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There is increasing interest in the role of epigenetic alterations in Alzheimer’s disease (AD). The epigenome of every cell type is distinct, yet data regarding epigenetic change in specific cell types in aging and AD is limited. We investigated histone tail modifications in neuronal subtypes in wild-type and APP/PS1 mice at 3 (pre-pathology), 6 (pathology-onset) and 12 (pathology-rich) months of age. In neurofilament (NF)-positive pyramidal neurons (vulnerable to AD pathology), and in calretinin-labeled interneurons (resistant to AD pathology) there were no global alterations in histone 3 lysine 4 trimethylation (H3K4me3), histone 3 lysine 27 acetylation (H3K27ac) or histone 3 lysine 27 trimethylation (H3K27me3) in APP/PS1 compared to wild-type mice at any age. Interestingly, age-related changes in the presence of H3K27ac and H3K27me3 were detected in NF-labeled pyramidal neurons and calretinin-positive interneurons, respectively. These data suggest that the global levels of histone modifications change with age, whilst amyloid plaque deposition and its sequelae do not result in global alterations of H3K4me3, H3K27ac and H3K27me3 in NF-positive pyramidal neurons or calretinin-labeled interneurons.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by the accumulation of intracellular tau in neurofibrillary tangles and neuropil threads, and the deposition of insoluble extracellular β-amyloid (Aβ) plaques associated with dystrophic neurites and synapse loss (Braak and Braak, 1991; Thal et al., 2002). A specific subset of excitatory pyramidal neurons that express neurofilament (NF) proteins are particularly susceptible to neurofibrillary tangle formation, dystrophic neurite formation, synapse loss, degeneration and death in AD (Hof et al., 1990; Thangavel et al., 2009; Mitew et al., 2013a,b). In comparison, inhibitory interneurons are relatively resistant to AD pathology (Hof and Morrison, 1991; Hof et al., 1993; Mitew et al., 2013a,b).

AD has a complex etiology including many lifestyle-related risk factors, the greatest of which is increasing age. As the interface between our genes and the environment, the epigenome is well positioned to provide a mechanistic link in the onset and progression of AD. There is increasing evidence that epigenetic alterations occur in the aging brain and AD (Gräff et al., 2012; Chouliaras et al., 2013; Lister et al., 2013; Ziller et al., 2013; Coppieters et al., 2014; De Jager et al., 2014; Lunnon et al., 2014; Benito et al., 2015; Gjoneska et al., 2015; Mastroeni et al., 2015; Gasparoni et al., 2018; Nativio et al., 2018), and that epigenetic changes occur early in AD and change in tandem with disease progression (De Jager et al., 2014; Lunnon et al., 2014; Sanchez-Mut et al., 2014; Gasparoni et al., 2018). However, most studies analyze brain homogenate and little is known about the epigenetic alterations that occur in specific cell types in AD.

The epigenome is a highly interactive network of chemical moieties including DNA methylation and histone modifications that governs the packaging of DNA into chromatin within the nucleus. The basic repeating unit of chromatin is the nucleosome, which is comprised of an octamer of alkaline histone proteins, typically canonical H2A, H2B, H3 and H4, which form dimers and exhibit protruding N-terminal tails that are subject to post-translational modification (Phillips and Johns, 1965; Kornberg, 1974; Thomas and Kornberg, 1975). The type of histone proteins present in a nucleosome and the various post-translational modifications (including methylation and acetylation) determine the affinity with which DNA is bound in the nucleosome, serve to recruit histone reader and modifier proteins and thus, modulate the accessibility of DNA for transcription (Allfrey and Mirsky, 1964; Allfrey et al., 1964). Thus, different histone modifications mark signatures are associated regions of DNA that are accessible and active, or compact and repressed (Barski et al., 2007; Heintzman et al., 2007). For instance, trimethylation of histone 3 at lysine 4 (H3K4me3) marks active promoters, H3K27ac marks active promoters and enhancers, while H3K27me3 marks repressed promoters (Cao et al., 2002; Bernstein et al., 2005; Creyghton et al., 2010).

