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In mammals, new neurons are generated throughout the entire lifespan in two restricted areas of the brain, the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ)—olfactory bulb (OB) system. In both regions newborn neurons display unique properties that clearly distinguish them from mature neurons. Enhanced excitability and increased synaptic plasticity enables them to add specific properties to information processing by modulating the existing local circuitry of already established mature neurons. Hippocampal neurogenesis has been suggested to play a role in spatial-navigation learning, spatial memory, and spatial pattern separation. Cumulative evidences implicate that adult-born OB neurons contribute to learning processes and odor memory. We recently demonstrated that the cell fate determinant TRIM32 is upregulated in differentiating neuroblasts of the SVZ-OB system in the adult mouse brain. The absence of TRIM32 leads to increased progenitor cell proliferation and less cell death. Both effects accumulate in an overproduction of adult-generated OB neurons. Here, we present novel data from behavioral studies showing that such an enhancement of OB neurogenesis not necessarily leads to increased olfactory performance but in contrast even results in impaired olfactory capabilities. In addition, we show at the cellular level that TRIM32 protein levels increase during differentiation of neural stem cells (NSCs). At the molecular level, several metabolic intermediates that are connected to glycolysis, glycine, or cysteine metabolism are deregulated in TRIM32 knockout mice brain tissue. These metabolomics pathways are directly or indirectly linked to anxiety or depression like behavior. In summary, our study provides comprehensive data on how the impairment of neurogenesis caused by the loss of the cell fate determinant TRIM32 causes a decrease of olfactory performance as well as a deregulation of metabolomic pathways that are linked to mood disorders.
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Introduction

Adult neurogenesis has been reported in the mammalian brain in two regions, the subventricular zone (SVZ) located in the wall of the lateral ventricles and the dentate gyrus (DG) of the hippocampus (Gage, 2000).

In the SVZ, neural stem cells (NSCs), also called type B cells, are astrocytes that are able to self-renew and at the same time give rise to transit amplifying cells (type C cells) (Doetsch et al., 1999). These transient amplifying cells differentiate into neuroblasts (type A cells) that migrate along the rostral migratory stream (RMS) to the olfactory bulb (OB) via chain migration (Doetsch et al., 1997). In the OB they finally become mature neurons which are integrated into the neuronal network (Belluzzi et al., 2003; Carleton et al., 2003). Adult newborn neurons turn into OB interneurons; i.e., granule cells and periglomerular cells (Petreanu and Alvarez-Buylla, 2002). Granule cells of the OB shape the information passed from the projecting cells of the bulb (mitral and tufted cells) on to higher brain areas (Nissant and Pallotto, 2011). Thereby, they are able to spatiotemporally shape the mitral cell signal in a process called lateral inhibition. This process is supposed to facilitate odor encoding and discrimination (Yokoi et al., 1995; Urban, 2002; Tan et al., 2010; Ernst et al., 2014).

In the hippocampus, type I NSCs reside the inner layer of the DG, the subgranular zone (reviewed in Yao et al., 2012). They generate self-amplifying type II intermediate progenitor cells, which migrate to the outer layers of the DG (Kuhn et al., 1996). Type II cells eventually give rise to type III neuroblasts that differentiate into glutamatergic dentate granule cells (DGCs) (Kuhn et al., 1996). Adult born DGCs integrate into the existing network and form synaptic connections with the entorhinal cortex and the CA3 subfield (van Praag et al., 2002; Toni et al., 2007; Yao et al., 2012). This facilitates adult born neurons to contribute to pattern separation, a process that allows the distinct encoding of very similar stimuli (reviewed in Vivar and van Praag, 2013). Additionally, hippocampal adult neurogenesis has been shown to be involved in the regulation of cognition and mood (Zhao et al., 2008) as well as learning and memory (reviewed in Stuchlik, 2014).

Adult born neurons display unique properties that clearly distinguish them from mature neurons (reviewed in Ming and Song, 2011). After forming synaptic connections, newborn neurons in both, hippocampus and OB, show enhanced excitability as well as increased synaptic plasticity at certain stages of neuronal maturation (Nissant et al., 2009; Ming and Song, 2011). By this, they are able to modulate the existing local circuitry of established mature neurons and add specific properties to information processing (Bardy et al., 2010). Many studies aimed at investigating the behavioral functions of adult neurogenesis. In these studies a variety of different methods were used to alter cell turnover rates in the SVZ (reviewed in Nissant and Pallotto, 2011). This methodological variation might explain that the results vary considerably with regards to effects on learning and memory. For example, differences in spontaneous odor discrimination, associative learning tasks as well as in short-term and in long-term memory have been reported (Lazarini and Lledo, 2011; Breton-Provencher and Saghatelyan, 2012).

The TRIM-NHL protein family has an evolutionary conserved function in neuronal cell fate specification in C. elegans, Drosophila, and mammals (Betschinger and Knoblich, 2004; Bello et al., 2006; Lee et al., 2006; Hammell et al., 2009; Schwamborn et al., 2009; Hillje et al., 2011). During embryonic development of the neocortex in mice, the TRIM-NHL protein TRIM32 regulates cell fate decisions of newly born daughter cells (Schwamborn et al., 2009). In the adult brain, TRIM32 is upregulated during differentiation of SVZ generated neuroblasts and is necessary for the correct induction of neuronal differentiation of these cells (Hillje et al., 2013). Loss of TRIM32 results in an overproduction of adult generated OB neurons, which is the combined result of increased progenitor proliferation and decreased apoptosis.

On the molecular level, TRIM32 induces neuronal differentiation and suppresses self-renewal by ubiquitination of the transcription factor c-Myc and the activation of certain microRNAs (Schwamborn et al., 2009; Nicklas et al., 2012). TRIM32 has been linked to several human diseases including limb–girdle muscular dystrophy type 2H (Frosk et al., 2002, 2005; Kudryashova et al., 2005, 2012), Bardet–Biedl syndrome (Chiang et al., 2006), cancer (Horn et al., 2004; Kano et al., 2008), autism spectrum disorder (Lionel et al., 2011, 2014), depression (Ruan et al., 2014), Alzheimer's disease (Yokota et al., 2006), obsessive compulsive disorder (Lionel et al., 2014), anxiety (Lionel et al., 2014), and attention deficit hyperactivity disorder (Lionel et al., 2011, 2014).

