

[image: image1]
Deletion of Specific Sphingolipids in Distinct Neurons Improves Spatial Memory in a Mouse Model of Alzheimer’s Disease
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Alzheimer’s disease (AD) is characterized by progressive neurodegeneration and a concomitant loss of synapses and cognitive abilities. Recently, we have proposed that an alteration of neuronal membrane lipid microdomains increases neuronal resistance toward amyloid-β stress in cultured neurons and protects from neurodegeneration in a mouse model of AD. Lipid microdomains are highly enriched in a specific subclass of glycosphingolipids, termed gangliosides. The enzyme glucosylceramide synthase (GCS) catalyzes the rate-limiting step in the biosynthesis of these gangliosides. The present work now demonstrates that genetic GCS deletion in subsets of adult forebrain neurons significantly improves the spatial memory and counteracts the loss of dendritic spines in the hippocampal dentate gyrus of 5x familial AD mice (5xFAD//Ugcgf/f//Thy1-CreERT2//EYFP mice), when compared to 5xFAD//Ugcgf/f littermates (5xFAD mice). Aberrantly activated glial cells and their expression of pro-inflammatory cytokines have emerged as the major culprits for synaptic loss in AD. Typically, astrocytic activation is accompanied by a thickening of astrocytic processes, which impairs astrocytic support for neuronal synapses. In contrast to 5xFAD mice, 5xFAD//Ugcgf/f//Thy1-CreERT2//EYFP display a less pronounced thickening of astrocytic processes and a lower expression of tumor necrosis factor-α and interleukin 1-α in the hippocampus. Thus, this work further emphasizes that GCS inhibition may constitute a potential therapeutic target against AD.
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INTRODUCTION

Alzheimer’s disease (AD) leads to progressive loss of cognitive abilities. Histopathologically, affected brain regions typically display extracellular amyloid-β (Aβ) plaques, intracellular neurofibrillary tangles (Tanzi, 2013), and synapse loss (Hamos et al., 1989). For a long time, the “amyloid cascade hypothesis” proposed that Aβ plaque deposition is the main causative component of AD (Hardy and Higgins, 1992). However, the lack of progress in developing novel disease-modifying therapies based on Aβ plaque reduction (Head et al., 2008) led to reformulation and refinements of this hypothesis. While aberrant expression and processing of amyloid precursor protein (APP) are causative for certain cases of human familial AD, empiric data do not support a causative role for late-onset AD cases (Morris et al., 2014). Novel hypotheses have rather suggested that more complex processes such as neuroinflammation (Krstic and Knuesel, 2013) as well as the build-up of neurotoxic Aβ oligomers (Lambert et al., 1998) are mainly involved in AD onset and progression.

Synaptic loss is an early hallmark of AD (Hamos et al., 1989; Eroglu and Barres, 2010). In a healthy brain, synapses are intimately associated with glial cells, which provide trophic support and modulate synaptic function (Eroglu and Barres, 2010). Synapse loss and the concomitant cognitive decline in AD go along with progressing neuroinflammation, which is characterized by abnormal activation of astrocytes and microglia (Chung et al., 2015). Aberrantly activated glial cells highly express inflammatory mediators and contribute to the cognitive decline in AD (Morales et al., 2014), in part due to increased oxidative stress (Hensley, 2010), and in part due to the fact that hyperreactive glial cells no longer adequately provide trophic support and homeostatic maintenance functions for the neurons (Oberheim et al., 2008; Krstic and Knuesel, 2013). Specifically, thickening of astrocytic processes is supposed to cause a retraction of the astrocytic end-feet from synapses, thereby destabilizing the synaptic integrity (Barrow and Small, 2007). Moreover, activated “harmful” astrocytes are suggested to counteract the formation of new synapses and synapse maintenance (Liddelow et al., 2017) and thereby contribute to Aβ-induced synapse loss. Synapse loss is reflected by a decrease in spine density (Zhang et al., 2014). It has to be noted, however, that neuroinflammation per se may not be regarded as solely harmful (Hensley, 2010). For example, subsets of activated glial cells phagocytose Aβ aggregates and thereby contribute to Aβ clearance (Boche and Nicoll, 2008; Hensley, 2010). Moreover, Liddelow et al. (2017) recently described that, in contrast to “harmful” reactive astrocytes (so-called A1 astrocytes), also “neuroprotective” reactive astrocytes (so-called A2 astrocytes) are induced mainly by ischemic lesions. A2 astrocytes display a different gene expression pattern than A1 astrocytes and produce factors that promote survival and growth of neurons.

Many cellular processes such as APP processing, synaptic transmission, and transmembrane receptor signaling take place at the neuronal plasma membrane. Plasma cell membranes are built up by various lipid species, such as phospholipids, sterols, and sphingolipids. However, these lipids are not evenly distributed within the membranes. Dynamic lipid microdomains in neuronal membranes are highly enriched in glucosylceramide synthase (GCS; gene: Ugcg)-derived gangliosides, a sub-class of glycosphingolipids. These gangliosides can directly modulate the activity of transmembrane receptors (Nordström et al., 2013; Herzer et al., 2015, 2016) and other membrane processes such as endocytosis (Ewers et al., 2010). Ganglioside biosynthesis is altered in AD brains (Ariga et al., 2008). It has been shown that gangliosides GM1 and GM2 accumulate in frontal and temporal cortex of AD patients (Pernber et al., 2012), while more complex gangliosides GQ1bα and GT1aα accumulate in brains of transgenic AD mouse models (Ariga et al., 2010). Moreover, gangliosides are suggested to destabilize mature Aβ fibrils and resolubilize them to synaptotoxic protofibrils (Martins et al., 2008) and act as seeds for Aβ fibril formation (Yanagisawa et al., 1995). We have shown that pharmacological GCS inhibition and subsequent reduction of gangliosides increase the resistance of cultured neurons toward oligomeric Aβ stress and protect from Aβ-induced loss of neuronal insulin receptors (IRs) (Herzer et al., 2016; Nordström and Herzer, 2017). Moreover, we have found less neurodegeneration in transgenic 5x familial AD (5xFAD) mice (Oakley et al., 2006) with a tamoxifen-inducible GCS deletion in forebrain neurons (Herzer et al., 2016). Thus, we hypothesized that GCS might be a potential novel therapeutic target for the treatment of AD.

The present study addresses the question of whether inhibition of ganglioside biosynthesis can also improve the cognitive capacity and counteract spine loss in 5xFAD mice. Intriguingly and in line with our previous work (Herzer et al., 2016), behavioral tests indicate that spatial memory is improved in 5xFAD mice which harbor inducible GCS deletion in subsets of adult forebrain neurons. Additionally, these mice are protected from Aβ-induced spine loss. Thus, the current work emphasizes that GCS inhibition and subsequent ganglioside reduction may constitute promising novel cellular targets against AD.

MATERIALS AND METHODS

Mice

Ugcgf/f//Thy-1-CreERT2 mice were crossed to 5xFAD mice (The Jackson Laboratory) to generate 5xFAD-Thy1-Cre, 5xFAD, Thy1-Cre- and control littermates. All mice were backcrossed to C57BL6 (>12 generations). Tamoxifen injections occurred 9 weeks after birth as previously described (Nordström et al., 2013). All mouse groups analyzed (controls, 5xFAD, Thy1-Cre, 5xFAD-Thy1-Cre) received tamoxifen injections. Mice received solvent injections without tamoxifen when indicated. This study was carried out in accordance with the recommendations of the DKFZ internal committees and national regulations for animal experiments. The protocol was approved by the Regierungspräsidium Karlsruhe (Germany).

In Situ Hybridization

5 μM sagittal brain sections were prepared under RNase-free conditions. In situ hybridization (ISH) was performed by using a commercially available kit (RNAscope 2.0 HD Brown, Advanced Cell Diagnostics (ACD)) according to the manufacturer’s guidelines and as described earlier by Herzer et al. (2016). Slides were exposed to either a probe recognizing Ugcg (ISH probe targeting region 653–1108 of mouse Ugcg mRNA (ACD)) or a negative control probe DAPB (ACD). For detection of targeted neurons, sections were stained with rabbit-α-GFP (1:25, Abcam) that also detects YFP. The secondary antibody was donkey-α-rabbit Alexa-Fluor488 (1:100, Invitrogen). For additional detection of glial cells, sections were additionally stained with mouse-α-GFAP (1:200, Millipore) and secondary goat-α-mouse Alexa-Fluor555 (1:200, Invitrogen). Slides were analyzed with a bright field/fluorescence microscope (Keyence).

For improved visibility, brown ISH spots were digitally converted to red fluorescence by adjusting the brightfield channel picture as follows: the picture was inverted and the green and blue channels were adjusted to “zero” output in order to visualize the brown ISH spots as red fluorescent spots. For comparison, the original channel overlay pictures showing brown spots have been included in the respective indicated Supplementary Figures. In case of Ugcg mRNA detection in glial cells (brown spots were converted to magenta by adjusting the brightfield image as follows: the picture was inverted, converted to 8 bit, and magenta was chosen in the LUT settings. For comparison, the original channel overlay pictures showing brown spots have been included in the indicated Supplementary Figure.

Active Place Avoidance Test

Female mice (control, 5xFAD, Cre, and 5xFAD-Thy1-Cre littermates) were used for cognitive tests at an age of 9 months. The active place avoidance test was performed as described earlier (Krieger et al., 2012). Mice were placed onto a rotating circular platform (r = 40 cm, 1 rpm), which was surrounded by a transparent wall. Stationary cues visible for the mice outlined a defined zone (R0 shock area). Upon entering the R0 area, mice received a 0.4-mA shock, followed by further identical shocks every 1.5 s when mice stayed in the R0 area. As the platform rotated, it was not possible for mice to avoid the R0 sector due to a passive strategy. After a 10-min habituation phase (trial 1) without shocks, eight 10 min trials (trials 2–9) were conducted with pauses of 30 min, where animals were placed back into their cages (training phase). Mice were continuously tracked throughout the trials by a video camera and the analysis was performed automatically by the SYGNIS tracker software. The learning performance was monitored and displayed as R0 visits/distance run, latency to first R0 zone entry, time spent in R0, and number of shocks received during each trial.

After 24 h, one recall trial without electrical shocking was carried out to analyze memory retention. The above-mentioned parameters were analyzed by the SYGNIS tracker software.

Spontaneous Y-Maze Alternation

The spontaneous Y-maze alternation test was performed as described earlier (Oakley et al., 2006). Nine-month-old mice were placed into the center of a symmetrical Y-maze apparatus. Their behavior was recorded for 5 min. The sequence of arm entries (A, B, or C) was monitored and the % spontaneous Y-maze alternation was calculated as follows (Oakley et al., 2006): number of triads with sequential entries into all three arms/maximum possible alternations (total arm entries - 2) × 100.