The epigenetic signature and gene expression profile of each cell type is unique and there is increasing interest in identifying cell-type specific epigenetic phenotypes in the brain. The vast majority of studies investigating epigenetic alteration in AD have used whole brain homogenate containing both neurons and glia (Gräff et al., 2012; Chouliaras et al., 2013; Coppieters et al., 2014; De Jager et al., 2014; Lunnon et al., 2014; Sanchez-Mut et al., 2014; Gjoneska et al., 2015; Nativio et al., 2018), likely given the technical complexity of isolating individual cell types from brain tissue. Several recent studies have highlighted the importance of examining purified neurons and glia; as neurons and glia exhibit distinct epigenetic profiles that responded differently to amyloid plaque pathology and therapeutic interventions (Kozlenkov et al., 2014; Benito et al., 2015; Gasparoni et al., 2018; Zhao et al., 2018). Furthermore, diverse and highly distinctive epigenomic signatures have been detected in neuronal subsets, including excitatory neurons and inhibitory interneurons (Mo et al., 2015; Kozlenkov et al., 2016; Luo et al., 2017). Examining epigenetic marks in subpopulations of neurons is particularly important in AD, as NF-positive pyramidal neurons are particularly susceptible to dysfunction, degeneration and death in AD (Hof et al., 1990; Thangavel et al., 2009; Mitew et al., 2013a,b).

While numerous studies have identified DNA methylation alterations in aging and AD (Chouliaras et al., 2013; Lister et al., 2013; Sanchez-Mut et al., 2013, 2014; Ziller et al., 2013; Coppieters et al., 2014; De Jager et al., 2014; Lunnon et al., 2014; Gasparoni et al., 2018), there are relatively few studies that have investigated histone modifications in AD and in aged neurons (Benito et al., 2015; Gjoneska et al., 2015; Mastroeni et al., 2015; Narayan et al., 2015; Nativio et al., 2018). To date, dysregulation of the H4K16ac, H3K4me3, H4K12ac and H3K27ac histone marks have been reported in human AD and in mouse models of AD. In the temporal gyrus of AD cases, there was a dysregulation of H4K16ac peaks in AD including both gains and losses that were associated with pathways including signaling cascades, apoptosis/cell death and cell communication (Nativio et al., 2018). Similarly, significant alterations in H3K4me3 in promotor regions and H3K27ac at enhancer regions (including gains and losses) associated with increased immune system processes and decreased synaptic transmission, learning and memory were identified in the hippocampus of the CK-p25 mouse model of neurodegeneration (Gjoneska et al., 2015). However, in the hippocampus and medial temporal gyrus of human AD cases, there was no alteration in overall H3K4me3 protein levels detected, however a decrease in nuclear H3K4me3 concomitant with increased abnormal cytoplasmic H3K4me3 was observed (Mastroeni et al., 2015). Finally, a study by Benito et al. (2015) reported a decrease in H4K12ac at the transcriptional start site of neuronal and non-neuronal cells in transgenic (TG) AD model mice that was associated with the downregulation of synaptic plasticity genes in the hippocampus. Notably, there are only two published articles to date (Benito et al., 2015; Mastroeni et al., 2015) examining histone mark alterations specifically in neurons in AD.

We investigate the histone marks H3K4me3, H3K27ac and H3K27me3 in APP/PS1 and wild-type mice at 3, 6 and 12 months of age, representing pre-pathology, pathology onset and pathology-rich time points in this mouse model. APP/PS1 mice are a well-characterized mouse model of amyloid deposition that develop Aβ plaques, plaque-associated dystrophic neurites, synapse loss and memory deficits with age (Jankowsky et al., 2004; Garcia-Alloza et al., 2006; Kilgore et al., 2010; Volianskis et al., 2010; Mitew et al., 2013a,b). Differences in the vulnerability of NF-labeled pyramidal neurons and calretinin-positive interneurons have also been demonstrated in APP/PS1 mice. For example, twice the proportion of NF-labeled neurites in the vicinity of Aβ plaques exhibited neuritic dystrophy compared to calretinin-labeled neurites in APP/PS1 mice (Mitew et al., 2013b), and loss of excitatory, but not inhibitory, presynaptic puncta was observed adjacent to plaques in APP/PS1 mice (Mitew et al., 2013a). Thus, we examine histone alterations in disease-resistant calretinin-labeled interneurons and the vulnerable NF-positive pyramidal neurons for the first time in APP/PS1 mice.