In the here presented study we show that the absence of the cell fate determinant TRIM32 alters the performance of mice in an olfactory habituation task without influencing the long-term olfactory memory. In order to control for inadvertent influence of other behavioral traits, we included a variety of tests investigating DG-related behavior in our study. Finally, we have hints that an impairment of adult neurogenesis caused by loss of TRIM32 results in the deregulation of metabolomic pathways that have been linked to depression and anxiety related behavior. Altogether, our study provides comprehensive data on how the impairment of neurogenesis caused by the loss of the cell fate determinant TRIM32 leads to decreased olfactory performance as well as changes in metabolomic profiles.

Materials and Methods

Animals and Housing Conditions

A total of 14 male TRIM32 knockout mice and 21 male wildtype litter mates were used. All mice were born and tested in the Department of Behavioural Biology, University of Muenster. Their parents were derived from a locally bred colony at the Center for Molecular Biology of Inflammation that was founded from cryo-preserved spermatozoa derived from the Mutant Mouse Regional Research Centers, USA. Gene knockout of TRIM32 has been described earlier (Kudryashova et al., 2009). In detail, T32KO mice were generated using the BGA355 mouse embryonic stem cell line [BayGenomics (former web-site https://www.mmrrc.org/catalog/sds.php?mmrrc_id=11810; now available at International Gene Trap Consortium, http://www.genetrap.org/cgi-bin/annotation.py?cellline=BGA355)] carrying gene trap insertion in TRIM32, within exon 2. The position of the integration site was confirmed after nucleotide 278 starting from the ATG codon in exon 2 of the trim32 gene. Original founder mice were 129 SvEvBrd × C57 BL/6 chimeras, which were backcrossed to C57 BL/6J wt mice to obtain germ line transmission. Heterozygotes from this cross were interbred to produce ko and wt homozygotes (Kudryashova et al., 2009). All analyses were performed on interbred mice on a mixed 129 SvEvBrd × C57 BL/6J background. To ascertain a congenic background more than seven backcrosses were done.

All animals were housed in a temperature controlled room at 22°C and a relative humidity of 45% ± 10%. A 12-h dark-light circle with lights on at 8.00 a.m. was installed. Offspring were weaned at postnatal day 22 and experimental mice were kept in standard cages (37 × 21 × 15 cm) in groups of 3–5 animals, preferably in groups of littermates. Tissue for genotyping was sampled by ear cuts and genotype specific DNA fragments were identified after PCR amplification and agarose gel electrophoresis. Ear-cuts also allowed individual discrimination of mice from the same cage. However, behavioral experiments were carried out with the experimenter being unaware of the genotypes of the subjects. Food (Altromin 1324, Altromin GmbH, Lage, Germany) and water were available ad libitum. A thin layer of wood shavings and paper towels served as bedding and nesting material that was changed weekly while transferring the mice to clean cages.

All procedures and protocols met the guidelines for animal care and animal experiments in accordance with national and European (86/609/EEC) legislation.

Health Check

To determine whether all mice included in the testing were healthy a health check was performed. In order to prevent interference of the behavioral tasks with testing experience gained during the health check, the test was conducted at postnatal day 101 and thus would have allowed retrospectively excluding animals with visible or detectable bodily defects. However, none of the tested animals had to be excluded. Health parameters were tested according to Lewejohann et al. (2004) and included general appearance (e.g., fur, ears, eyes, vibrissae, extremities, and tail), sensory abilities (e.g., vision, startle response, tactile reaction), reflex functions (e.g., eyelid reflex, grasp reflex), and locomotor/coordinative abilities (climbing, balancing).

It was previously observed that male TRIM32 knockout mice weighted more than wildtype mice after reaching an age of 8 weeks (Kudryashova et al., 2009). We therefore measured weight development of all mice beginning at an age of 3 weeks until the age of 15 weeks (Supplementary Figure 1). However, under the here applied experimental conditions we were unable to detect a significant increase in weight in aging TRIM32 knockout mice.

Elevated Plus Maze (EPM)

The EPM was conducted with 14 TRIM32 knockout and 20 wildtype male mice at an age of 65 (±2) days of age. The test measures anxiety related behavior by exploiting the tendency of mice to avoid exposed areas in favor of shielded areas. The apparatus consists of four 30 × 5 cm arms emerging from a central platform of 5 × 5 cm. Two opposing arms are open while the two orthogonal arms are enclosed by walls 20 cm of height. The apparatus was elevated ca. 50 cm above the ground. The runway of the open arms was surrounded by a low balustrade (0.5 cm), effectively preventing the mice from jumping or falling off. On the ceiling above the apparatus, at a height of 175 cm, a camera (Logitech Pro 9000, Freemont, USA) was installed, as well as a light bulb emitting ca. 100 lux. Videos of the mice performing the test were recorded and subsequently analyzed using an in-house programmed animal tracking software (Lewejohann et al., 2004). Before testing started, the runways and walls of the maze were cleaned with 70% ethanol to remove possible olfactory cues from preceding tested mice. In order to control for a similar level of alertness, the mice were placed in an empty cage for 1 min prior to testing. Each mouse was then placed on the central platform facing one of the closed arms. After 5 min of freely exploring the apparatus, the recording was stopped and the mouse was transported back into its home cage.

The parameters which were analyzed included the total path length in meters, time spent in closed and open alleys in seconds, as well as the number of entries into the open and closed arms.

Open Field Test (OF)

The OF was conducted with 14 TRIM32 knockout and 21 wildtype male mice at an age of 67 (±2) days. The test evaluates locomotor activity and exploratory behavior in an open box measuring 80 by 80 cm with surrounding walls of 40 cm height. Comparable to the EPM test anxiety related behavior (avoidance of unprotected areas) can be observed by measuring the time spent in the center of the box in relation to the time spent in the more protected areas close to the walls of the box. The box was lit at ca. 100 lux and a camera was placed centrally above the apparatus. The apparatus was cleaned with 70% ethanol before testing and the mice were placed in an empty cage 1 min prior to being placed in the center of the open field. Videos of the mice performing the test were recorded for 5 min and subsequently analyzed (see EPM). The parameters analyzed included path length, time in center, time close to the wall, number of stops, and velocity. Stops were recognized by the tracking software when the velocity was 0 for at least 1 s.