Brain Sections

Paraffin and cryosections were prepared according to standard procedures, as described earlier by Nordström et al. (2013) and Herzer et al. (2015, 2016). For paraffin sections, brain hemispheres of mice (transcardially perfused with 4% PFA) were incubated in 4% PFA (4°C, 7 days) and subsequently embedded in paraffin according to standard procedures. 5 μM paraffin sections were subsequently prepared for further stainings. For cryosections, brain hemispheres of mice (transcardially perfused with 4% PFA) were immersion-fixed in 4% PFA (4°C, 1 day) and subsequently subjected to cryoprotection by immersion in 30% sucrose. 40 μM free-floating cryosections were prepared for further stainings.

Immunofluorescence and Histochemistry

Immunostainings of brain sections and image acquisition were performed according to standard procedures as described earlier by Nordström et al. (2013) and Herzer et al. (2015, 2016). Blocking (RT, 1 h) and antibody incubations (4°C, o/n) occurred in 1%BSA/0.05% Triton-X/PBS. Primary antibodies were mouse-α-Aβ (6E10; 1:200, Covance), rabbit-α-Aβ42 (1:50, Millipore), rabbit-α-GFP (1:50, Invitrogen), rabbit-α-Iba1 (1:200, WAKO), mouse-α-GFAP (1:200, Millipore), and oligomer-specific antibody rabbit-α-A11 (1:50, Invitrogen). Secondary antibodies used were donkey-α-mouse Alexa-Fluor488, donkey-α-rabbit Alexa-Fluor488, goat-α-rabbit Alexa-Fluor555, goat-α-mouse Alexa-Fluor555 (1:200, Invitrogen). For immunohistochemistry, subsequent staining was performed with biotin-α-mouse or biotin-α-rabbit (1:150, Jackson Immuno Research) and horseradish peroxidase streptavidin (1:200, Vector). For histochemistry, AEC reagent (BioGenex) was used. Coverslips were mounted with ProLongGold® (Invitrogen) and subsequently analyzed by fluorescence or brightfield (Keyence) or confocal microscopy (Leica).

Analysis of Spine Density and Image Processing

The following mouse groups (> 10 months of age) were analyzed: non-induced Ugcgf/f//Thy1-Cre-ERT2//EYFP (n.i. control; no Cre activity but EYFP expression), non-induced 5xFAD//Ugcgf/f//Thy1-Cre-ERT2//EYFP (n.i. 5xFAD; no Cre activity but EYFP expression), tamoxifen-induced Ugcgf/f//Thy1-Cre-ERT2//EYFP (Cre; Cre activity and EYFP expression), and tamoxifen-induced 5xFAD//Ugcgf/f//Thy1-Cre-ERT2//EYFP mice (5xFAD-Thy1-Cre; Cre activity and EYFP expression). Non-induced mice received solvent injections without tamoxifen instead. Paraffin sections were prepared and spine density was analyzed as described earlier (Zhang et al., 2014) with minor modifications. After transcardial perfusion (4% PFA), brains were harvested and 5 μm paraffin sections were prepared. Prior to immunofluorescence, antigen retrieval was performed in a pressure heater (120°C, 25 min) in citrate buffer (0.1M C6H9Na3O9/0.1M C6H10O8, pH 6.0). Immunofluorescence was performed as described above, by using rabbit-α-GFP (1:50, Invitrogen) and secondary donkey-α-rabbit Alexa-Fluor488 (1:200, Invitrogen). Z-stack images were acquired with a confocal microscope (Leica, TCS SP5II). The spine morphology was reconstructed from serial z-stack images by ImageJ (NIH), by background subtraction (rolling ball radius: 10 pixels) followed by despeckle and subsequent Z-stack projection. The spine density was analyzed as described earlier (Zhang et al., 2014), by counting spines that emerged perpendicular to the dendritic shaft. The number of spines was counted in relation to the dendrite length (dendritic ROI). Image analysis occurred blind toward the genotypes. In case of n.i. 5xFAD and 5xFAD-Thy1-Cre mice, spines were analyzed in neuronal processes that were located adjacent to plaques (approximated distance between 20 and 30 μm).

Morphometric Analysis of Amyloid Plaques, A11 Content, Intracellular 6E10, and Astrocytic Process Width

Paraffin sections from mouse brains (9 months of age) were prepared and subjected to immunostaining as described above. The location of sections was determined with the help of the Paxinos Brain Atlas. The number of sections and individual mice is indicated in the respective figure legends. Morphometric analyses of plaques and A11 were carried out with ImageJ (NIH).

For Aβ42 plaque morphology, figures were equally adjusted in threshold (ImageJ). For 6E10/A11 morphometry, solely A11 signal present in 6E10-positive plaques was included in the analysis. GFAP-stained astrocytes in the hippocampal dentate gyrus (DG) were analyzed by z-stack fluorescence microscopy (Keyence). In astrocytes, the width of all astrocytic processes emerging from the soma was measured as described earlier (Sun et al., 2010). The width of each astrocytic process was analyzed at its respective emergence point from the soma by a morphometric measurement (ImageJ, NIH). The investigator was blinded toward the genotypes.

Quantitative mRNA Analysis

Quantitative mRNA expression analysis was performed as described previously by Nordström et al. (2013). RNA was extracted from tissue samples with the Ambion®PARISTM kit (Thermo Fisher Scientific) according to the manufacturer’s guidelines. RNA was reverse transcribed by Superscript II Reverse Transcriptase (Invitrogen) and cDNA was quantified using the LC FastStart DNA Master SYBR Green I kit (Roche) according to the manufacturer’s guidelines and the Light Cycler (Roche). Expression levels were normalized to the expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primers were used: IL1-α forward: 5′-CCTACTCGTCGGGAGGAGAC-3′; IL1-α reverse: 5′-GGTGGCAATAAACAGCTCTGG-3′; TNF-α forward: 5′-AAGCATGATCCGCGACGTGGA-3′; TNF-α reverse: 5′-TTGCTACGACGTGGGCTACA-3′ IL1-β forward: 5′-TGCAGTGGTTCGAGGCCTAA-3′; IL1-β reverse: 5′-GCTGCTGCGAGATTTGAAGCTG-3′; GAPDH forward 5′-ACTCCCACTCTTCCACCTTC-3′; GAPDH reverse: 5′-GGTCCAGGGTTTCTTACTCC-3′.

X-Gal Stainings

Ugcgf/+//Thy1CreERT2/EYFP mice were crossbred to R26R Rosa LacZ reporter mice to generate Rosa26//Ugcgf/f//Thy1CreERT2/EYFP (Rosa26//Thy1-Cre) mice as described earlier (Nordström et al., 2013). Three days after induction, animals were sacrificed, brains were removed and frozen on dry ice. X-Gal staining was performed as described previously (Nordström et al., 2013).

Liquid Chromatography-Coupled Tandem Mass Spectrometry of Ganglioside Species

Lipids were extracted from brain tissue and glycosphingolipids were purified and separated into neutral and acidic glycosphingolipids as described previously by Nordström et al. (2013). Aliquots corresponding to 2.5 mg protein/ml were mixed with internal lipid standard for analysis by LC-MS/MS using an Aquity I-class UPLC and a Xevo TQ-S “triple-quadrupole” MS instrument, both from Waters. Using a CORTECS HILIC column (2.1 mm × 100 mm; 1.7 μm, Waters), gangliosides were measured in positive mode with a gradient between 100% solvent A (90% acetonitrile) and 100% solvent B (50% acetonitrile), both containing 10 mM ammonium formate as additive. Gangliosides were analyzed by multireaction monitoring (MRM) with MS/MS-transitions for both, the protonated molecular ion and the corresponding ammonia adduct at optimized collision energy (Supplementary Figure 1A). Transitions reflect the majority of ganglioside species, which contain a d18:1 long chain base (C18-sphingosine) and C16 to C24 fatty acyl chain length. GM3 (d18:1; C19:0) was used as internal standard and purified human gangliosides as external standard (Supplementary Figure 1B).

MALDI-Imaging of Brain Slices

Frozen mouse brains from 8-month-old mice were processed and MALDI matrix application was applied as previously described (Munteanu et al., 2014) with minor adjustments. Briefly, 60 mg/mL sDHB in ACN/ddH2O/TFA (40/60/0.5 v/v/v) was applied to tissue sections by spray coating using the following parameters of the SunCollect device (SunChrom, Friedrichsdorf, Germany): two initial matrix layers using a flow-rate of 10 μL/min followed by three layers of 15 μL/min at 150 mm/min were chosen to ensure a homogeneous matrix layer on tissue slides. A drying step of 3 min was introduced between each cycling step. MALDI-MSI measurements were performed using the Rapiflex MALDI-TOF MS (Bruker Daltonics) in positive linear mode in the mass to charge range of m/z 2000-20,000 using the FlexImaging 5.0 (Bruker Daltonics). Prior to analysis, the acquisition method was calibrated using the protein calibration standard I (Bruker Daltonics). A total of 250 laser shots were accumulated per raster spot at a laser width of 20 × 20 μm at a lateral resolution of 20 μm and 10 kHz laser acquisition speed. In addition, baseline subtraction was performed and images were visualized after total ion count normalization in FlexImaging software. In order to evaluate potential shifts in Aβ ratios (40 vs. 42) covering distinct brain regions, regions of interest (ROIs) for each hippocampal lobe were manually marked in SCiLS software (Bruker Daltonics) according to H&E staining of follow-up sections. Average spectra for marked ROIs were further processed by baseline subtraction, smoothing and peak picking using default predefined parameters. Intensities corresponding for Aβ 1–40 and 1–42 within a mass window of ±5 Da were exported and the ratio (40 vs. 42) calculated in Excel (Microsoft). For statistical evaluation and visualization, ratios were transferred to Prism 5.0 software (Graphpad Software).

Statistics

Data are presented as mean ± SEM. Statistical analysis was done with Graph Pad Prism and specified in respective figure legends. Comparison of mean values from two groups was performed by an unpaired two-tailed Student’s t-test. Results were marked with (∗) if P ≤ 0.05, (∗∗) if P ≤ 0.01, (∗∗∗) if P ≤ 0.001, or (#) if P ≤ 0.1. Otherwise, mean values of more than two groups were analyzed by one-way ANOVA with Tukey’s test for multiple comparisons (95% confidence interval), as indicated in the respective figure legends.

