS3, as a consequence of experimental over-expression, was the most up-regulated gene (62-fold) but was only detected in FLNPAS3 arrays as the chip's oligonucleotide probe is complementary to 3' sequence absent in ΔNPAS3.

There was substantial correlation of target gene fold-change between FLNPAS3 and ΔNPAS3 cells in standard culture conditions, with linear regression r 2 values of 0.59 (up-regulated genes) and 0.78 (down-regulated genes) (SI Fig. 1b,c). A similar C-terminal deletion of a related bHLH transcription factor, ARNT (HIF1 beta), also largely preserved regulatory function [START_REF] Reisz-Porszasz | Identification of functional domains of the aryl hydrocarbon receptor nuclear translocator protein (ARNT)[END_REF]. QPCR directed against four selected regulated genes, VGF, HK2, ENO2 and SOX11 confirmed the microarray findings (SI Fig. 2a).

NPAS3 and SOX transcription factors share target genes, including VGF

The up-regulated set of genes (Table 1a) was analysed for overrepresentation of particular biological processes using online tool GeneCodis2 [START_REF] Nogales-Cadenas | GeneCodis: interpreting gene lists through enrichment analysis and integration of diverse biological information[END_REF]. Thirty-six of the 282 up-regulated genes (corrected hypergeometric pvalue = 2.07 X 10 -8 ) were categorised by the gene ontology term 'transcription' (GO:0006350) being either transcription factors or DNA-binding proteins with regulatory function (SI Table 3). The most highly up-regulated NPAS3 target gene was VGF (2.92-fold) which encodes a group of processed and secreted neuropeptides including TLQP-21. The human VGF promoter containing an 'E box' motif (consensus bHLH transcription factor binding site), was cloned into the pGL3 luciferase reporter plasmid. In HEK293 cells, luciferase activity linked to the VGF promoter was significantly increased upon FLNPAS3 or ΔNPAS3 co-expression compared to control vector transfection (SI Fig. 4,a). In SH-SY5Y neuroblastoma cells, luciferase activity was only significantly increased after FLNPAS3 over-expression (SI Fig. 4,b).

We compared microarray data from NPAS3 over-expression with those from SOX transcription factor over-expression (SI Tables 11a-d) in order to identify shared neurodevelopmental pathways. SOX genes within the same functional [START_REF] Haslinger | Expression of Sox11 in adult neurogenic niches suggests a stage-specific role in adult neurogenesis[END_REF][START_REF] Axell | A method for rapid derivation and propagation of neural progenitors from human embryonic stem cells[END_REF] were confirmed as directly down-regulated by NPAS3 over-expression, further supporting interaction of NPAS3 with SOX transcriptional networks (SI Fig. 2b).

The set of NPAS3 down-regulated genes is enriched for metabolic function NPAS3-repressed genes were queried using Ingenuity Pathway Analysis (IPA, SI Table 6), GeneCodis2 (SI Table 3) and a search for genomic clustering of targets (SI Fig. 7). A cluster of chromosome 1 histone genes was down-regulated by NPAS3 suggesting global alterations in chromatin statepotentially relating to the neuronal differentiation process. IPA identified significant enrichment of the glycolysis/gluconeogenesis pathway in the gene set (16 genes, p=6.14 X 10 -6 ). The glycolysis link (8 genes) was confirmed using GeneCodis2, (corrected hypergeometric p-value = 5.21 X 10 -7 ).

Additionally, 21 genes participating in the 'oxidation:reduction' biological process (GO:0055114) were also significantly down-regulated (p = 6.30 X 10 - 7 ). Visual inspection and comparison with published data (27-30) suggested many genes were targets for the hypoxia response pathway (Table 1b).

Glycolysis regulation can also be considered part of the hypoxia response.

Together, these findings strongly suggest that, in addition to a neurodevelopmental role, NPAS3 regulates the anaerobic catabolism of glucose into pyruvate and, more generally, enzymatic redox processes.

An interaction between NPAS3 activity and the circadian rhythm

A circadian rhythm was successfully induced in HEK293 cells (SI Fig. between +12 and +24hrs), 14 NPAS3-regulated glycolysis genes, and histone gene clusters located on chromosome 1 and 6. The randomly selected genes showed no deviation, indicating no systemic bias between the three experimental conditions (Fig. 3a). The circadian rhythm impacted on FLNPAS3 and ΔNPAS3 activities in three ways. Firstly, global NPAS3 activity was almost completely inhibitory at +12 hours unlike +24 hours (Fig. 2b,c).