Barnes Maze (BM)

The Barnes Maze was first developed by Barnes (1979) to compare spatial learning abilities of young vs. senescent rats. The maze itself consists of a circular platform of 1 m in diameter with 12 holes at the circumference drilled in an equal distance from each other. One of the holes is chosen to be the target hole for the tested individual and connected to the animal's home cage. The platform was brightly lit in order to create a mildly aversive environment that was escapable by learning the position of the correct hole during the course of repeated trials. Around the platform, visual cues were placed in order to facilitate spatial orientation.

During the training phase, one of the holes was connected to the animal's home cage via a wire-mesh tunnel, while all other holes were closed by a short tube made of wire mesh. Choosing the same ventilatable wire mesh for the rewarded as well as for the unrewarded holes guaranteed that it was not possible for the mouse to discriminate between open and closed holes from above. The maze was raised 125 cm above the floor and illuminated by a 100 W electric bulb located 110 cm above the center of the maze.

Two training trials with an inter-trial interval (ITI) of 1 h were conducted on four consecutive days with 14 TRIM32 knockout and 21 wildtype male mice starting at an age of 72 (±2) days. On the fifth day a probe trial testing spatial memory was conducted with all holes being closed for 5 min. During this trial it was measured whether or not the animal spent significantly more time in the sixth of the BM were formally the escape hole was located. After the probe trial an additional training trial with the correct hole being connected to the home cage again was done in order to reinstall the memory for the correct position of the hole. One week later a single re-test was conducted in order to test for intermediate to long-term spatial memory. Before each trial the BM was cleaned with 70% ethanol and all mice were placed for 1 min in a starting cylinder placed in the middle of the platform. All trials were video recorded and analyzed using an animal tracking software (see EPM). For each trial, the time the mice needed to find the target holes, number of errors, as well as the path length traveled was measured.

Olfactory Habituation Test (OH)

To test olfactory discriminative abilities and short-term memory for different odors an olfactory habituation/dishabituation task was chosen. The odorants used were (A) isoamyl-acetate (SAFC, Hamburg, Germany), (B) 4-methylcyclohexanol (Sigma Aldrich, Steinheim, Germany), and (C) 3-octanol (Sigma Aldrich, Steinheim, Germany). All odorants were diluted 1:100 in paraffin oil (Sigma Aldrich, Steinheim, Germany). These odorants are described as being perceived dissimilar (Mandairon et al., 2006) and in a preliminary experiment, C57BL/6J wild-type mice did not show a preference for any of these odors when being exposed to them in an open field apparatus (data not shown).

The OH was conducted at an age of 80 (±2) days with 14 TRIM32 knockout and 18 wildtype male mice accordingly to the protocol by Yang and Crawley (2009) with slight modifications. For each trial the mouse was placed into a clean cage (Macrolon type I, 19 × 10 × 13 cm) filled with fresh bedding. In the center of the cage lid, a wooden cotton swab (15 cm, PARAM GmbH, Hamburg, Germany) was attached so that its tip reached into the cage for ca. 7 cm. In order to acclimate to the new environment, the mouse was left undisturbed in the cage for 25–30 min. The cage was then transferred to a chamber that was directly connected to the air ventilation system of the animal housing facility in order to minimize surrounding odors and also to eliminate any scents previously applied as fast as possible.

Each tested mouse was firstly exposed to distilled water and subsequently to three different odors (the order of odors was randomized for each mouse). Each substance was applied 3 times in a row with an inter trial interval of 30 s. The experimenter observed the behavior for 90 s and measured the time the mouse spent sniffing on the cotton tip (snout closer than 2 cm), the latency of the first sniff, and the number of sniffs. The test was repeated after 10 days in order to measure long-term olfactory memory.

Injection of Bromodeoxyuridine (BrdU)

Animals were injected with 50 mg/kg BrdU on 3 consecutive days and sacrificed after the indicated time. Sections were incubated with 2 M HCl in PBST (PBS+0.3% Triton) for 25 min at 37°C for denaturation of the DNA, neutralized with 0.1 M sodium tetraborate (pH 8.5) for 7 min at room temperature and stained with an anti-BrdU antibody (AbDSerotec). On day 107–109 at 12 a.m., the mice received a BrdU injection and at day 123, the animals were sacrificed. The brains were dissected and analyzed (Hillje et al., 2013). For quantification of BrdU+ cells in the DG, two sections each of 5 wt and 5 TRIM32 ko brains were analyzed, for quantification of BrdU+ cells in the OB, two sections of 4 wt and 4 TRIM32 ko mice were used. In each case, the mean of BrdU+ cells in TRIM32 ko tissue was normalized to the mean of BrdU+ cells in sections of wt brains.

Immunohistochemistry of Free-Floating Sections

Mice were deeply anesthetized by intraperitoneal injection of 0.017 ml of 2.5% Avertin (100% stock solution: 10 g 2, 2, 2-Tribromoethanolin 10 ml tert-Amylalcohol) per gram of body weight and sacrificed by perfusion. Brains were fixed overnight at 4°C in 4% paraformaldehyde in phosphate buffer saline (PBS). Later, sections of 40 μm were prepared using a vibratome (Leica, Wetzlar, Germany) and blocked for at least 1 h in TBS (0.1 M Tris,150 mM NaCl, pH 7.4) containing 0.5% Triton X 100, 0.1% Na-Azide, 0.1% Na-Citrate, and 5% normal goat serum. Immunostainings were performed by incubation of the sections with primary antibodies diluted in the blocking solution for 48 h at 4°C on a shaker, followed by incubation with the secondary antibody diluted in the blocking solution for 2 h at room temperature. Finally, sections were mounted in AquaMount (DAKO, Glostrup, Denmark). The following primary antibodies were used for immunohistochemistry: anti-Neuronal Nuclei (NeuN) (mouse, Millipore), anti-Doublecortin X (guinea pig, Millipore), anti-TRIM32-1137 (Figure 1A, rabbit, Gramsch Laboratories, Schwabhausen, Germany), anti-TRIM32-GS (Figure 1B, rabbit, Gramsch Laboratories, Schwabhausen, Germany). As secondary antibodies Alexa goat anti-rabbit-568, Alexa goat anti-rabbit 568, Alexa goat anti-mouse 488, Alexa goat anti-mouse 568, and Alexa goat anti-guinea pig 568 (all from Invitrogen) were used. Nuclei were stained using Hoechst 33342 (Invitrogen). Images were collected by confocal microscopy using ZEN software (Zeiss, Jena, Germany); image analysis was performed with the ZEN software, Adobe Photoshop, Image J software, and Imaris software (Bitplane).
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FIGURE 1. TRIM32 is upregulated upon neuronal differentiation of subventricular zone (SVZ) and dentate gyrus (DG) stem cells. Free floating sections from adult mouse brain stained with the indicated antibodies. (A) Free floating sections from adult Nestin-GFP mice stained with the indicated antibodies. (*) highlights neural stem cells in the DG and SVZ, (>) marks mature neurons. Scale bar = 20 μm. (B) Free floating sections from wt mice stained with the indicated antibodies. Images in the lower panel represent high magnification of the indicated areas labeled in upper image. Scale bar = 30 μm for upper image, 10 μm for lower panel. RMS, rostral migratory stream; GCL, granular cell layer; OB, olfactory bulb.