RESULTS

Generation of 5xFAD Mice With Inducible GCS Deletion in Distinct Neuronal Subsets

GCS is the key enzyme in ganglioside biosynthesis (Figure 1A). Earlier reports have shown that ganglioside metabolism is altered in brains of AD mouse models (Ariga et al., 2008, 2010, 2013). Moreover, deletion of GD3 synthase was reported to exert beneficial effects on the cognition of APP/PSEN1 transgenic mice (Bernardo et al., 2009), and GCS deletion in adult forebrain neurons counteracts neurodegeneration (Herzer et al., 2016). Indeed, mass spectrometry shows that the levels of ganglioside species GM3, GM2, and GT1b are increased in cortex and hippocampal tissue of 14-month-old 5xFAD mice (Figures 1B,C). Moreover, GD1a also shows a tendency to be elevated in 5xFAD mice (Figures 1B,C). On the other hand, ganglioside levels in the cerebellum, which is not affected by Aβ pathology in 5xFAD mice, are normal (Figure 1D).
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FIGURE 1. GCS deletion in distinct subsets of adult neurons in a 5xFAD mouse model. (A) Schematic representation of the biosynthesis of the ganglioside a- and b-series. Glucosylceramide synthase (GCS, gene: Ugcg) is the key enzyme in ganglioside biosynthesis. Major neuronal gangliosides are outlined. Genetic Ugcg deletion inhibits de novo ganglioside biosynthesis. (B,C) Mass spectrometry analysis of ganglioside levels shows that gangliosides GM3, GD3, and GT1b are increased in cerebral cortex (B) and hippocampus (C) of 5xFAD mice. AUC: area under curve, corresponding to the peak area normalized to the internal standard. (D) Ganglioside levels are unchanged in the cerebellum of 5xFAD mice, which is not affected by Aβ pathology (n = 4 (cortex and hippocampus) or 3 (cerebellum) 14-month-old mice per group). Statistical analysis was performed by unpaired two-tailed Student’s t-test. Means ± SEM. (∗∗) if P ≤ 0.01, or (∗∗∗) if P ≤ 0.001.



To generate mice with inducible GCS deletion in adult neurons, Ugcgf/f mice were crossbred with mice expressing tamoxifen-inducible Cre recombinase and tamoxifen-independent EYFP fluorescence under the neuron-specific Thy-1 promoter in subsets of forebrain neurons (Young et al., 2008). In the targeting construct, one Thy-1 promoter copy drives tamoxifen-inducible Cre activity, while the second one drives tamoxifen-independent EYFP expression (Young et al., 2008) (Figure 2A). Ugcgf/f//Thy1-CreERT2/EYFP mice (Thy1-Cre mice) (Jennemann et al., 2005; Young et al., 2008) were crossbred with 5xFAD mice (Oakley et al., 2006) to generate 5xFAD-Ugcgf/f//Thy1-CreERT2/EYFP mice (5xFAD-Thy1-Cre mice). In Thy1-Cre mice, Cre activity is, amongst others, present in hippocampal neurons (Figure 2B), which is important since the hippocampus is highly affected by AD pathology. Thy1-Cre mice display diverse Cre targeting in various neuronal subsets (Young et al., 2008). Sparse targeting is present in the cerebral cortex, thalamus, striatum, and brain stem, whereas moderate targeting is observed in hippocampus, amygdala, and in p1 reticular formation (Young et al., 2008; Figure 2B). Since the dorsal part of the hippocampus is important for cognitive function (O’Keefe and Nadel, 1978), we estimated the rate of Cre-positive neurons in sagittal sections of the dorsal hippocampus (sagittal sections located between lateral 0.96 and 1.2 mm) by counting the number of NeuN/EYFP-double-positive neurons. We observed that targeting is diverse, and found that at least ∼17.3% of neurons in the DG are Cre-positive, whereas for example the CA1 region in this region displays a rather low targeting rate of only ∼1.97% Cre-positive neurons (Supplementary Figure 2A). The functionality of the Cre recombinase in targeted neurons has been confirmed by tamoxifen-induced Rosa26//Thy1-Cre reporter mice (Supplementary Figure 2B). Moreover, ISH shows that Ugcg is stably deleted in targeted neurons (Figure 2C and Supplementary Figures 2C,D), and the consequent inhibition of ganglioside biosynthesis is visualized by reduced GD1a immunofluorescence (Figure 2D).
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FIGURE 2. Generation of tamoxifen-inducible Thy1-Cre mice with GCS deletion in subsets of adult forebrain neurons. (A) The targeting construct in Thy1-CreERT2/EYFP mice comprises one Thy1 copy that drives tamoxifen-inducible Cre recombinase and the second Thy1 copy that drives tamoxifen-independent EYFP in targeted neurons. (B) EYFP fluorescence shows that neurons in the hippocampal regions CA1, CA2, and dentate gyrus are targeted by the construct (bregma –3.08 mm (coronal), scale bars = 200 μm). (C) An in situ hybridization (ISH) of tamoxifen-induced Ugcgf/f//Thy1-CreERT2/EYFP (Thy1-Cre) mice confirms that Cre-targeted neurons are devoid of GCS expression. The original brown ISH dots have been converted to red fluorescence, as described in Materials and Methods section (scale bar = 10 μm). For comparison, the original images are depicted in Supplementary Figure 2C. (D) Immunofluorescence shows that ganglioside GD1a is absent in Cre-targeted and fluorescent neurons of tamoxifen-induced Thy1-Cre mice. On the contrary, non-induced Thy1-Cre mice (n.i. control) mice only receiving solvent injections without tamoxifen display GD1a expression in EYFP-fluorescent neurons, because Cre activity is not induced in this case (scale bar = 5 μm).



We have furthermore monitored lipid levels in hippocampal tissue of all mouse groups by liquid chromatography-coupled tandem mass spectrometry (Supplementary Figure 2E). Sphingomyelin was slightly, but not significantly reduced in 5xFAD mice and it was unaltered in the other mouse groups. Ceramide and lactosylceramide levels were also slightly, but not significantly elevated in 5xFAD mice, but also in 5xFAD-Thy1-Cre mice. Hexosylceramides, including galactosylceramide and glucosylceramide, were slightly lower in Thy1-Cre and 5xFAD-Thy1-Cre mice. Importantly and unlike Ugcgf/f//CamK-CreERT2 mice described in our previous studies (Nordström et al., 2013; Herzer et al., 2015), 9-month-old Thy1-Cre mice do not develop obesity (Supplementary Figure 2F).

Nine-month-old 5xFAD mice display Aβ plaques in, amongst others, the cerebral cortex, the hippocampal DG, and hippocampal CA1. An initial morphometric analysis of sections stained with 6E10 (Supplementary Figure 3A) shows that the mean 6E10-positive Aβ plaque size (Supplementary Figure 3B) and number (Supplementary Figure 3C), as well as the 6E10-positive amyloid plaque load (Supplementary Figure 3D) in sagittal hippocampal sections between lateral 0.96 and 1.2 mm of 5xFAD mice do not differ from 5xFAD-Thy1-Cre mice.

However, it has to be noted that the 6E10 antibody tends to have a certain cross-reactivity with APP and APP cleavage products apart from Aβ (Hunter and Brayne, 2017), which may have blunted a potential difference. Therefore, we have performed additional morphometry with sections stained with an antibody specifically recognizing Aβ42 (Figure 3A). Interestingly, in this approach we detect a slight decrease in the Aβ42 load (Figure 3B) and the number of Aβ42 deposits (Figure 3C), whereas the size of Aβ42 deposits is unchanged (Figure 3D). Furthermore, an analysis by MALDI-imaging was performed to distinguish Aβ42 and Aβ40 species. This revealed no significant difference in the Aβ40/Aβ42 ratio in hippocampal sections located between bregma -1.82 and -1.94 mm (coronal) of 5xFAD and 5xFAD-Thy1-Cre mice (Figures 3E,F and Supplementary Figure 4A). Importantly, the MALDI analysis confirmed that the signal intensity is slightly decreased for Aβ42, but also for Aβ40 in the hippocampus of 5xFAD-Thy1-Cre mice (Figures 3G,H). On the other hand, an ELISA show that total Aβ1-42 and Aβ1-40 contents are not altered in cerebral cortex of 5xFAD-Thy1-Cre mice (Supplementary Figures 4B,C), a region that is, with few exceptions, not targeted by Cre activity (Figure 2B). Apart from the deposition in Aβ plaques, the occurrence of intracellular Aβ has been reported in AD mouse models (Bittner et al., 2010). At the age of 9 months, we observe the occurrence of intracellular 6E10 signal in our 5xFAD mouse model mainly in the hippocampal CA1 region. Intracellular 6E10 signals in this region are indistinguishable between 5xFAD and 5xFAD-Thy1-Cre mice (Supplementary Figures 4D,E). However, the absence of specific intracellular Aβ42 immunoreactivity in this region (Supplementary Figure 4F) suggests that the intracellular 6E10 signal likely represents other Aβ species or APP (Hunter and Brayne, 2017).
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FIGURE 3. Lower Aβ42 deposition and occurrence of oligomeric Aβ in 6E10-positive plaques of 5xFAD-Thy1-Cre mice. (A) Hippocampal sections (between lateral 0.96 and 1.2 mm (sagittal)) were stained with an antibody detecting specifically Aβ42 (sb = subiculum, DG = dentate gyrus, CA1 region; scale bar = 300 μm). Morphometry of these sections shows that (B) the Aβ42 load and (C) the Aβ42 deposit number are decreased in 5xFAD-Thy1-Cre mice. (D) The size of Aβ42 deposits does not differ between 5xFAD and 5xFAD-Thy1-Cre mice (n = 4 5xFAD or 5 5xFAD-Thy1-Cre brain sections derived from 4 to 5 mice, respectively; 1251 (5xFAD) and 1064 (5xFAD-Thy1-Cre) Aβ42 deposits were analyzed in total). (E) MALDI imaging has been performed on hippocampal sections located between bregma –1.82 and –1.94 mm (coronal) in order to distinguish Aβ40 and Aβ42 signals. (F) The Aβ40/Aβ42 ratio in total hippocampal sections is not altered, as determined by MALDI imaging. However, both Aβ40 (G) and Aβ42 (H) signal intensities normalized to the area are lower in 5xFAD-Thy1-Cre mice (n = 4 (5xFAD) and 6 (5xFAD-Thy1-Cre) hippocampal hemispheres from two 5xFAD and three 5xFAD-Thy1-Cre mice; statistical analysis was performed by unpaired two-tailed Student’s t-test). (I) A double staining depicts plaques located in striatum (lateral 0.96–1.2 mm (sagittal)) which are positive for both 6E10 and the oligomer-specific antibody A11, indicating oligomeric Aβ species located within Aβ plaques (scale bar = 10 μm). (J) The 6E10 plaque area that is covered by A11 signal is decreased in 5xFAD-Thy1-Cre mice (n = 76 (5xFAD) and 83 (5xFAD-Thy1-Cre) 6E10-positive plaques in sections derived from five mice each). (K) NeuN stainings were performed on hippocampal sections located between lateral 0.96 and 1.2 mm (sagittal). The numbers of NeuN-positive neurons (normalized to control) are depicted (n = 7 control, 8 Thy1-Cre, 10 5xFAD, and 7 5xFAD-Thy1-Cre sections derived from four control or five Thy1-Cre, 5xFAD, 5xFAD-Thy1-Cre mice). Statistical analysis was performed by one-way ANOVA with Tukey’s test for multiple comparison (confidence interval = 95%). An additional statistical comparison of the means of the two primary groups of interest (5xFAD vs. 5xFAD-Thy1-Cre) was performed by a two-tailed Student’s t-test and the respective p-value is depicted in the figure. Statistics for (B–D,E,G,H,J) were performed by unpaired two-tailed Student’s t-test. Means ± SEM. (#) if P ≤ 0.1, (∗) if P ≤ 0.05, or (∗∗) if P ≤ 0.01.