Secondly, significant differences between FLNPAS3 and ΔNPAS3 activities on circadian (and glycolysis, to a lesser extent) target genes were exposed at +12 hours (Fig. 3b,c and SI Table 11f) but not at +24 hours. This was evident as reduced ΔNPAS3 potency at +12 hours as highlighted in Fig. 2d. Thirdly, the sets of genes regulated by FL/ΔNPAS3 at +12 hours (SI Table S11g) and +24 hours (SI Table 11h) showed considerable differences; for example, substantial down-regulation of the chromosome 1 histone cluster was observed at +12 but not +24 hours (Fig. 3d).

Altered metabolite levels in brain tissue from Npas3 knockout mice

To determine the in vivo actions of Npas3, we applied high-resolution mass spectrometry to homozygote knockout (KO) and wild-type littermate brain tissue. In both positive ionisation mode (SI Table 10a,b) and negative ionisation mode (SI Table 10c,d) statistically significant changes in multiple polar metabolites were observed. Of particular note were decreased levels of dihydroxyacetone phosphate/glycerone phosphate and octulose-1,8bisphosphate in the KO (6% and 5% of wild-type levels, respectively) and increased levels of NAD + (SI Fig. 9), cystathione and dTDP-glucose/galactose (12.4-, 3.7-and 3.4-fold increases, respectively). Many perturbations relate to glycolysis, the tricarboxylic acid cycle and the urea cycle (Fig. 4).

Discussion

Our experimental approaches produced novel and complementary insights into the normal and pathological activity of NPAS3. We concede that NPAS3 over-expression in the HEK293 cell line will not fully replicate the in vivo neuronal state. However, it may avoid confounding in vivo factors such as developmental/homeostatic compensation, cell-type complexity and variable physiological states. An additional reason for the approach taken was the failure to identify, using the Gene Expression Atlas at ArrayExpress (http://www.ebi.ac.uk/arrayexpress/), a laboratory neuronal cell line expressing endogenous NPAS3 at levels high enough to warrant a 'knockdown' strategy. We believe that certain observations suggest the in vitro data are biologically relevant. Firstly, overlaps in SOX target gene sets reflect evolutionary relatedness. Secondly, many up-regulated NPAS3/SOX targets are neuronal specific. The laboratory that originally derived the cell line in 1973 has speculated that HEK293 cells might actually be of neuronal origin (http://www.fda.gov/ohrms/dockets/ac/01/transcripts/3750t1_01.pdf). Finally, exogenous transcription factors (including SOX genes) can show dominant effects on cell gene transcription [START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF].

The target similarity between NPAS3 and SOX5/6 may reflect a shared role in neuronal differentiation [START_REF] Azim | SOX6 controls dorsal progenitor identity and interneuron diversity during neocortical development[END_REF][START_REF] Lefebvre | The SoxD transcription factors--Sox5, Sox6, and Sox13-are key cell fate modulators[END_REF]. The co-localisation of Npas3 and Doublecortin indicates participation in a later, post-proliferative, stage of neuronal differentiation [START_REF] Brown | Transient expression of doublecortin during adult neurogenesis[END_REF] matching the observations of Pieper and colleagues [START_REF] Pieper | Discovery of a proneurogenic, neuroprotective chemical[END_REF]. This may refine our understanding of the link between adult neurogenesis pathologies and psychiatric illness [START_REF] Kempermann | The contribution of failing adult hippocampal neurogenesis to psychiatric disorders[END_REF].

The top NPAS3, SOX5 and SOX6 up-regulated gene, VGF, encodes a precursor for a number of processed and secreted signalling peptides such as TLQP-21. VGF is a highly relevant target gene as it shows; regulation by circadian rhythm [START_REF] Cirelli | Gene expression in the brain across the sleepwaking cycle[END_REF], involvement in metabolic control [START_REF] Bartolomucci | The role of the vgf gene and VGF-derived peptides in nutrition and metabolism[END_REF][START_REF] Jethwa | Role of VGF-derived peptides in the control of food intake, body weight and reproduction[END_REF], contribution to activity-related adult neurogenesis [START_REF] Thakker-Varia | The neuropeptide VGF produces antidepressant-like behavioral effects and enhances proliferation in the hippocampus[END_REF], and association with neurological diseases [START_REF] Pasinetti | Identification of potential CSF biomarkers in ALS[END_REF][START_REF] Selle | Identification of novel biomarker candidates by differential peptidomics analysis of cerebrospinal fluid in Alzheimer's disease[END_REF][START_REF] Ruetschi | Identification of CSF biomarkers for frontotemporal dementia using SELDI-TOF[END_REF][START_REF] Altar | Target identification for CNS diseases by transcriptional profiling[END_REF] including depression [START_REF] Thakker-Varia | The neuropeptide VGF produces antidepressant-like behavioral effects and enhances proliferation in the hippocampus[END_REF][START_REF] Malberg | VGF, a new player in antidepressant action?[END_REF] and psychosis [START_REF] Huang | Disease biomarkers in cerebrospinal fluid of patients with first-onset psychosis[END_REF].