Terminal Deoxynucleotidyltransferase-Mediated Dutp Nick End Labeling (TUNEL)

TUNEL staining was used to detect DNA fragmentation in situ and performed with the In Situ Cell Death Detection Kit, TMR red (Roche, Cat.-Nr. 12156792910) according to manufacturer's instructions. In brief, 40 μm brain sections of mouse brains were obtained as described above and blocked for 1 h at room temperature in TBS containing 0.5% Triton X-100, 0.1% Na-Azide, 0.1% Na-Citrate, and 5% normal goat serum. Sections were washed in PBS twice for 5 min each in PBS and incubated with the TUNEL labeling solution. Therefore, two brain sections were simultaneously incubated with 250 μl of TUNEL labeling solution in one well of a 24-well plate for 1 h at 37°C covered with aluminum foil. Sections were once washed with PBS containing Hoechst for 10 min at room temperature to stain nuclei. Before mounting sections in AquaMount (DAKO, Glostrup, Denmark) they were once washed in PBS for 10 min at room temperature. TUNEL positive (TUNEL+) cells were counted.

Statistics

Graphics presented and statistics carried out were done using the statistical software “R” Version 2.15.0 (R Core Team, 2012). A significance-level (α) of 0.05 was selected. Data were analyzed using t-tests for comparisons between genotypes. The learning performance in the BM was analyzed using a repeated measures ANOVA with genotype as the between subject factor and trial as the repeated measure. Olfactory habituation within each genotype was analyzed by paired t-tests comparing the last trials of habituation with the respective first trial of a newly presented odor. Differences between genotypes were analyzed by unpaired t-tests comparing the first trials of each presented odor. In addition, Sigma Plot was used (Systat Software, Inc., San Jose, USA).

Metabolite Extraction

Brain Tissue

For quenching, dissected brain tissues (mainly consisting of striatum, cortex, RMS, SVZ, and Hippocampus) were directly snap-frozen in liquid nitrogen and stored at −80°C until metabolite extraction. Pre-weighted brain tissues were transferred in 2 ml-Precellys tubes prefilled with 0.6 g ceramic beads (∅ 1.4 mm, Peqlab, Germany) and the appropriate amount of extraction fluid (MeOH/H2O, 40+8.5, v/v) was added. For sample lysis, a Precellys24 (Bertin, France) homogenizer was used (30 s at 6000 rpm). The temperature was held at 0°C by using the Cryolys cooling option (Bertin, France). Then water (200 μl/100 mg tissue) was added to the homogenized tissue fluid, followed by chloroform (400 μl/100 mg tissue). The homogenate was incubated for 20 min at 4°C under continuous shaking. After the incubation period, the samples were centrifuged at 14,000 ×g for 5 min at 4°C. Finally, 20 μl of the upper aqueous phase were transferred into a sample glass vial with micro insert. Samples were evaporated using a CentriVap Concentrator (Labconco, USA) at −4°C.

Cell Culture

Cells were grown in six-well plates. For higher signal intensity two wells were pooled. First, the cells in all wells were washed with 1 ml 0.9% NaCl. After quenching with 0.4 ml cold methanol (−20°C) and adding an equal volume of cold water (4 °C), cells were collected with a cell scraper and transferred into the second well followed by cell scraping.

The cell extract was transferred into reaction tubes containing cold chloroform (−20°C). The extracts were incubated at 4°C for 20 min under shaking followed by centrifugation at 16,000 ×g for 5 min at 4°C. 0.3 ml of the polar phase were transferred into sample glass vials with micro inserts and evaporated using a CentriVap Concentrator (Labconco, USA) at −4°C.

Derivatization and GC-MS Analysis

Metabolite derivatization was performed by using a multi-purpose sampler (GERSTEL, Germany). Dried samples were dissolved in 15 μl pyridine, containing 20 mg/ml methoxyamine hydrochloride, at 40°C for 60 min under shaking. After adding 15 μl N-methyl-N-trimethylsilyl-triflouroacetamide (MSTFA) samples were incubated at 40°C for 30 min under continuous shaking.

GC-MS analysis was performed by using an Agilent 7890A GC coupled to an Agilent 5975C inert XL MSD (Agilent Technologies, Germany). A sample volume of 1 μl was injected into a Split/Splitless inlet operating in splitless mode at 270°C. The gas chromatograph was equipped with a 30 m DB-35MS capillary column + 5 m DuraGuard capillary in front of the analytical column (Agilent J&W GC Column).

Brain Tissue Extracts

Helium was used as carrier gas with a constant flow rate of 1.2 ml/min. The GC oven temperature was held at 80°C for 1 min and increased to 320°C at 15°C/min. The final temperature was held for 8 min. The total run time was 25 min.

Cell Culture Extracts

Helium was used as carrier gas with a constant flow rate of 1.0 ml/min. The GC oven temperature was held at 80°C for 6 min and increased to 300°C at 6°C/min. After 10 min, the temperature was increased at 10°C/min to 325°C for 4 min. The total run time was 59.167 min.