It has been hypothesized that oligomeric Aβ species may exert major neurotoxic effects in AD (Lambert et al., 1998). Therefore, we have additionally estimated if the amount of oligomeric Aβ may be altered in 5xFAD-Thy1-Cre mice. We have observed prominent occurrence of 6E10-positive plaques that also displayed immunofluorescence signal derived from the oligomer-specific antibody A11 (Glabe, 2008) in a region of the striatum, which also contained Cre-positive neurons in 5xFAD-Thy1-Cre mice (Supplementary Figure 4G). In plaques from this region, the 6E10-positive Aβ plaque area covered by A11-positive oligomers is indeed lower in 5xFAD-Thy1-Cre mice (Figures 3I,J). Moreover, the decrease in the neuronal number observed in hippocampal DG of 5xFAD mice is halted in 5xFAD-Thy1-Cre mice (Figure 3K).

Based on these results, we conclude that GCS deletion may lead to decreased deposition of Aβ42 and oligomeric Aβ in the 5xFAD mouse model.

Spatial Memory Is Improved in 5xFAD-Thy1-Cre Mice

Alzheimer’s disease progression is characterized by a decline in cognitive abilities. The spatial memory was assessed by an active place avoidance test, which has the advantage of rapid hippocampus-dependent acquisition and persistent hippocampus-dependent recall (Cimadevilla et al., 2001; Drier et al., 2002; Pastalkova et al., 2006). On a rotating platform, mice learn to avoid the stationary shock area (R0), where they receive mild electric shocks, based on visual cues. The retention of long-term-stored spatial information is assessed 24 h later during a recall phase (Pastalkova et al., 2006; Figure 4A).
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FIGURE 4. Improved learning and memory in 5xFAD-Thy1-Cre mice (pt. 1). (A) Experimental set-up of the active place avoidance test. Mice are placed on a rotating platform and visual cues outline the R0 shock area. Upon entering the R0 area, mice receive mild electric stimuli until leaving the area. An initial trial (habituation) without electric stimulation is followed by eight training trials with electric stimulation. One recall trial without shocks is carried out 24 h later. (B–E) Mice were tracked during each trial and the following parameters were monitored: visits/distance (B), latency to first R0 entry (C), time spent in R0 (D), and number of shocks received (E). Learning to avoid R0 during the training trials is improved in 5xFAD-Thy1-Cre mice, compared to 5xFAD mice (n = 8 control; 7 5xFAD; 10 Thy1-Cre; 9 5xFAD-Thy1-Cre mice). Additionally, the respective area under the curve (AUC) was determined for each mouse, and resulting means of the four mouse groups are depicted. Means ± SEM. Statistical analysis for all groups and for each time point was performed by one-way ANOVA with Tukey’s test for multiple comparison (confidence interval = 95%). Consequently, in (B–E), the red stars denote the significance for the comparison 5xFAD vs. 5xFAD-Thy1-Cre mice.



In contrast to 5xFAD mice, 5xFAD-Thy1-Cre mice show a significantly lower R0 visiting frequency, which is comparable to non-AD control and Thy1-Cre mice (Figure 4B and Supplementary Figure 5A). Likewise, 5xFAD-Thy1-Cre mice enter R0 later (Figure 4C and Supplementary Figure 5B), spend less time in R0 (Figure 4D and Supplementary Figure 5C), and receive fewer shocks (Figure 4E and Supplementary Figure 5D) than 5xFAD mice. Overall, the learning performance and spatial cognitive capacity of 5xFAD-Thy1-Cre mice is comparable to that of control and Thy1-Cre mice during this test. Interestingly, during the recall phase 5xFAD-Thy1-Cre mice also perform better than 5xFAD mice (Figures 5A–D and Supplementary Figures 6A–D). Additionally, we have monitored spontaneous Y-maze alternation of 9-month-old mice. In contrast to 5xFAD mice, 5xFAD-Thy1-Cre mice display no Y-maze memory dysfunction (Figures 5E,F and Supplementary Figures 6E,F).
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FIGURE 5. Improved learning and memory in 5xFAD-Thy1-Cre mice (pt. 2). (A–D) During a recall trial, the visits/distance (A), latency to first R0 entry (B), time spent in R0 (C), and number of shocks received (D) were monitored. As mice do not receive electric shocks during recall, the graph (D) monitors the hypothetical shocks mice would have received during their stay in R0 (n = 8 control; 7 5xFAD; 10 Thy1-Cre; 9 5xFAD-Thy1-Cre mice). (E) 5xFAD-Thy1-Cre mice perform better than 5xFAD mice during a spontaneous Y-maze alternation test (n = 17 control; 12 5xFAD; 12 Thy1-Cre; 7 5xFAD-Thy1-Cre mice). (F) Activity and explorative behavior in the Y-maze is comparable between all groups of mice. Means ± SEM. Statistical analysis for all four groups was performed by one-way ANOVA with Tukey’s test for multiple comparison (95% confidence interval). An additional statistical comparison of the means of the two primary groups of interest (5xFAD vs. 5xFAD-Thy1-Cre) was performed by a two-tailed Student’s t-test and respective p-values are depicted in the figure.



These results suggest that spatial memory is improved in 5xFAD-Thy1-Cre mice, when compared to 5xFAD mice.

Cre-targeted Neurons Are Protected From Aβ-induced Spine Loss

Synapse loss is hypothesized to be the strongest anatomical correlate of cognitive impairment in AD (Shankar et al., 2007). In mice, a loss of dendritic spines is observed in advanced AD (Bittner et al., 2010). Hence, we next investigated the spine density. Co-expression of tamoxifen-inducible Cre and tamoxifen-independent EYFP in the same neurons (Figure 2A) enabled us to study spines in dendrites of granule cell neurons in the hippocampal DG. In contrast to tamoxifen-induced Thy1-Cre and 5xFAD-Thy1-Cre mice, non-tamoxifen-induced Thy1-Cre without Cre activity (n.i. control mice) and non-tamoxifen-induced 5xFAD-Thy1-Cre mice without Cre activity (n.i. 5xFAD mice) express GCS in EYFP-positive neurons in the hippocampal DG, as indicated by ISH (Figure 6A and Supplementary Figure 7A). Spine density of Thy1-Cre mice is indistinguishable from that of n.i. control mice (Figure 6B). Moreover, n.i. 5xFAD mice have fewer dendritic spines compared to n.i. control mice, which represents an Aβ-induced spine loss (Figure 6B). Strikingly, this Aβ-induced spine loss is not detected in 5xFAD-Thy1-Cre mice (Figure 6B).
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FIGURE 6. 5xFAD-Thy1-Cre mice are protected from spine loss. (A) ISH confirms that non-tamoxifen-induced Ugcgf/f//Thy1-CreERT2/EYFP mice (n.i. control) and non-induced 5xFAD/Ugcgf/f//Thy1-CreERT2/EYFP mice (n.i. 5xFAD) express GCS in EYFP-fluorescent neurons (scale bar = 10 μm). The original brown ISH dots have been converted to red fluorescence, as described in Materials and Methods section. For comparison, the original images are depicted in Supplementary Figure 7A. Non-induced mice received solvent injections without tamoxifen. (B) The morphology of EYFP-fluorescent dendrites in the hippocampal dentate gyrus (between lateral 0.96 and 1.2 mm (sagittal)) was analyzed by confocal microscopy and subsequent z-stack reconstruction. A loss of spines is observed in n.i. 5xFAD mice, when compared to n.i. control mice. Intriguingly, spine loss is not observed in 5xFAD-Thy1-Cre mice (n = 88 (n.i. control); 122 (n.i. 5xFAD); 156 (Thy1-Cre); 227 (5xFAD-Thy1-Cre) dendritic ROIs from n = 3 mice per group; scale bar = 5 μm). Means ± SEM. Statistical analysis for all four groups was performed by one-way ANOVA with Tukey’s test for multiple comparison (95% confidence interval).



5xFAD mice display neurodegeneration (Oakley et al., 2006; Herzer et al., 2016) and a concomitant elevation of an abnormal truncated form (p25) of the protein kinase Cdk5 regulatory subunit p35 (Patrick et al., 1999; Oakley et al., 2006). Whereas p25 levels are elevated in 5xFAD mice, they are not changed in 5xFAD-Thy1-Cre mice (Supplementary Figures 7B,C). Moreover, while the p25/p35 ratio is elevated in 5xFAD mice, it is also slightly increased in 5xFAD-Thy1-Cre mice (Supplementary Figure 7D).

Brain insulin signaling is neuroprotective (Plum et al., 2005; De Felice, 2013). In AD, a loss of neuronal IR contributes to the disruption of synaptic function and neurodegeneration (De Felice, 2013). We have previously shown that Ugcg deletion protects cortical neurons of 5xFAD mice from the loss of IR pertinent to Aβ pathology (Herzer et al., 2016). A western blot shows that 5xFAD mice applied in this study also display a decrease in IR in hippocampal tissue (Supplementary Figure 7E). In line with the data from our previous work (Herzer et al., 2016), 5xFAD-Thy1-Cre mice are protected from the loss of hippocampal IR (Supplementary Figure 7E).

Altered Astrocyte Morphology and Pro-inflammatory Cytokine Expression on 5xFAD-Thy1-Cre Mice

Neurodegeneration and spine loss in AD are accompanied by a massive activation of astrocytes (reactive astrocytosis) and microglia, followed by an increase in pro-inflammatory cytokine secretion (e.g., interleukin (IL)-1α and tumor necrosis factor (TNF)-α) (Krstic and Knuesel, 2013). In AD mice, astrocytic activation is characterized by a pronounced thickening of astrocytic processes (Doméné et al., 2016). Nine-month-old 5xFAD mice display enlarged astrocytic processes within the hippocampal DG (Figure 7A). However, astrocytic processes are significantly less enlarged in 5xFAD-Thy1-Cre mice (Figure 7A), whereas glial fibrillary acidic protein (GFAP) expression per se does not differ between 5xFAD and 5xFAD-Thy1-Cre mice (Figure 7B). An ISH confirms that Ugcg deletion in 5xFAD-Thy1-Cre mice is restricted to targeted neurons, whereas the non-targeted astrocytes retain Ugcg expression (Figure 7C and Supplementary Figure 8A).
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FIGURE 7. Thickening of astrocytic processes and expression of TNF-α and IL1-α are less pronounced in 5xFAD-Thy1-Cre mice. (A) A glial fibrillary acidic protein (GFAP) staining of astrocytes in the hippocampal dentate gyrus (between lateral 0.96 and 1.2 mm (sagittal)) depicts astrocytic processes. Astrocytic process width is significantly elevated in 5xFAD mice. In comparison to 5xFAD mice, the thickening of astrocytic processes is less pronounced in 5xFAD-Thy1-Cre mice (n = 348 (control); 378 (5xFAD); 320 (Thy1-Cre); 312 (5xFAD-Thy1-Cre) projections derived from 73 control, 88 5xFAD, 68 Thy1-Cre, 74 5xFAD-Thy1-Cre cells (three mice per group); scale bar = 50 μm). (B) A quantitative mRNA expression analysis from hippocampal tissue shows that GFAP expression is elevated in both 5xFAD and 5xFAD-Thy1-Cre mice. Expression levels have been normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression (n = 7 control; 5 5xFAD; 9 Thy1-Cre; 8 5xFAD-Thy1-Cre mice). (C) An ISH shows that glial cells of Thy1-Cre mice express Ugcg mRNA and that they are not targeted by GCS deletion (scale bar = 10 μm). The original brown ISH dots have been converted to purple fluorescence, as described in the respective Materials and Methods section. For comparison, the original image is depicted in Supplementary Figure 8A. (D) The number of ionized calcium binding adaptor molecule 1 (Iba1)-positive microglia is elevated in dentate gyrus, CA1, and cerebral cortex of both 5xFAD and 5xFAD-Thy1-Cre mice (n = 7 (control, Thy1-Cre, 5xFAD) and 8 (5xFAD-Thy1-Cre) sections (ROIs) derived from 5 control or 5xFAD-Thy1-Cre and 4 5xFAD or Thy1-Cre mice). (E) A quantitative mRNA expression analysis from hippocampal tissue shows that IL1-β expression is significantly elevated in both 5xFAD and 5xFAD-Thy1-Cre mice. Expression levels have been normalized to GAPDH expression (n = 7 control; 5 5xFAD; 9 Thy1-Cre; 8 5xFAD-Thy1-Cre mice). (F,G) Quantitative mRNA expression analyses from hippocampal tissue show that tumor necrosis factor-α (TNF-α) and interleukin 1-α (IL1-α) expression levels are significantly elevated in 5xFAD mice. However, the expression of these cytokines is not significantly elevated in 5xFAD-Thy1-Cre mice. Expression levels have been normalized to GAPDH expression (n = 7 control, 5 5xFAD, 9 Thy1-Cre, 8 5xFAD-Thy1-Cre mice). Means ± SEM. Statistical analysis for all four groups was performed by one-way ANOVA with Tukey’s test for multiple comparison (95% confidence interval). Means ± SEM.