Importantly, VGF and the related SCG2 protein (up-regulated here by SOX9/10/11) have been identified as discriminating cerebrospinal fluid biomarkers for schizophrenia and depression [START_REF] Huang | Disease biomarkers in cerebrospinal fluid of patients with first-onset psychosis[END_REF][START_REF] Huang | CSF metabolic and proteomic profiles in patients prodromal for psychosis[END_REF] suggesting they may be reporting neurogenic pathologies. NPAS3 regulates hypoxia/glycolysis pathways in a circadian-dependent context. NPAS2 has also been implicated in the redox-sensitive transcription of a metabolic gene, lactate dehydrogenase (LDH) [START_REF] Rutter | Metabolism and the control of circadian rhythms[END_REF][START_REF] Rutter | Regulation of clock and NPAS2 DNA binding by the redox state of NAD cofactors[END_REF]. NPAS3 target gene sets show substantial differences between +12 and +24 hours. Binding partner combinations (via the bHLH domains that mediate DNA-binding and dimerization) may underlie the 'cross-talk' between NPAS3, circadian and hypoxia pathways. The observed ΔNPAS3-specific regulation of circadian targets at +12 hours suggests truncation permits abnormal interaction with circadian transcription factor partners present at +12hrs but absent at +24 hours. Altered circadian biology, manifest as sleep or metabolic dysfunction, has been described in individuals diagnosed with depression and bipolar disorder [START_REF] Lamont | The role of circadian clock genes in mental disorders[END_REF].

Despite differing experimental paradigms and contrasting detection

technologies, the in vitro and in vivo actions of NPAS3 converged at the glycolysis pathway. Perhaps most striking was the 12-fold increase in abundance of oxidised coenzyme nicotinamide adenine dinucleotide (NAD + ). This may reflect a slow-down in glycolysis (which generates the reduced form, NADH) or abnormally oxidative conditions in the cell. The decrease in fructose 1,6-bisphosphate and dihydroxyacetone phosphate (DHAP) concentrations provides direct evidence for glycolysis abnormalities in the knockout. Both glucose and the glycogen synthesis intermediate, UDP-glucose/galactose, were increased in knockout brain, potentially indicating glycogen storage in response to ineffective glycolysis (TDP-glucose/-galactose level changes might be similarly explained). Altered concentrations of sedoheptulose and octulose-1,8-bisphosphate may also indicate a compensatory impact on the pentose phosphate pathway initiating from glucose-6-phosphate. We speculate that the proposed mitochondrial deficit in Npas3 knockout mice [START_REF] Pieper | Discovery of a proneurogenic, neuroprotective chemical[END_REF] may cause the increases in Kreb's cycle intermediates 2-Oxoglutarate/α-Ketoglutaric acid and Succinate and, additionally, may inhibit the mitochondrial glycerol-3-phosphate (G3P) shuttle (Fig. 4) contributing to the altered DHAP, G3P and NAD + concentrations.

These findings may have bearing on the metabolic syndrome that can occur in psychiatric patients. This is most frequently encountered as a medication sideeffect [START_REF] Ma | Antipsychotic treatment alters protein expression associated with presynaptic function and nervous system development in rat frontal cortex[END_REF][START_REF] Mcquillin | A microarray gene expression study of the molecular pharmacology of lithium carbonate on mouse brain mRNA to understand the neurobiology of mood stabilization and treatment of bipolar affective disorder[END_REF]. However, schizophrenia has been repeatedly associated with an increased predisposition to metabolic dysfunction and type II diabetes in medication-naïve individuals (50). Studies suggest glycolytic dysfunction [START_REF] Herberth | Impaired glycolytic response in peripheral blood mononuclear cells of first-onset antipsychotic-naive schizophrenia patients[END_REF][START_REF] Martins-De-Souza | Proteomic analysis of dorsolateral prefrontal cortex indicates the involvement of cytoskeleton, oligodendrocyte, energy metabolism and new potential markers in schizophrenia[END_REF], mitochondrial failure, and oxidative stress (53) may be innate metabolic pathologies in schizophrenia and bipolar disorder.