MATERIALS AND METHODS

Mouse Cohort

All experiments were approved by the Animal Ethics Committee of the University of Tasmania (#A12780/A15170) and were undertaken according to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. TG APP/PS1 mice expressing APP with the familial Swedish mutation (KM670/671NL) and mutant PS1 (PSENdE9; APP/PS1) under the prion protein promoter on a C57BL/6 background strain (Jankowsky et al., 2004). Amyloid plaques and memory deficits appear at 6 months of age (Jankowsky et al., 2004; Kilgore et al., 2010) and plaque load increases up to 12 months of age (Garcia-Alloza et al., 2006). By 12 months of age APP/PS1 mice exhibit spatial memory deficits, and significant plaque-associated dystrophic neurite pathology and excitatory synapse loss of age (Volianskis et al., 2010; Mitew et al., 2013a,b). Neuronal loss has been reported adjacent to amyloid plaques in 8–10-month-old APP/PS1 mice (Jackson et al., 2016), but does not recapitulate the extensive neuronal loss observed in human AD.

Male APP/PS1 mice aged 3 months (n = 10), 6 months (n = 10) and 12 months (n = 9) and age matched C57BL/6 wild-type mice (n = 10 of each age) were used in this study. All animals were housed in standard laboratory conditions (25°, 12 h light/dark cycle) with ad libitum access to food and water.

Genotyping of wild-type and APP/PS1 mice was performed as previously (Fernandez-Martos et al., 2015). Briefly, mouse tail genomic DNA was extracted using the Extract-N-Amp Tissue PCR Kits (Sigma-Aldrich) and then, standard polymerase chain reaction (PCR) analysis was performed using MyTaqTM DNA Polymerase (Bioline) with primers to mouse presenilin-1 (For: 5′-AATAGAGAACGGCAGGAGCA-3′; Rev: 5′-GCCATGAGGGCACTAATCAT-3′) and interleukin 2 (For: 5′-CTAGGCCACAGAATTGAAAGATCT-3′; Rev: 5′-GTAGGTGGAAATTCTAGCATCATCC-3′) as an internal control. Reactions (10 μL) consisted of 1 μL DNA template and primers at a final concentration of 0.5 μM. Cycling was performed as follows: hold at 94°C for 2 min followed by 10 cycles of [94°C for 20 s 65°C (decreasing by 0.5°C per cycle) for 15 s and 68°C for 10 s] followed by 28 cycles of (94°C for 15 s 60°C for 15 s and 72°C for 10 s) followed by a hold at 72°C for 2 min and then at 10°C. Amplified PCR products were then visualized by agarose gel electrophoresis to determine genotypes. In addition, one tissue section from each mouse used in this study was stained with Thioflavine S and visualized on an Olympus BX50 fluorescent microscope to confirm the genotyping data. To perform Thioflavine S staining, tissue sections were incubated in 0.125% Thioflavine S dissolved in a solution of 40% ethanol and 60% 0.01M phosphate buffered saline (PBS) for 3 min on an orbital shaker at room temperature, tissue sections were then washed twice in a 50:50 solution of ethoanol:0.01M PBS for 1 min each, followed by three washes in 0.01M PBS for 10 min each on an orbital shaker.