It has been recently suggested that two different types of reactive astrocytes may be distinguished (Liddelow et al., 2017). On the one hand, harmful astrocytes (termed A1 astrocytes) with up-regulated classical complement cascade genes contribute to synaptotoxicity (Liddelow et al., 2017). On the other hand, so-called A2 astrocytes exert neurotrophic actions and are thus considered to be rather protective (Liddelow et al., 2017). Activated microglia play an important role in inducing A1 astrocytes. Interestingly, the number of ionized calcium-binding-adaptor-molecule-1 (Iba-1)-positive microglia is not altered between 5xFAD and 5xFAD-Thy1-Cre mice in cerebral cortex, hippocampal CA1, and hippocampal DG (Figure 7D and Supplementary Figure 8B). Moreover, Il1-β mRNA is elevated in both 5xFAD and 5xFAD-Thy1-Cre mice (Figure 7E). Importantly, however, the levels of Tnf-α and Il1-α mRNA, which are suggested to induce synaptotoxic A1 astrocytes (Liddelow et al., 2017), are decreased in 5xFAD-Thy1-Cre mice (Figures 7F,G).

These results suggest that astrocyte activation and microgliosis take place in 5xFAD and 5xFAD-Thy1-Cre mice. However, this work shows that the cognitive capacity is improved and synapses in hippocampal dendrites are protected in 5xFAD-Thy1-Cre mice. Thus, we hypothesize that the altered astrocyte morphology in conjunction with a decrease in the pro-inflammatory cytokine TNF-α and IL1-α expression may contribute to the beneficial effects that GCS deletion exerts on the course of disease in 5xFAD-Thy1-Cre mice.

DISCUSSION

Complex glycosphingolipids have emerged as novel targets in neurodegenerative diseases (Ariga et al., 2008; Herzer et al., 2016; Henriques et al., 2017). Recently, we reported that pharmacological GCS inhibition protects cultured hippocampal neurons from soluble oligomeric-Aβ1-42-induced neurotoxicity and loss of surface IR, presumably via down-regulation of caveolin-1 (Herzer et al., 2016). Moreover, we provided evidence that inducible GCS deletion in adult forebrain neurons supports neuronal survival and stabilizes IR levels in 5xFAD mice (Herzer et al., 2016). Our current work now indicates that GCS deletion in adult forebrain neuronal subsets improves spatial memory in 5xFAD mice and may counteract Aβ-induced spine loss in the hippocampal DG.

In our previous study (Herzer et al., 2016), we presented data from Ugcgf/f//CamKCreERT2 mice that, amongst others, display strong Cre activity in the hypothalamus, which causes an obese phenotype (Nordström et al., 2013; Herzer et al., 2015). For the current study, we utilized Ugcgf/f//Thy1-CreERT2/EYFP mice (Thy1-Cre mice), which (i) express EYFP in Cre-targeted neurons and (ii) display normal body weight. EYFP fluorescence enabled us to analyze dendritic spines in neurons targeted by the construct. Since the hypothalamus of Thy1-Cre mice is not targeted by Cre activity (Young et al., 2008), these mice do not display obesity. In line with the findings from Young et al. (2008), hippocampal neurons of Thy1-Cre mice are prominently targeted by Cre activity. In combination with normal body weight, this makes theses mice very suitable for studying spatial memory.

Glucosylceramide synthase-derived gangliosides are important components of dynamic membrane microdomains, which are widely acknowledged to modulate transmembrane receptor function (Mutoh et al., 1995; Kabayama et al., 2007; Nordström et al., 2013; Herzer et al., 2015, 2016) and membrane processes, such as endocytosis (Ewers et al., 2010). Moreover, gangliosides are essential for initial brain maturation (Jennemann et al., 2005). Consequently, conditional Ugcg deletion in the whole brain, comprising neurons and glial cells, under the control of the nestin promoter results in loss of Purkinje cells and an abnormal behavior (Yamashita et al., 2005). These studies reflect the essential importance of ganglioside biosynthesis in the developing brain. However, it is important to distinguish these findings from the approach applied in the current study, namely the tamoxifen-inducible Ugcg deletion strictly confined to subsets of adult forebrain neurons. It is important to mention that GCS deletion in adult neurons does not lead to any ultra-structural abnormalities in cell organelles and membrane nor changes basic electrophysiological properties (Nordström et al., 2013). Moreover, constitutive GCS deletion in the brain does not increase the number of apoptotic neurons (Jennemann et al., 2005). Thus, the protective effects observed in our 5xFAD-Thy1-Cre mice are not in conflict with the studies showing that GCS deletion in the embryonic brain is indeed deleterious.

Alterations in ganglioside biosynthesis have been described in models of AD (Ariga et al., 2008). More specifically, the ganglioside precursor lactosylceramide drives inflammatory processes in a mouse model of multiple sclerosis and is suggested to contribute to other neurodegenerative disorders (Mayo et al., 2014). Thus, these reports emphasize that GCS is an important novel target against neurodegenerative diseases. In support of this suggestion, a previous study has reported that elimination of GD3 synthase responsible for the biosynthesis of b- and c-series gangliosides including two of the four major brain gangliosides GD1b and GT1b resulted in decreased Aβ plaque formation and restoration of cognitive function in double-transgenic APP/PSEN1 mice (Bernardo et al., 2009), potentially in part due to an increased biosynthesis of the otherwise minor ganglioside GT1aα in APP/PSEN1/GD3S-/- mice (Ariga et al., 2013). Those results are in line with our finding that ganglioside depletion restores memory function in AD mouse models. They furthermore support our observation that the deposition of Aβ40, Aβ42, and oligomeric Aβ is decreased in the hippocampus of 5xFAD-Thy1-Cre mice, where Cre-targeted neurons are present. However, we surprisingly do not detect any decrease in 6E10-positive plaque formation, neither in 5xFAD-Thy1-Cre mice nor in the 5xFAD-Ugcgf/f//CamKCreERT2 mouse model analyzed in our previous work (Herzer et al., 2016). Whereas the morphology and numbers of 6E10-stained plaques are not altered (Supplementary Figures 3A–D), the MALDI analysis reveals that the intensity of specific Aβ40 and Aβ42 signals is slightly reduced in 5xFAD-Thy1-Cre mice, also confirming the decreased Aβ42 deposition detected by immunohistochemistry (Figures 3A–D). Of note, the 6E10 antibody tends to have a certain cross-reactivity with APP and APP cleavage products apart from Aβ (Hunter and Brayne, 2017). Therefore, the 6E10 signal likely does not distinguish between Aβ42, Aβ40, APP, and potentially other Aβ species, neither in plaques nor intracellular. Moreover, the five mutations present in 5xFAD mice elicit a vast overexpression of aggregation-prone Aβ species, starting as early as at the age of 2 months (Oakley et al., 2006). Even though GCS deletion obviously does not interfere with APP and overall Aβ generation, as detected by 6E10, we conclude that deposition of oligomeric Aβ, as well as of aggregation-prone Aβ42 may indeed be counteracted by GCS deletion in nearby neurons. Oligomeric Aβ species are hypothesized to exert major neurotoxic effects on neurons in AD (Lambert et al., 1998), and also significantly interfere with synaptic function (De Felice et al., 2009). Thus, a decrease in the deposition of these specific Aβ species likely contributes to the improvement of memory and spine density observed in 5xFAD-Thy1-Cre mice.

Various studies have analyzed connections between sphingolipid metabolism and Aβ generation. Gangliosides GM3 and GD3 have been suggested to decrease or increase amyloidogenic processing of APP, respectively, while Aβ itself is supposed to inhibit GD3 synthase (Grimm et al., 2012). In the current work, we have observed significantly increased GM3 levels in cortex and hippocampus of 5xFAD mice (Figures 1B,C). If this increase in GM3 is confined to neurons, an abolition of GM3 may therefore potentially counteract inhibitory effects on Aβ processing. However, future studies would need to clarify if increased GM3 in 5xFAD mice is indeed confined to neurons or, since GM3 is a major ganglioside expressed in astrocytes (Sbaschnig-Agler et al., 1988; Murakami et al., 1999), if GM3 levels may rather reflect the concomitant astrogliosis.

The major neuronal ganglioside GM1 has been suggested to act as a membranous “seed”, promoting binding and fibrillogenesis of monomeric Aβ, which clearly demonstrates the potential of neuronal gangliosides to promote AD pathology (Yanagisawa et al., 1995). However, it has to be noted that the experiments directly supporting the “seeding” theory were mainly conducted in in situ binding assays rather than in a mouse model (Yanagisawa et al., 1995), and may therefore not be directly comparable to the situation in our 5xFAD mouse model. On the other hand, central administration of GM1 enhanced the amyloid burden in mice overexpressing Aβ (Matsuoka et al., 2003), even though the contribution of the other major neuronal ganglioside species to Aβ pathology have not been outlined. Moreover, we have previously reported that GCS inhibition does not hamper binding of Aβ oligomers to ganglioside-deficient cultured neurons, suggesting that Aβ species apart from monomers may not depend on membrane gangliosides as “seeds” (Herzer et al., 2016). Of note, residual non-targeted neurons still express GM1, which in turn may act as a potential “seed” for Aβ fibril formation in our mice. These aspects may contribute to the observation that the overall 6E10-positive plaque load is not reduced in 5xFAD-Thy1-Cre mice.