We have revealed unsuspected global metabolic deficits in the Npas3 knockout brain. Other rodent models of psychiatric illness merit similar biochemical profiling as a means to uncover novel pathologies and opportunities for rational therapeutic development. 11e,f). FLNPAS3 and ΔNPAS3 inhibit the expression of 15 glycolysis genes at +24 hrs (c), although FLNPAS3 activity is much stronger than ΔNPAS3 at +12 hrs (see Fig. 2d). Chromosome 1 histones

  The full-length NPAS3 open reading frame (acc. NM_001164749) was cloned into a TET-inducible expression plasmid (pT-REx-DEST30, Invitrogen, UK) using a restriction digest, Gateway (Invitrogen) cloning linker ligation and the BP/LR reactions (Invitrogen). The truncated form, ΔNPAS3, was generated by cleavage and removal of sequence between internal and multiple cloning site XhoI sites thus deleting the second PAS domain and the putative transactivation domain. Plasmids were stably integrated into HEK293 [T-REx-293] cells (Invitrogen), using Geneticin and Blasticidin. HEK293 cells were maintained in DMEM supplemented with 10% Foetal Bovine Serum ('standard culture conditions'). SOX expression constructs were generously gifted by Chuanju Liu (SOX5/SOX6/SOX9) and Fabien Murisier/Friedrich Beerman (SOX10). SOX11 was cloned from human cDNA as described in Li et al (submitted). All SOX microarray experiments were carried out as transient transfections of HEK293 cells using Optimem/Lipofectamine 2000/plasmid DNA (Invitrogen) incubation for 6 hours followed by 24 hours in standard culture conditions.

  group (SOX5/6; SOX D group, SOX 9/10; SOX E group) displayed closely related target profiles, confirming their established functional conservation and redundancy. NPAS3 target profiles closely matched those of SOX5/6 with the VGF gene being most highly up-regulated by all three transcription factors. NPAS3-SOX target overlaps are summarised in SI Fig.5. Three members of the SOX family of transcription factors, SOX3, SOX11 and SOX12 involved in neuronal proliferation and differentiation

  8) in order to monitor NPAS3 activity in the context of a daily rhythm. A comparison of +12 and +24 hour microarray data in control cells (no NPAS3) identified a set of genes (SI Table 11e) showing putative circadian regulation including FOS, FOSB, EGR1, EGR2, EGR3 and PER2, all with established circadian rhythm roles. Circadian microarray data were visualised using ternary plots to highlight the influence of FLNPAS3, ΔNPAS3 and control conditions on individual gene expression levels. Expression data assessed comprised: 109 randomly selected genes, 200 genes showing normal circadian regulation in the parental control cells (100 increasing and 100 decreasing in expression

Fig. 1

 1 Fig.1 Npas3 expression in the mouse dentate gyrus. Npas3, Gfap, Nestin and Dcx protein expression was compared using immunofluorescence on frozen mouse brain sections. Npas3 (green; a, d and g) expression was mainly nonnuclear and localized to the inner face/subgranular zone of the dentate gyrus. Anti-Gfap, -Nestin and -Dcx/Doublecortin antibodies (red; b,e,h) were used in co-immunofluorescence studies (c,f,i). Only Dcx colocalised with Npas3 in the

Fig. 2

 2 Fig.2 Scatter-plots of microarray data. Diagonals represent equal expression in compared experimental groups. Genes in red show at least 1.5-fold expression difference between the two conditions. Control and FLNPAS3expressing HEK293 cell lines are shown in (a). FLNPAS3 displayed predominantly inhibitory activity at +12 hours after circadian induction (b) but not at +24 hours (c). Only the +12 hour time-point exposed functional differences between FLNPAS3 and ΔNPAS3 (d). The arrowed gene indicates exogenous FLNPAS3.

Fig. 3

 3 Fig.3 Ternary plots illustrate influences on target gene expression. 109 randomly selected genes are plotted for +12hrs (green) and +24hrs (red) time-points (a). The absence of substantial deviation from the centre indicates the no systemic bias between the three conditions -arrows indicate how inhibitory action of an experimental condition would directionally skew the distribution of points. 100 up-regulated genes (circles) and 100 downregulated genes (squares) between +12 and +24 hrs (b). The substantially deviating group (green squares) reflects strong and specific inhibition by ΔNPAS3 of the group of circadian genes down-regulated between +12 hrs and +24hrs (Supplementary Table11e,f). FLNPAS3 and ΔNPAS3 inhibit the