The transfer line temperature was set constantly to 280°C. The MSD was operating under electron ionization at 70 eV. The MS source was held at 230°C and the quadrupole at 150°C. Full scan mass spectra were acquired from m/z 70 to 800. The total run time was 25 min. Ion-chromatographic deconvolution, chromatogram alignment, identification and semi-quantification of metabolite amounts was done with the MetaboliteDetector software (Hiller et al., 2009). TIC normalization was performed to minimize systematic errors during measurement. In detail, the peak area of every compound in a sample was divided by the summed sample signal of all compounds in this sample.

Metabolic Network Modeling

Metabolic network models for wild type and TRIM32 mutated neuronal stem cells were built with the FASTCORMICS workflow (Pacheco and Sauter, 2014) that allows the reconstruction of metabolic models based on microarray data. FASTCORMICS comprises a discretization step based on barcode (Zilliox and Irizarry, 2007), that computes for each probe set of the microarray a z-score for the measured intensity levels after frma normalization (McCall et al., 2010) against a standard intensity distribution of non-expressed genes obtained from a collection of thousands of arrays for the same platform stored in the mogene.1.0.st.v1frmavecs vector. The z-scores were then mapped to the reactions of the mouse model iSS1393 (Heinken et al., 2013) via the Gene-Protein Rules. Reactions with z-scores of zero and below in two out of three arrays were considered as non-expressed and removed from the model. Reactions associated to z-scores above 5 in two of three arrays constitute the set of core reactions. FASTCORMICS builds then consistent compact models that contain a maximal number of core reactions for the two different conditions while not including reactions regulated by non-expressed genes. Random sampling (Becker et al., 2007) of the possible solution space was then performed to obtain a qualitative estimate of the flux distribution allowed by the network topology and constraints of the two models when maximizing for the glycolysis pathway (PGM).

Results

TRIM32 is Upregulated upon Differentiation of Subgranular and Subventricular Zone Neural Stem Cells

To analyse TRIM32 protein expression by immunofluorescence stainings in NSCs of the adult brain, we used sections from Nestin-GFP mice. In these mice, NSCs in the SVZ and the DG express GFP driven by a Nestin promotor (Yamaguchi et al., 2000). Expression of TRIM32 protein in the SVZ-OB system has been described earlier (Hillje et al., 2013) and was repeatedly analyzed to compare expression levels of TRIM32 protein in progenitor cells of the SVZ with progenitor cells of the DG. Staining of sections from Nestin-GFP mice with an antibody against TRIM32, that has been shown to be specific before in immunohistochemical as well as biochemical approaches (Schwamborn et al., 2009; Hillje et al., 2011), revealed that TRIM32 protein is virtually absent from adult NSCs (type B cells) in the SVZ as well as DG NSCs (Figure 1A). NSCs and neuroblasts reside only the very inner layer of the DG. As soon as they become immature neurons and finally granule cells, they enter the outer layers of the DG. Cells in these layers show a strong nuclear TRIM32 expression (Figure 1A), indicating that TRIM32 protein is upregulated upon differentiation of DG NSCs.

Stem cells of the SVZ give rise to transient amplifying cells, which in turn differentiate into neuroblasts. Neuroblasts are generated in the SVZ and migrate toward the OB along the RMS. Co-staining of the neuroblast marker doublecortin and TRIM32 in sections from adult wildtype mice (wt) brains indicate that neuroblasts located in the distal part of the RMS express TRIM32 in the cytoplasm as well as in the nucleus (Figure 1B). Once these cells reach the OB, TRIM32 is strongly expressed in the nucleus. These data indicate that TRIM32 protein expression is upregulated upon neuronal differentiation of DG subgranular and SVZ NSCs. Furthermore, they are in good agreement with the TRIM32 expression pattern in the SVZ-OB system that we have shown previously (Hillje et al., 2013).

Loss of TRIM32 Leads to more Newly Generated Neurons and Less Apoptosis in the SVZ OB System but not the DG

Since TRIM32 is upregulated during the critical period of differentiation of progenitors into neurons in the SVZ and DG, we analyzed rates of neurogenesis in the SVZ – OB system and DG of wt and TRIM32 deficient mice. BrdU was applied to mice from both genotypes on 3 consecutive days and the brains were fixed 14 days after the last injection. Compared to wt mice, we found a significant increase in the density of BrdU+ cells in the granule cell layer (GC) of the OB of TRIM32 ko mice (Hillje et al., 2013). In contrast, also there is a tendency toward more BrdU+ cells in the DG of TRIM32 ko mice, this tendency did not reach statistical significance (Figures 2A,B). The higher density of BrdU+ cells in the OB GC of TRIM32 ko mice could either be due to an increase in proliferation of progenitor cells or increased survival of newly generated neurons in the OB. Recently, we have shown that the density of cell cycle active cells (Ki67+) is higher in the SVZ-OB system of TRIM32 ko mice (Hillje et al., 2013). However, the density of cell cycle active cells was unchanged in the DG (data not shown). Concerning the rate of cell death, the amount of Casp3+ as well as TUNEL+ cells was significantly reduced in the OB of TRIM32 deficient mice (Hillje et al., 2013). In the DG, we did not find significant changes in the amount of apoptotic cells (Supplementary Figure 1). Taken together, these data implicate that loss of TRIM32 leads to an overproduction of newly generated neurons and less apoptosis in the OB. No significant changes were observed in the DG.
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FIGURE 2. Loss of TRIM32 is not influencing the rates of adult-born neurons in the dentate gyrus (DG) significantly. (A) Freefloating sections including the DG of wildtype (wt) and TRIM32 ko mice that were injected with BrdU and stained with the indicated antibodies. Scale bar = 20 μm. (B) shows the quantifications of (A). N = 5 mice (p < 0.05). GCL, granular cell layer; SGZ, subgranular zone.



Loss of TRIM32 does not Impair Exploratory Behavior, Anxiety Related Behavior and Spatial Learning but Leads to Increased Numbers of Stops in the Open Field Test

A health check did not reveal any significant differences between the genotypes. Furthermore, no severe deficits that would have excluded animals of either genotype from further analysis were observed. The weight development of individual mice was monitored during the course of the study for 15 weeks. At first weighing at an age of 22 days, TRIM32 knockout mice weighed significantly less compared with wild-type conspecifics (mean ko: 6.78 g, wt: 7.96 g). This difference disappeared during the following weeks where both genotypes were virtually indistinguishable from each other (Supplementary Figure 2).