The mass spectrometry analysis of other important brain lipids in hippocampal tissue showed that ceramide and lactosylceramide were slightly elevated in 5xFAD and 5xFAD-Thy1-Cre mice. Contrary to 5xFAD-Thy1-Cre mice, sphingomyelin was slightly, but not significantly reduced in 5xFAD mice. This effect is not surprising, as it has been shown in humans that sphingomyelin levels drop in AD due to an increased activity of sphingomyelinase (He et al., 2010). The slight decrease in hexosylceramides, including galactosylceramide and glucosylceramide, in Thy1-Cre and 5xFAD-Thy1-Cre mice much likely reflects the loss of glucosylceramide in Cre-targeted neurons.

In line with previous reports (Oakley et al., 2006; Leinenga and Götz, 2015), learning and memory retention is impaired in our 5xFAD mice during the active place avoidance test. Moreover, 5xFAD mice display a lower spontaneous Y-maze alternation (Oakley et al., 2006), which we could confirm. A key finding of our study is the fact that the cognitive function of 5xFAD-Thy1-Cre mice is improved in both tests, compared to 5xFAD mice. Moreover, 5xFAD-Thy1-Cre mice show a better memory retention, even though the amount of Cre-targeted neurons in the hippocampus of 5xFAD-Thy1-Cre mice is variable and the targeting rate in the region of the dorsal hippocampus that we have analyzed is moderate. However, it has to be noted that the transgenes in 5xFAD mice and the targeting construct in Thy1-Cre mice are both expressed under the control of the Thy1 promoter. Thus, all Cre-targeted neurons harbor 5xFAD mutations. Our observation that 5xFAD-Thy1-Cre mice perform better than 5xFAD mice in the cognitive assays speaks in favor of the assumption that the beneficial effects of GCS deletion in the numbers of Cre-targeted neurons present seem to be sufficient for memory improvement. Indeed, the inhibition of ganglioside biosynthesis does not solely impact Cre-targeted neurons, but also interferes with cell–cell communication (Lopez and Schnaar, 2009) and, through its effects on endo- and exocytosis (Ewers et al., 2010), potentially with neuropeptide release. Thus, neighboring neuronal and non-neuronal cells that have not been originally targeted can potentially be influenced by GCS-deficient neurons. In fact, the observed beneficial effects on pro-inflammatory cytokine levels released by non-targeted glial cells in 5xFAD-Thy1-Cre mice further support this hypothesis. However, further studies are needed to clarify how neuronal GCS deletion may influence non-targeted cells.

In conjunction with the cognitive decline, a decrease in the dendritic spine density in AD-affected brain regions has been reported in AD mice (Bittner et al., 2010). In case of n.i. 5xFAD and 5xFAD-Thy1-Cre mice, we have analyzed spines in neuronal processes that were located adjacent to plaques (up to 30 μm distance). Indeed, aged 5xFAD mice have a lower spine density along neuronal dendrites of the hippocampal DG than control mice (Figure 6B), which goes in line with a previous study reporting profound spine loss (∼50%) in processes adjacent (∼20 μm) to amyloid plaques (Spires et al., 2005). Strikingly, however, Cre-targeted neurons in 5xFAD-Thy1-Cre mice are protected from spine loss.

Appropriate neuronal insulin sensitivity and signaling are vital for the maintenance and formation of new synapses, and the loss of neuronal IR is thought to significantly contribute to Aβ-induced cognitive decline (De Felice, 2013). In our previous study, we demonstrated that GCS inhibition can stabilize neuronal IR levels and signaling (Herzer et al., 2016). Since 5xFAD-Thy1-Cre mice are also protected from the loss of IR in the hippocampus (Supplementary Figure 7E), we suggest that a stabilization of IR in targeted neurons might also contribute to the maintenance of spines in these mice. However, we would like to point out that a loss of neuronal gangliosides potentially alters additional processes, such as neurotransmitter release (Zitman et al., 2010) and intercellular interactions with glial cells. Therefore, delineating further molecular mechanisms that explain how a decrease in neuronal gangliosides could possibly protect dendritic spines in AD remains a promising target for future studies.

The neurodegeneration marker p25 is an abnormal truncated form of the regulatory subunit p35 of the protein kinase Cdk5 (Patrick et al., 1999; Oakley et al., 2006). Even though studies have reported both elevated (Patrick et al., 1999) and unchanged (Yoo and Lubec, 2001) p25 levels in human AD brains, p25 is indicative for neurodegeneration in mice (Ahlijanian et al., 2000). Compared to 5xFAD mice, the p25 levels are slightly decreased in hippocampal tissue of 5xFAD-Thy1-Cre mice. Moreover, we observe that the loss of hippocampal DG neurons observed in 5xFAD mice is halted in 5xFAD-Thy1-Cre mice (Figure 3K). These results are in conjunction with our previous data showing that neurodegeneration in cerebral cortex and p25 increase are counteracted in 5xFAD-CamKCre mice (Herzer et al., 2016). Thus, we postulate that inhibiting ganglioside biosynthesis may protect adult neurons from neurodegeneration that is pertinent to AD.

In recent years, refined hypotheses of the initiation and progression of AD have emerged. Importantly, glial cells are regarded as central contributors to neuroinflammation in AD (Hensley, 2010; Krstic and Knuesel, 2013). Prominent astrogliosis and microgliosis with increased GFAP and Iba1 expression are common hallmarks of AD-related neuroinflammation, which contributes to the cognitive decline in AD (Krstic and Knuesel, 2013). Therefore, the elevated GFAP expression and number of Iba1-positive microglia in both 5xFAD and 5xFAD-Thy1-Cre mice was initially surprising. However, it is important to note that astrocyte activation with GFAP increase per se cannot be considered to be “detrimental-only” in AD, as AD pathogenesis worsens in GFAP-deficient mice (Kraft et al., 2013). Rather, astrocytes are suggested to clear neurotoxic Aβ from the brain and may thereby protect neurons (Xiao et al., 2014). Thus, the contribution of activated astrocytes to AD pathology has been a topic of intense research. Recently, Liddelow et al. (2017) described distinct subpopulations of activated astrocytes: neurotoxic A1 astrocytes and neuroprotective A2 astrocytes. Liddelow et al. (2017) showed that induction of A1 astrocytes requires the pro-inflammatory cytokines IL1-α and TNF-α. We have now found that the expression of IL1-α and TNF-α tends to be lower in 5xFAD-Thy1-Cre mice, compared to 5xFAD mice. However, we are aware that the definite nature of the astrocytes needs to be determined in future studies. Importantly, the induction of A1 and A2 astrocytes by pro-inflammatory cytokines has only been described in a stimulated in vitro cell culture system (Liddelow et al., 2017), and the concept has yet to be transferred to the in vivo situation. In general, astrocyte morphology is largely affected under pathological conditions and astrocytes can undergo a dramatic increase in process thickness, which can be quantified by morphometry (Sun et al., 2010). Importantly, the thickening of astrocytic processes is markedly reduced in the hippocampus of 5xFAD-Thy1-Cre mice, compared to 5xFAD mice. Taken together, our data provide hints that certain parameters characteristic for neuroinflammation, such as astrocyte process thickness and the expression of the pro-inflammatory cytokines IL1-α and TNF-α are reduced in 5xFAD-Thy1-Cre mice. As the degree of neuroinflammation was shown to correlate to the clinical severity of AD symptoms (Krstic and Knuesel, 2013), these results speak in favor of the improved spine density and cognitive capacity in 5xFAD-Thy1-Cre mice.

The present study contains potential limitations. Foremost, it was conducted in a mouse model of familial AD, while the majority of patients suffer from sporadic AD (sAD). However, suitable mouse models for sAD still need to be established (Onos et al., 2016). The effects of adult-neuronal GCS deletion on cognition need to be evaluated in sAD animal models upon availability. Another limitation is the application of a genetic adult-neuron-specific GCS deletion model. In order to transfer our results to a potential clinical application, pharmacological GCS inhibitors need to be evaluated for their therapeutic potential, initially in the brains of familial and sporadic AD mouse models. Importantly, a suitable mode of drug application able to cross the blood–brain barrier, and successful targeting of the brain needs to be established in mice. Beneficial effects of pharmacological GCS inhibition, as previously shown in AD models in vitro (Herzer et al., 2016), need to be confirmed in AD mice before a translational approach for patients can be developed. Furthermore, our knowledge as to how diminished astrocyte activation contributes to memory improvements in 5xFAD-Thy1-Cre mice is also still limited. Since our model only comprises Cre activity in target neurons, any effects of GCS inhibition in glial cells need to be studied, as pharmacological GCS inhibitors will also target glial cells. Nevertheless, our data, showing long-lasting beneficial effects of cell-specific GCS deletion on cognition, spine density, and astrocyte activation in 5xFAD mice, comprise promising groundwork for the suggested studies.

CONCLUSION

We postulate that inhibiting ganglioside biosynthesis in specific subsets of adult forebrain neurons improves cognition and counteracts the loss of dendritic spines in 5xFAD mice. Our work further emphasizes that GCS may emerge as a promising novel therapeutic target for AD and the data warrant further research endeavors as discussed above.

AUTHOR CONTRIBUTIONS

VN conceived and supervised the study, analyzed data, and wrote the manuscript. SH conceived experiments, performed experiments, analyzed data, and edited the manuscript. CHa, JvG, BM, and VD performed experiments and analyzed data. CHo and RS provided technical resources.

FUNDING

VN received funding from the Alzheimer Forschung Initiative e.V./Erwin-Niehaus-Stiftung and the Deutsche Forschungsgemeinschaft (NO 1107/1-1). SH received funding from the Deutsche Forschungsgemeinschaft (HE 7978/1-1). CHo acknowledged funding from the German Ministry of Education and Science (BMBF) for the Partnership for Innovation M2Aind, project M2OGA (Grant No. 13FH8I03IA).