  

Table 1

 1 The 51 genes most up-regulated (a) and 50 most down-regulated (b) by FLNPAS3 in standard cell culture conditions. Enrichment for glycolysis and hypoxia gene targets is evident in the latter group.

	a							
	Illumina ID	Accession	Symbol	Description	Fold up-regulation	Glycolysis	Hypoxia	Circadian
	ILMN_1752550	NM_022123.1	NPAS3	neuronal PAS domain protein 3	62.49			
	ILMN_1757497	NM_003378.2	VGF	VGF nerve growth factor inducible	2.92			
	ILMN_1705153	NM_021076.2	NEFH	neurofilament, heavy polypeptide 200kDa	2.58			
	ILMN_1716264	NM_014391.2	ANKRD1	ankyrin repeat domain 1 (cardiac muscle)	2.40			
	ILMN_1660841	NM_00100187 0.1	MGC14376	hypothetical protein MGC14376	2.36			
	ILMN_1730818	NM_174947.2	C19orf30	chromosome 19 open reading frame 30	2.33			
	ILMN_1655741	NM_181617.1	KRTAP21-2	keratin associated protein 21-2	2.31			
	ILMN_1789096	NM_152672.4	OSTalpha	organic solute transporter alpha	2.23			
	ILMN_1734011	NM_00101086 6.1	RP13-15M17.2	hypothetical protein LOC199953	2.20			
	ILMN_1725524	NM_003727.1	DNAH17	dynein, axonemal, heavy chain 17	2.15			
	ILMN_1680085	NM_004881.2	TP53I3	tumor protein p53 inducible protein 3	2.12			
	ILMN_1657148	NM_152480.1	C19orf23	chromosome 19 open reading frame 23	2.08			
	ILMN_1684886	NM_013452.2	VCX	variable charge, X-linked	2.07			
	ILMN_1669410	NM_001275.3	CHGA	chromogranin A (parathyroid secretory protein 1)	2.07			
	ILMN_1695199	NM_003543.3	HIST1H4H	histone cluster 1, H4h	2.05			
	ILMN_1667295	NM_138440.2	VASN	vasorin	2.01			
				phospholipase A2, group IVC				
	ILMN_1810191	NM_003706.1	PLA2G4C	(cytosolic, calcium-	1.98			
				independent)				
	ILMN_1747506	NM_014681.4	DHX34	DEAH (Asp-Glu-Ala-His) box polypeptide 34	1.92			
	ILMN_1754894	NM_174896.2	C1orf162	chromosome 1 open reading frame 162	1.92			
	ILMN_1810514	NM_014655.1	SLC25A44	solute carrier family 25, member 44	1.92			
				solute carrier family 9				
	ILMN_1800425	NM_003047.2	SLC9A1	(sodium/hydrogen	1.92			
				exchanger), member 1				
	ILMN_1754061	NM_022917.4	NOL6	nucleolar protein family 6 (RNA-associated)	1.92			
	ILMN_1667194	NM_144684.1	ZNF480	zinc finger protein 480	1.89			
	ILMN_1658800	NM_015695.2	BRPF3	bromodomain and PHD finger containing, 3	1.88			
	ILMN_1666690	NM_052957.3	ACRC	acidic repeat containing	1.83			
	ILMN_1669113	NM_012068.3	ATF5	activating transcription factor 5	1.83			
	ILMN_1769931	NM_005066.1	SFPQ	splicing factor proline/glutamine-rich	1.82			
	ILMN_1710544	NM_002589.2	PCDH7	protocadherin 7	1.80			
	ILMN_1786024	NM_00101805 2.1	POLR3H	polymerase (RNA) III (DNA (22.9kD) directed) polypeptide H	1.80			
	ILMN_1718977	NM_015675.2	GADD45B	growth arrest and DNA-damage-inducible, beta	1.80		yes	yes
	ILMN_1694731	NM_001287.3	CLCN7	chloride channel 7	1.79			
	ILMN_1697268	NM_032048.2	EMILIN2	elastin microfibril interfacer 2	1.79			
	ILMN_1757406	NM_005319.3	HIST1H1C	histone cluster 1, H1c	1.77			yes
	ILMN_1725510	NM_014762.3	DHCR24	24-dehydrocholesterol reductase	1.75			
	ILMN_1807719	NM_004937.2	CTNS	cystinosis, nephropathic	1.74			
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(squares), but not chromosome 6 histones (circles), are substantially inhibited by both FLNPAS3 and ΔNPAS3 at +12 hrs but not +24 hrs (d).