In the Elevated Plus Maze neither the percentage of time spent on open arms nor the percentage of entries into open arms did differ significantly between the genotypes (Figure 3A). Additionally measured parameters for general activity did not reveal any significant genotype effects. In the Open Field Test no significant differences between the genotypes were detectable concerning the traveled path length (Figure 3B). However, TRIM32 knockout mice were observed to show a significantly increased number of stops (Figure 3B).
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FIGURE 3. (A) Percent time on open arms in the Elevated Plus Maze (EPM): ko vs. wt: Two Sample t-test, t = 0.17, p = 0.86 (n.s.), Nko = 14, Nwt = 20. (B) Left: Path length traveled in the Open Field Test: ko vs. wt: Two Sample t-test, t = 0.15, p = 0.88 (n.s.), Nko = 14, Nwt = 21. Right: Number of stops while exploring the Open Field arena: ko vs. wt: Two Sample t-test, t = 2.36, p = 0.025 (*), Nko = 14, Nwt = 21. (C) Mean time to find the correct hole on the Barnes maze. Repeated measures ANOVA revealed a highly significant effect of trial, indicating that both genotypes learned the position of the correct hole [F(1, 170) = 392.86, p < 2e-16]. There was no effect of genotype. In addition a comparison of the areas under the learning curves did not reveal any significant differences between ko vs. wt, AUC-Analysis: Two Sample t-test, t = 1.02, p = 0.32.



In order to analyze visual spatial memory a Barnes Maze test was conducted. Mice of both genotypes significantly learned to find the position of the correct hole during the course of the training phase of 4 consecutive days indicated by a significant trial effect revealed by a repeated measures ANOVA [F(1, 170) = 392.86, p < 2e-16] (Figure 3C). The genotypes, however, did differ neither during the training phase nor in the probe trial or the re-trial. Thus, loss of TRIM32 does not impair exploratory behavior, anxiety-related behavior but leads to increased number of stops in the open field test.

TRIM32 Deficiency Impairs Olfactory Discrimination

To determine the influence of increased neurogenesis due to loss of TRIM32 on olfactory capabilities, olfactory memory was tested by means of an olfactory habituation test. Each tested mouse was firstly exposed to distilled water and subsequently to three different odors. Each substance was applied three times in a row with an inter trial interval of 30 s. Both genotypes habituated to the repeated presentation of distilled water on a cotton swab. After habituation to distilled water mice of both genotypes significantly increased sniffing time toward the new odor indicating general olfactory abilities (Figure 4A). This was true for all three odors. Mice of both genotypes habituated to the odor comparable to the presentation of distilled water. But, the decrease of the sniffing time from the first to the second presentation was significantly lower for TRIM32 ko mice compared to wt mice for odor 2 and 3 (Figure 4B). Compared to the initial sniffing time of the first trial, TRIM32 knockout mice spend less time sniffing at trial 2 and 3 without recognizing the already known odor. Thus, habituation levels were weaker for TRIM32 knockout mice.
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FIGURE 4. (A) Mean time spent sniffing on different odors in the Olfactory Habituation Test. Odors were presented three times in a row and subsequently a new odor was presented. Significant differences between the time spent sniffing in the last trial of a known odor compared with the first presentation of a new odor are indicated by asterisks between the lines (paired t-tests, *p < 0.05, **p < 0.01, ***p < 0.001). Differences between the genotypes regarding the time spent sniffing in the first trial of a newly presented odor are indicated by asterisks above the curves (Two sample unpaired t-tests). Nko = 14, Nwt = 18. (B) Bar diagrams representing the slope that indicates the rate at which the sniffing time decreases from the first to the second trial (1 → 2) and second to the third trial (2 → 3) for the indicated odors. Differences in genotypes are indicated by asterisks (*p < 0.05, **p < 0.01) (according to normal distribution of the values t-test for odor 1, Mann–Whitney Rank Sum Test for odor 2 and 3). Nko = 14, Nwt = 18.



In general, compared to wt mice, TRIM32 ko mice spend shorter sniffing times at the cotton swap for all odors already from the very first presentation of the odor. Taken together, increased rates of neurogenesis due to loss of TRIM32 do not lead to an increased olfactory activity but in contrast even impair olfactory performance.

Loss of TRIM32 Leads to Deregulated Brain Metabolism

Accumulating evidence suggests that a deregulation of certain molecular pathways leads to the formation of brain disorders as well as anxiety and depression related phenotypes. To identify affected anxiety and depression related pathways, we performed metabolomic analyses from brain tissue of 3 wt and 4 TRIM32 ko mice. Two hundred and ten metabolites were detected by GC/MS of which 75 have been identified using our in-house mass spectral metabolite library (Supplementary Figure 3). Statistical analysis revealed that levels of nine out of these 210 metabolites differed significantly in levels of concentration between the two genotypes (p < 0.05). Of those, five have been be identified (Figure 5A). These metabolites are phosphomonomethylester, 3-phosphoglyceric acid, cysteine, putrescine, and uracil. The concentration of 3-phosphoglyceric acid, which is a metabolic intermediate in glycolysis and is also a switching point to glycine and serine metabolism, was significantly higher in the tissue of TRIM32 ko mice (Figures 5B,C). A similar significant increase was found for cysteine, which is related to serine, methionine, and glutathione metabolism. Concentrations of the degradation product putrescine, that has been linked to methionine metabolism as well, were elevated in a similar way (Figures 5B,C). The mouse brain tissue that was used for our metabolomics analysis not only contains NSCs but represents a mixture of multiple cell types. To investigate the relevance of these results for NSCs we performed the same analysis using a pure population of cultured NSCs (Supplementary Figure 4). From the five identified metabolites that significantly differed in their concentration from wt to TRIM32 ko brain tissue, putrescine and 3-phosphoglyceric acid were also significantly upregulated in TRIM32 ko NSCs.
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FIGURE 5. (A) Heatmap showing metabolites that differ significantly between wt and TRIM32 ko mice (Student's t-test, p-value < 0.05). Medians of three technical replicates were used as basis for this data analysis. For visualization the individual intensities for each compound were divided by its mean intensity across all replicates. Colors represent metabolite levels in TRIM32 ko and wt brain tissue. Clustering was performed on Euclidean distances using Ward's minimum variance method. Three wt and 4 ko animals were used for analysis. (B) Relative concentration of metabolites that differ significantly in concentration between wt and TRIM32 ko mice. Data were calculated as means with standard error of the mean and values of TRIM32 ko mice were normalized to wt values. (C) Schematic overview depicting metabolomic pathways to which metabolites that were significantly different in concentration are linked to and their involvement in brain disorders and behavioral phenotypes.