ACKNOWLEDGMENTS

The authors thank Gabi Schmidt and Claudia Schmidt from the Department of Cellular and Molecular Pathology of the DKFZ Heidelberg (Head: H.-J. Gröne) for expert technical assistance, and Richard Jennemann for generating Ugcgf/f mice. Confocal images were acquired at the Light Microscopy Core Facility of the DKFZ Heidelberg (Head: F. Bestvater). Behavioral experiments were carried out at the Interdisciplinary Neurobehavioral Core (INBC) facility of the University of Heidelberg (Head: C. Pitzer).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2018.00206/full#supplementary-material

REFERENCES

Ahlijanian, M. K., Barrezueta, N. X., Williams, R. D., Jakowski, A., Kowsz, K. P., McCarthy, S., et al. (2000). Hyperphosphorylated tau and neurofilament and cytoskeletal disruptions in mice overexpressing human p25, an activator of cdk5. Proc. Natl. Acad. Sci. 97, 2910–2915. doi: 10.1073/pnas.040577797

Ariga, T., Itokazu, Y., McDonald, M. P., Hirabayashi, Y., Ando, S., and Yu, R. K. (2013). Brain gangliosides of a transgenic mouse model of Alzheimer’s disease with deficiency in GD3-synthase: expression of elevated levels of a cholinergic-specific ganglioside, GT1aα. ASN Neuro 5, 141–148. doi: 10.1042/AN20130006

Ariga, T., McDonald, M. P., and Yu, R. K. (2008). Role of ganglioside metabolism in the pathogenesis of Alzheimer’s disease–a review. J. Lipid Res. 49, 1157–1175. doi: 10.1194/jlr.R800007-JLR200

Ariga, T., Yanagisawa, M., Wakade, C., Ando, S., Buccafusco, J. J., McDonald, M. P., et al. (2010). Ganglioside metabolism in a transgenic mouse model of Alzheimer’s disease: expression of Chol-1α antigens in the brain. ASN Neuro 2, e00044. doi: 10.1042/AN20100021

Barrow, C. J., and Small, D. H. (eds) (2007). Abeta Peptide and Alzheimer’s Disease. London: Springer London. doi: 10.1007/978-1-84628-440-3

Bernardo, A., Harrison, F. E., McCord, M., Zhao, J., Bruchey, A., Davies, S. S., et al. (2009). Elimination of GD3 synthase improves memory and reduces amyloid-beta plaque load in transgenic mice. Neurobiol. Aging 30, 1777–1791. doi: 10.1016/j.neurobiolaging.2007.12.022

Bittner, T., Fuhrmann, M., Burgold, S., Ochs, S. M., Hoffmann, N., Mitteregger, G., et al. (2010). Multiple events lead to dendritic spine loss in triple transgenic Alzheimer’s disease mice. PLoS One 5:e15477. doi: 10.1371/journal.pone.0015477

Boche, D., and Nicoll, J. A. (2008). The role of the immune system in clearance of Aβ from the brain. Brain Pathol. 18, 267–278. doi: 10.1111/j.1750-3639.2008.00134.x

Chung, W.-S., Welsh, C. A., Barres, B. A., and Stevens, B. (2015). Do glia drive synaptic and cognitive impairment in disease? Nat. Neurosci. 18, 1539–1545. doi: 10.1038/nn.4142

Cimadevilla, J. M., Wesierska, M., Fenton, A. A., and Bures, J. (2001). Inactivating one hippocampus impairs avoidance of a stable room-defined place during dissociation of arena cues from room cues by rotation of the arena. Proc. Natl. Acad. Sci. 98, 3531–3536. doi: 10.1073/pnas.051628398

De Felice, F. G. (2013). Alzheimer’s disease and insulin resistance: translating basic science into clinical applications. J. Clin. Invest. 123, 531–539. doi: 10.1172/JCI64595

De Felice, F. G., Vieira, M. N., Bomfim, T. R., Decker, H., Velasco, P. T., Lambert, M. P., et al. (2009). Protection of synapses against Alzheimer’s-linked toxins: insulin signaling prevents the pathogenic binding of Aβ oligomers. Proc. Natl. Acad. Sci. U.S.A. 106, 1971–1976. doi: 10.1073/pnas.0809158106

Doméné, A., Cavanagh, C., Page, G., Bodard, S., Klein, C., Delarasse, C., et al. (2016). Expression of phenotypic astrocyte marker is increased in a transgenic mouse model of Alzheimer’s disease versus age-matched controls: a presymptomatic stage study. Int. J. Alzheimers. Dis. 2016:5696241. doi: 10.1155/2016/5696241

Drier, E. A., Tello, M. K., Cowan, M., Wu, P., Blace, N., Sacktor, T. C., et al. (2002). Memory enhancement and formation by atypical PKM activity in Drosophila melanogaster. Nat. Neurosci. 5, 316–324. doi: 10.1038/nn820

Eroglu, C., and Barres, B. A. (2010). Regulation of synaptic connectivity by glia. Nature 468, 223–231. doi: 10.1038/nature09612

Ewers, H., Römer, W., Smith, A. E., Bacia, K., Dmitrieff, S., Chai, W., et al. (2010). GM1 structure determines SV40-induced membrane invagination and infection. Nat. Cell Biol. 12, 11–18. doi: 10.1038/ncb1999

Glabe, C. G. (2008). Structural classification of toxic amyloid oligomers. J. Biol. Chem. 283, 29639–29643. doi: 10.1074/jbc.R800016200

Grimm, M. O., Zinser, E. G., Grösgen, S., Hundsdörfer, B., Rothhaar, T. L., Burg, V. K., et al. (2012). Amyloid Precursor Protein (APP) mediated regulation of ganglioside homeostasis linking Alzheimer’s disease pathology with ganglioside metabolism. PLoS One 7:e34095. doi: 10.1371/journal.pone.0034095

Hamos, J. E., DeGennaro, L. J., and Drachman, D. A. (1989). Synaptic loss in Alzheimer’s disease and other dementias. Neurology 39, 355–361. doi: 10.1212/WNL.39.3.355

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

He, X., Huang, Y., Li, B., Gong, C.-X., and Schuchman, E. H. (2010). Deregulation of sphingolipid metabolism in Alzheimer’s disease. Neurobiol. Aging 31, 398–408. doi: 10.1016/j.neurobiolaging.2008.05.010

Head, E., Pop, V., Vasilevko, V., Hill, M., Saing, T., Sarsoza, F., et al. (2008). A two-year study with fibrillar beta-amyloid (Abeta) immunization in aged canines: effects on cognitive function and brain Abeta. J. Neurosci. 28, 3555–3566. doi: 10.1523/JNEUROSCI.0208-08.2008

Henriques, A., Huebecker, M., Blasco, H., Keime, C., Andres, C. R., Corcia, P., et al. (2017). Inhibition of β-glucocerebrosidase activity preserves motor unit integrity in a mouse model of amyotrophic lateral sclerosis. Sci. Rep. 7:5235. doi: 10.1038/s41598-017-05313-0

Hensley, K. (2010). Neuroinflammation in Alzheimer’s disease: mechanisms, pathologic consequences, and potential for therapeutic manipulation. J. Alzheimers. Dis. 21, 1–14. doi: 10.3233/JAD-2010-1414

Herzer, S., Meldner, S., Gröne, H.-J., and Nordström, V. (2015). Fasting-induced lipolysis and hypothalamic insulin signaling are regulated by neuronal glucosylceramide synthase. Diabetes 64, 3363–3376. doi: 10.2337/db14-1726

Herzer, S., Meldner, S., Rehder, K., Gröne, H.-J., and Nordström, V. (2016). Lipid microdomain modification sustains neuronal viability in models of Alzheimer’s disease. Acta Neuropathol. Commun. 4:103, doi: 10.1186/s40478-016-0354-z

Hunter, S., and Brayne, C. (2017). Do anti-amyloid beta protein antibody cross reactivities confound Alzheimer disease research? J. Negat. Results Biomed. 16, 1. doi: 10.1186/s12952-017-0066-3

Jennemann, R., Sandhoff, R., Wang, S., Kiss, E., Gretz, N., Zuliani, C., et al. (2005). Cell-specific deletion of glucosylceramide synthase in brain leads to severe neural defects after birth. Proc. Natl. Acad. Sci. U.S.A. 102, 12459–12464. doi: 10.1073/pnas.0500893102

Kabayama, K., Sato, T., Saito, K., Loberto, N., Prinetti, A., Sonnino, S., et al. (2007). Dissociation of the insulin receptor and caveolin-1 complex by ganglioside GM3 in the state of insulin resistance. Proc. Natl. Acad. Sci. U.S.A. 104, 13678–13683. doi: 10.1073/pnas.0703650104

Kraft, A. W., Hu, X., Yoon, H., Yan, P., Xiao, Q., Wang, Y., et al. (2013). Attenuating astrocyte activation accelerates plaque pathogenesis in APP/PS1 mice. FASEB J. 27, 187–198. doi: 10.1096/fj.12-208660

Krieger, M., Both, M., Kranig, S. A., Pitzer, C., Klugmann, M., Vogt, G., et al. (2012). The hematopoietic cytokine granulocyte-macrophage colony stimulating factor is important for cognitive functions. Sci. Rep. 2:697. doi: 10.1038/srep00697

Krstic, D., and Knuesel, I. (2013). Deciphering the mechanism underlying late-onset Alzheimer disease. Nat. Rev. Neurol. 9, 25–34. doi: 10.1038/nrneurol.2012.236

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., et al. (1998). Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 95, 6448–6453. doi: 10.1073/pnas.95.11.6448

Leinenga, G., and Götz, J. (2015). Scanning ultrasound removes amyloid-β and restores memory in an Alzheimer’s disease mouse model. Sci. Transl. Med. 7:278ra33. doi: 10.1126/scitranslmed.aaa2512

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Lopez, P. H., and Schnaar, R. L. (2009). Gangliosides in cell recognition and membrane protein regulation. Curr. Opin. Struct. Biol. 19, 549–557. doi: 10.1016/j.sbi.2009.06.001

Martins, I. C., Kuperstein, I., Wilkinson, H., Maes, E., Vanbrabant, M., Jonckheere, W., et al. (2008). Lipids revert inert Abeta amyloid fibrils to neurotoxic protofibrils that affect learning in mice. EMBO J. 27, 224–233. doi: 10.1038/sj.emboj.7601953

Matsuoka, Y., Saito, M., LaFrancois, J., Saito, M., Gaynor, K., Olm, V., et al. (2003). Novel therapeutic approach for the treatment of Alzheimer’s disease by peripheral administration of agents with an affinity to beta-amyloid. J. Neurosci. 23, 29–33. doi: 10.1523/JNEUROSCI.23-01-00029.2003

Mayo, L., Trauger, S. A., Blain, M., Nadeau, M., Patel, B., Alvarez, J. I., et al. (2014). Regulation of astrocyte activation by glycolipids drives chronic CNS inflammation. Nat. Med. 20, 1147–1156. doi: 10.1038/nm.3681

Morales, I., Guzmán-Martí-nez, L., Cerda-Troncoso, C., Farí-as, G. A., and Maccioni, R. B. (2014). Neuroinflammation in the pathogenesis of Alzheimer’s disease. A rational framework for the search of novel therapeutic approaches. Front. Cell. Neurosci. 8:112. doi: 10.3389/fncel.2014.00112

Morris, G. P., Clark, I. A., and Vissel, B. (2014). Inconsistencies and controversies surrounding the amyloid hypothesis of Alzheimer’s disease. Acta Neuropathol. Commun. 2:135. doi: 10.1186/s40478-014-0135-5

Munteanu, B., Meyer, B., von Reitzenstein, C., Burgermeister, E., Bog, S., Pahl, A., et al. (2014). Label-Free in situ monitoring of histone deacetylase drug target engagement by matrix-assisted laser desorption ionization-mass spectrometry biotyping and imaging. Anal. Chem. 86, 4642–4647. doi: 10.1021/ac500038j

Murakami, K., Asou, H., Adachi, T., Takagi, T., Kunimoto, M., Saito, H., et al. (1999). Neutral glycolipid and ganglioside composition of type-1 and type-2 astrocytes from rat cerebral hemisphere. J. Neurosci. Res. 55, 382–393. doi: 10.1002/(SICI)1097-4547(19990201)55:3<382::AID-JNR13<3.0.CO;2-M

Mutoh, T., Tokuda, A., Miyadai, T., Hamaguchi, M., and Fujiki, N. (1995). Ganglioside GM1 binds to the Trk protein and regulates receptor function. Proc. Natl. Acad. Sci. U.S.A. 92, 5087–5091. doi: 10.1073/pnas.92.11.5087

Nordström, V., and Herzer, S. (2017). Modification of membrane lipids protects neurons against insulin resistance in models of Alzheimer’s disease. e-Neuroforum 23, A157–A166. doi: 10.1515/nf-2017-A007

Nordström, V., Willershäuser, M., Herzer, S., Rozman, J., von Bohlen Und Halbach, O., Meldner, S., et al. (2013). Neuronal expression of glucosylceramide synthase in central nervous system regulates body weight and energy homeostasis. PLoS Biol. 11:e1001506. doi: 10.1371/journal.pbio.1001506

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., et al. (2006). Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s disease mutations: potential factors in amyloid plaque formation. J. Neurosci. 26, 10129–10140. doi: 10.1523/JNEUROSCI.1202-06.2006

Oberheim, N. A., Tian, G.-F., Han, X., Peng, W., Takano, T., Ransom, B., et al. (2008). Loss of astrocytic domain organization in the epileptic brain. J. Neurosci. 28, 3264–3276. doi: 10.1523/JNEUROSCI.4980-07.2008

O’Keefe, J., and Nadel, L. (1978). The Hippocampus as a Cognitive Map. Oxford: Clarendon Press.