Finally, we wanted to get a more systemic view of deregulated pathways that might lead to pathological changes in the brains of TRIM32 ko mice. Therefore, previously generated gene-expression data from TRIM32 ko mice (Hillje et al., 2013) were linked to the results that were obtained in the metabolomic analysis of wt and TRIM32 ko brains. Genome-scale metabolic network models were reconstructed via the FASTCORMICS workflow making use of the available microarray data (Pacheco and Sauter, 2014, arXiv:1407.6534). The wt and TRIM32 ko models contain 735 and 635 reactions, respectively, with 516 reactions being shared between the two models, indicating some metabolic differences between the two conditions. Both models are available in SBML format as Supplementary Files. A qualitative estimate of the flux distribution of the pathways containing the significantly changed metabolites was then obtained by random sampling of the possible solution space (Figure 6). It suggests in the ko model a decreased consumption of 3-phosphoglyceric acid by the phosphoglycerate dehydrogenase, the first enzyme in the serine biosynthesis pathway. This in turn leads to a slight accumulation of the glycolytic intermediate 3-phosphoglyceric acid, as observed in the metabolite measurements (Figure 5). Taken together, we were able to show that there is a difference in metabolic profiles between wt and TRIM32 ko brains. In addition, modeling the estimation of flux distribution suggests that the increase of 3-phosphoglyceric acid, which was significantly deregulated in the TRIM32 ko brain tissue as well as in the TRIM32 ko NSC culture, might be due to a decreased consumption by phosphoglycerate dehydrogenase.
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FIGURE 6. Flux distribution estimated by random sampling for the wild type and the mutant models built via the FASTCORMICS workflow. (A) Random sampling results. Ratio of the flux rates for phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM), and acetylphosphatase (ACYP) over glyceraldehyde dehydrogenase (GADP) represented in blue for the wild type and in red for the mutant. (B) Schematic representation of the qualitative wild type (dark gray) and mutant (light gray) fluxes over the glycolysis pathway.



Discussion

We recently demonstrated that the absence of TRIM32 in knockout mice led to increased progenitor cell proliferation and less cell death, both effects accumulate in an overproduction of adult generated olfactory OB neurons of TRIM32 knockout mice (Hillje et al., 2013). Here, we show that such an increase does not necessarily lead to better olfactory performance but contrary, TRIM32 knockout mice even show impaired olfactory habituation.

The performed olfactory habituation assay evaluates the habituation to known odors as well as the detection of a new odor. Although it might be possible that TRIM32 ko mice merely lack interest or motivation in sniffing new odors, we believe that the increase of sniffing time for the first presentation of a new odor following the presentation of water or following the third presentation of an already presented odor indicates that there is general interest in a new odor. For both genotypes the sniffing time for the first presentation of odor 1 is significantly longer compared to the sniffing time of the last presentation of water. The same is true for the first presentation of odor 2. For the first presentation of odor 3 there is an increase even though not significant for TRIM32 ko mice. If TRIM32 ko mice would have no interest or motivation we would not expect to see this increase. In addition, these results point to the fact that TRIM32 ko mice are able to distinguish between the already known odor and a new odor. However, the lower decrease of sniffing time upon the second and third presentation of subsequently presented odors points to the fact that it takes TRIM32 ko mice longer to recognize the already known odor, meaning an impairment of olfactory memory and habituation. However, we cannot rule out that the lower decrease of sniffing time is a combinatorial effect of impaired memory (habituation), lower discrimination (olfactory capabilities), and lower interest. Anyways, since we tested a battery of non-olfactory based behavioral tests that showed no differences regarding emotional and motivational states (with respect to anxiety-related behavior tested in the EPM, motivation to gain access to the home cage and general learning performance tested in the Barnes Maze Test) we believe that lack of motivation is most probably not the main cause of the observed behavior. Furthermore, we also cannot fully exclude that TRIM32 deficient olfactory neurons are dysfunctional and this potential dysfunction contributes to the observed phenotypes.

Although there have been conflicting results in the past and its exact function could not be fully determined yet, adult neurogenesis seems to play an important role in olfactory processes including olfactory discrimination, memory and associative learning (for review see Breton-Provencher and Saghatelyan, 2012). Our data indicate that olfactory habituation was significantly impaired in TRIM32 ko mice. Thus, the mere number of newly generated neurons itself does not guarantee an improvement of olfactory information processing. These results are in line with findings by Mechawar et al. (2004), who found that an increased number of granule cells due to a decreased apoptosis rate did not result in enhanced olfactory abilities, but lead to a declined short-term memory of odors. We hypothesize that due to the increased proliferation and decreased cell removal rates, the newborn interneurons are defectively integrated into the circuitry and therefore the animals show impaired olfactory functioning. Strikingly, long-term memory seemed not to be affected of this as the knockout mice showed similar habituation to the odors as their conspecifics after a second introduction of the same odor set after 1 week (data not shown). Most interestingly, other behavioral domains (such as exploratory behavior, anxiety-like behavior, and spatial learning) were not affected by the lack of TRIM32. The only remarkable difference we found was the number of stops conducted during the Open Field Test. Stopping while exploring a new environment is a typical behavior shown by mice. We speculate that the later shown olfactory deficits most likely have increased the demand for such back-pedaling behavior in order to gain information in the face of impaired olfactory capacities.

There is growing evidence that deregulation in metabolite concentrations leads to the formation of brain disorders as well as anxiety- and depression-related phenotypes. Our statement that the cell fate determinant TRIM32 is required for a balanced activity of the adult neurogenesis process is supported by hints that point to a deregulation of several metabolic intermediates that are connected to glycolysis, glycine or cysteine metabolism in TRIM32 knockout mice brain tissue. Our data implicate that loss of TRIM32 leads to changes in the concentration of 3-phosphoglyceric acid, a metabolite linked to glycolysis. Rates of glycolysis have been shown to be deregulated in anxiety and depression-like phenotypes in systems biology approaches (Gormanns et al., 2011) as well as in different anxiety mouse models (Filiou et al., 2011; Zhang et al., 2011). In addition, our data show significant changes in the levels of cysteine due to loss of TRIM32. Cysteine is an intermediate of the trans-sulfuration pathway (methionine → homocysteine → cysteine) and thus glutathione synthesis. Glutathione is the major antioxidant of the brain and is of particular importance for defense mechanisms against oxidative damage. Methylation of DNA has been suggested to be involved in the cause of mood disorders and strongly relies on the availability of methyl groups from s-adenosyl methionine (SAM). After providing its methyl group, SAM is regenerated via homocysteine and methionine where the methyl group is provided either by trimethylglycine (betaine) or by 5-methyltetrahydrofolate. The latter mainly derives its methyl group from serine via 5,10-methylenetetrahydrofolate. Oxidative stress mechanisms and methylation have been implicated in remitted phases of major depressive disorders in humans (Kaddurah-Daouk et al., 2012) and deregulation in cysteine and methionine metabolism were linked to depression and anxiety in a systems biology approach as well as in a mouse model (Gormanns et al., 2011; Zhang et al., 2011). In addition to the above mentioned pathways, 3-phosphoglyceric acid functions in glycine and serine as well as cysteine metabolism. Glycine is an inhibitory neurotransmitter in the spinal cord and brain stem with a regulatory function in locomotor behavior (reviewed in Legendre, 2001; Xu and Gong, 2010). Glycine synaptic transmission was suggested to be involved in psychiatric disorders (Zhang et al., 2011). Since the used brain tissue contains multiple cell types, the metabolomics analysis was repeated using pure populations of cultured wt and TRIM32 ko NSCs. From the five identified metabolites that significantly differed in their concentration between the two genotypes in brain tissue, putrescine and 3-phosphoglyceric acid could be verified to be significantly differently abundant in wt and TRIM32 ko NSCs.

However, the metabolomics approach is limited by only taking a snapshot look at one static point. In order to get a more detailed understanding of metabolomics changes in TRIM32 ko brain, we modeled metabolomics fluxes by combining previously published gene expression (Hillje et al., 2013) and metabolic data. The ko model suggests a decreased consumption of 3-phosphoglycerate by the phosphoglycerate dehydrogenase, the first enzyme in the serine biosynthesis pathway, which leads to a slight accumulation of phosphoglycerate, as observed in the metabolite measurements of the brain tissue as well as the NSC cultures. The deficiency of 3-phosphoglycerate dehydrogenase (3-PGDH) is the most reported defect that causes serine deficiency disorders, a group of neurodevelopmental, neurometabolic disorders with congenital microcephaly, intractable seizures and severe psychomotor retardation (van der Crabben et al., 2013), implicating the pathological relevance of this pathway. In addition to deregulated metabolic fluxes, loss of TRIM32 results in an overproduction of adult generated OB neurons, and it cannot be excluded that different cell population sizes might cause changes of metabolite levels in TRIM32 ko brains.

Even though no clear anxiety or depression like phenotype was found for TRIM32 knockout mice in the behavioral tests, shorter sniffing times in olfactory habituation tests as well as more stops in the Open Field tests might be hints for lower motivation or might even indicate slight depression like behavior. However, the function of TRIM32 in depression and anxiety is still controversial. Using a chronic unpredictable mild stress (CUMS) mouse model that generates anxiety- and depression-like behavior, Ruan and colleagues showed that TRIM32 protein levels are downregulated in the hippocampus under mild stress (Ruan et al., 2014). However, at the same time they demonstrate that a total loss of TRIM32 (knock-out mouse model) protects against depression. Depression in general is associated to reduced levels of neurogenesis, while in TRIM32 knock-out mice neurogenesis is increased. It seems tempting to speculate that these two effects, in the CUMS depression model in TRIM32 knock-out mice, balance each other leading to a normalized neurogenesis activity. Although in our TRIM32 ko mice we did not observe any anxiety related phenotypes, in our metabolomics approach we detected several metabolites to be deregulated which previously have been shown to be implicated in anxiety and depression. Hence, such a systematic omics approach might be even more sensitive in revealing fine changes in complex behaviors, which might be missed by conventional behavioral assays.

Our study provides comprehensive data on how the deregulation of adult neurogenesis caused by the loss of the cell fate determinant TRIM32 leads to a deregulation of metabolomic pathways and finally results in an impairment of olfactory capabilities. These results highlight that the function of the cell fate-determinant TRIM32 for a balanced activity of the adult neurogenesis process exceeds the cellular level and has far-reaching effects on metabolomics pathways that are linked to mood disorders as well as olfactory capabilities.
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Supplementary Figure 1. (A) Free floating sections from wt and TRIM32 ko mouse brain stained with TUNEL and Hoechst. Shown is the dentate gyrus of the hippocampus. Scale bar = 20 μm. (B) Quantification of TUNEL+ cells in dentate gyrus of wt and TRIM32 ko mouse brain. N = 4 wt and 4 TRIM32 ko mice, n = 23 cells.

Supplementary Figure 2. Weight development over the course of 15 weeks. Two Sample t-test, t = 2.743, df = 53, p-value = 0.0083.

Supplementary Figure 3. Heatmap showing relative levels of metabolites in wt and TRIM32 ko mice. Data were calculated as medians. Colors represent relative changes of concentration in wt and TRIM32 ko brain tissue. Unlabeled rows represent unknown metabolites. Metabolome clusters consist of samples with similar concentration profiles. Three wt and 4 ko animals were used for analysis.

Supplementary Figure 4. (A) Hierarchical cluster analysis of significantly changed metabolite levels in NSCs (wild type vs. TRIM32 knock-out). The statistical significance and robustness of differences in metabolite levels (Welch's t-test, p < 0.05, n = 6) was evaluated by leave-one-out cross-validation. (B) Bar diagram showing significantly changed metabolite levels in NSCs (wild type vs. TRIM32 ko). Statistical analysis see (A), data were calculated as means with standard error of the mean and values of TRIM32 ko mice were normalized to wt values.

Supplementary Files. Genome-scale metabolic network models. Zipped file containing the SBML versions of the reconstructed genome scale metabolic network models of the wild type and the TRIM32 ko brain tissue.
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