Onos, K. D., Sukoff Rizzo, S. J., Howell, G. R., and Sasner, M. (2016). Toward more predictive genetic mouse models of Alzheimer’s disease. Brain Res. Bull. 122, 1–11. doi: 10.1016/J.BRAINRESBULL.2015.12.003

Pastalkova, E., Serrano, P., Pinkhasova, D., Wallace, E., Fenton, A. A., and Sacktor, T. C. (2006). Storage of spatial information by the maintenance mechanism of LTP. Science 313, 1141–1144. doi: 10.1126/science.1128657

Patrick, G. N., Zukerberg, L., Nikolic, M., de la Monte, S., Dikkes, P., and Tsai, L. H. (1999). Conversion of p35 to p25 deregulates Cdk5 activity and promotes neurodegeneration. Nature 402, 615–622. doi: 10.1038/45159

Pernber, Z., Blennow, K., Bogdanovic, N., Månsson, J.-E., and Blomqvist, M. (2012). Altered distribution of the gangliosides GM1 and GM2 in Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 33, 174–188. doi: 10.1159/000338181

Plum, L., Schubert, M., and Brüning, J. C. (2005). The role of insulin receptor signaling in the brain. Trends Endocrinol. Metab. 16, 59–65. doi: 10.1016/J.TEM.2005.01.008

Sbaschnig-Agler, M., Dreyfus, H., Norton, W. T., Sensenbrenner, M., Farooq, M., Byrne, M. C., et al. (1988). Gangliosides of cultured astroglia. Brain Res. 461, 98–106. doi: 10.1016/0006-8993(88)90728-7

Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J., and Sabatini, B. L. (2007). Natural oligomers of the Alzheimer amyloid-beta protein induce reversible synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling pathway. J. Neurosci. 27, 2866–2875. doi: 10.1523/JNEUROSCI.4970-06.2007

Spires, T. L., Meyer-Luehmann, M., Stern, E. A., McLean, P. J., Skoch, J., Nguyen, P. T., et al. (2005). Dendritic spine abnormalities in amyloid precursor protein transgenic mice demonstrated by gene transfer and intravital multiphoton microscopy. J. Neurosci. 25, 7278–7287. doi: 10.1523/JNEUROSCI.1879-05.2005

Sun, D., Lye-Barthel, M., Masland, R. H., and Jakobs, T. C. (2010). Structural remodeling of fibrous astrocytes after axonal injury. J. Neurosci. 30, 14008–14019. doi: 10.1523/JNEUROSCI.3605-10.2010

Tanzi, R. E. (2013). A brief history of Alzheimer’s disease gene discovery. J. Alzheimers. Dis. 33(Suppl. 1), S5–S13.

Xiao, Q., Yan, P., Ma, X., Liu, H., Perez, R., Zhu, A., et al. (2014). Enhancing astrocytic lysosome biogenesis facilitates AB clearance and attenuates amyloid plaque pathogenesis. J. Neurosci. 34, 9607–9620. doi: 10.1523/JNEUROSCI.3788-13.2014

Yamashita, T., Allende, M. L., Kalkofen, D. N., Werth, N., Sandhoff, K., and Proia, R. L. (2005). Conditional LoxP-flanked glucosylceramide synthase allele controlling glycosphingolipid synthesis. Genesis 43, 175–180. doi: 10.1002/gene.20167

Yanagisawa, K., Odaka, A., Suzuki, N., and Ihara, Y. (1995). GM1 ganglioside-bound amyloid beta-protein (A beta): a possible form of preamyloid in Alzheimer’s disease. Nat. Med. 1, 1062–1066. doi: 10.1038/nm1095-1062

Yoo, B. C., and Lubec, G. (2001). Neurobiology: p25 protein in neurodegeneration. Nature 411, 763–764. doi: 10.1038/35081146

Young, P., Qiu, L., Wang, D., Zhao, S., Gross, J., and Feng, G. (2008). Single-neuron labeling with inducible Cre-mediated knockout in transgenic mice. Nat. Neurosci. 11, 721–728. doi: 10.1038/nn.2118

Zhang, Z., Liu, X., Schroeder, J. P., Chan, C.-B., Song, M., Yu, S. P., et al. (2014). 7,8-dihydroxyflavone prevents synaptic loss and memory deficits in a mouse model of Alzheimer’s disease. Neuropsychopharmacology 39, 638–650. doi: 10.1038/npp.2013.243

Zitman, F. M., Todorov, B., Furukawa, K., Furukawa, K., Willison, H. J., and Plomp, J. J. (2010). Total ganglioside ablation at mouse motor nerve terminals alters neurotransmitter release level. Synapse 64, 335–338. doi: 10.1002/syn.20747

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Herzer, Hagan, von Gerichten, Dieterle, Munteanu, Sandhoff, Hopf and Nordström. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fnmol-11-00206-g001.jpg
A

GCS
UDP-glucose + ceramide ———=> glucosylceramide ———=> lactosylceramide ———=> GM3 —> GD3

| Ugcg deletion I
B
Cortex
1000+
8004 o I
I
) 600+
=
< 400-
2004 o
oLHL 1 ,
o Uz N > 0
& & & S &
c Hippocampus
4000+
*kk
I
3000+ l
S 2000+
0.089
1000+ I o
*kk . n | |
0- T T
% 9 v

GEIIZ GfZ
iGM1}  [GD1b]
Il Control E(_;Diéi ;(.;1-1:6:
[ 5xFAD 1 __;__
GTa  iGQb;
D Cerebellum
1500-
1000+
0
=
<
500-
i (1P |1 ]
o A2 N 2 0
& & & S &





OPS/images/fnmol-11-00206-g003.jpg





OPS/images/fnmol-11-00206-g002.jpg
Thy1-
CreERT2

EYFP fluorescence . Ugcg deletion
oxp  Tamoxifen

— | —f—

tamoxifen-independent tamoxifen-induced
at 9 weeks of age

Thy1-CreERT2//EYFP (Thy1-Cre) Thy1-Cre

n.i. control Thy1-Cre negative






OPS/images/fnmol-11-00206-g005.jpg
Visits/distance

0.0034

(RECALL)

0.000~

Number of shocks
(RECALL)

0.002+

0.001+

control Thy1-
Cre

B * p=0.03 C

[
(%) z
S 400- (Ttesh) —~  100-
1l £ 3
=) Q
c 2 go-
O _ 300 o
S - x
. g3 o0
2 O 2004 =0
& w S W 40-
kel x o
- [
2 100 e o
s E
T ® 0- - 0-
5XFAD 5xFAD-  — control  Thy1- 5xFAD 5xFAD- control  Thy1-
Thy1-Cre Cre Thy1-Cre Cre
E F
* p=0.04
o (T-test) 3 307
I £ w — - &
w® U7 c
£ o 204
(2]
£ 604 £
© i
©
(] Y
N -
3 %0 © 101
= 3
> g0d
* Imgm s | | e g
T 0 Z o+

5XxFAD 5xFAD-
Thy1-Cre

control  Thy1-
Cre

5xFAD 5xFAD- control  Thy1- 5xFAD 5xFAD- control  Thy1-
Thy1-Cre Cre Thy1-Cre Cre

T
6xFAD 5xFAD-
Thy1-Cre





OPS/images/fnmol-11-00206-g004.jpg





OPS/images/fnmol-11-00206-g007.jpg
(11]

*k%

-+

5xFAD-
Thy1-Cre

5xFAD

2l

L]
Thy1-
Cre

control

L

1 1
(] N

(jo13u09 0} pazijew.ou)
HA-dV9 / VNyW dVv49

*k¥

*%

L *

5xFAD-
Thy1-Cre

5xFAD

Thy1-
Cre

control

I
S
N

1 1 | ! 1
w9 w9
- - o o

(wrl) y3pim uonoafoud ayhoonsy

a19- LAy

|joJjuod

910~ AYL-aVv4xg

H control

O Thy1-Cre
O 5xFAD

I | B 5xFAD-Thy1-Cre
]

cerebral cortex

—%
& 1M.

(2]

10Y / elfosoin

a19-LAyL

CA1

dentate gyrus

()

T8

*k%k

5xFAD

Thy1-
Cre

S LT

(1o43u09 0} pazijew.ou)

HA-dVO / YNYw 0-1L7|

(jo13u09 0} pazijew.ou)
HQ-dVO / VNYW D-iN1

Ly 1 1 L] 1
< @ N - o

(jo43u09 0} pazijeuniou)
HQa-dV9 / VNYw g-1I

[

5xFAD-
Thy1-Cre

control

5xFAD 5xFAD-
Thy1-Cre

Thy1-
Cre

control

Thy1- 5xFAD  5xFAD-
Cre Thy1-Cre

control





OPS/images/fnmol-11-00206-g006.jpg
dentate gyrus

dentate gyrus

a
£

X
()

n.i. control

: Ugcg mRNA

?, .'Ugcg mRNA
Ugcg.mRNA :

* %%
1.5+ f 1 kx%
- *k%k f !
n.i. control Thy1-Cre 2 | |
= s ced —
T
S 1.04
T
E —_
2
o 0.5
=
. - Q.
. %, -
0.0~

L] L] L]
n.i. Thy1- n.i. 5xFAD-
con Cre S5xFAD Thy1-Cre





OPS/images/cover.jpg
, frontiers

in Molecular Neuroscience

Deletion of Specific Sphingolipids
in Distinct Neurons Improves
Spatial Memory in a Mouse Model
of Alzheimer’s Disease





OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