Immunohistochemistry

Mice were anaesthetized with 150 μL of 60mg/mL sodium pentobarbitone and transcardially perfused with 4% paraformaldehyde in 0.1M PBS. Brain tissue was cryoprotected (18% then 30% sucrose in PBS) and 40 μm serial coronal sections were cut on a cryostat (Leica CM1850 cryostat with O.C.T compound; ProSciTech, Australia).

Double-label immunohistochemistry was performed to assess the alterations in the histone marks H3K4me3, H3K27me3 and H3K27ac in NF-containing pyramidal neurons (using anti-SMI32) and in calretinin-positive interneurons (using an anti-calretinin antibody; Table 1). One coronal section between bregma 1.53 mm and −1.56 mm containing the S1/S2 somatosensory cortex and the M1/M2 motor cortex from each mouse was immunolabeled with each antibody combination. The analysis was performed in the S1/S2 somatosensory cortex and the M1/M2 motor cortex as significant Aβ plaque deposition, dystrophic neurite pathology and plaque-associated synaptic loss occur in these brain regions in APP/PS1 mice (Mitew et al., 2013a; Fernandez-Martos et al., 2015). Double-label immunohistochemistry and DAPI staining were performed as previously described (Phipps et al., 2016) with fluorescent secondary antibodies (1:1,000) used for visualization (Table 2). To assess Aβ plaque load in 3- (n = 9), 6 (n = 10) and 12- (n = 8) month-old APP/PS1 mice, one tissue section between bregma 1.53 mm and −1.56 mm containing the S1/S2 somatosensory cortex and the M1/M2 motor cortex from each mouse was subjected to formic acid antigen retrieval and Aβ labeling with the anti-6E10 antibody was performed as previously (Phipps et al., 2016). To assess presynaptic bouton density one tissue section containing the somatosensory cortex (S1) from 2- and 12-month-old wild-type mice (n = 5) were immunolabeled with synaptophysin, vesicular glutamate transporter 1 (VGlut1) or vesicular GABA transporter (VGAT, Table 1) as previously described (Mitew et al., 2013a). The dilution of each primary antibody was optimized and omitting primary antibodies eliminated all immunosignal. For information regarding the specificity of primary antibodies used in this study please refer to the Supplementary Material.

TABLE 1. Primary antibodies.
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TABLE 2. Secondary antibodies.
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Microscopy and Analysis

All image analysis was performed blinded to mouse genotype and age. Full coronal tissue sections were imaged on an Olympus VS120 slide scanner (U-HGLGPS light source, Olympus, USA) at 20× optical zoom. Autofocusing was optimized for either SMI-32 or calretinin labeling, an exposure of 50 ms was used to capture images of SMI-32 and calretinin labeling, and an exposure of 25 ms was used to capture images of H3K4me3, H3K27ac and H3K27me3 labeling and DAPI staining.

To determine whether H3K4me3, H3K27me3 and H3K27ac were altered in all cortical nuclei across disease progression in APP/PS1 mice, the percentage of nuclei co-localized with each histone mark was quantitated in neocortical layers 1–6 and in layer 2/3. In each tissue section, two regions of interest (ROIs) encompassing layers 1–6 and layers 2/3 of the neocortex of one hemisphere from the longitudinal fissure to the rhinal fissure were selected. Both DAPI stained nuclei and H3K4me3, H3K27me3 and H3K27ac-labeled nuclei were quantitated in each ROI in Image J with the nucleus counter plugin [(Szabo and Gulya, 2013; Ioannou et al., 2014); see Supplementary Figure S1].

To assess alterations in H3K4me3, H3K27ac and H3K27me3, co-localization in NF-positive pyramidal neurons and calretinin-labeled interneurons in the cortex of APP/PS1 mice, 50 SMI32-positive pyramidal neurons and 50 calretinin-labeled interneurons were systematically counted in layers 2/3 of the M1/M2 motor cortex and S1/S2 somatosensory cortex in one tissue section from each mouse.

To determine Aβ plaque load tissue sections were imaged on an Olympus VS120 slide scanner (U-HGLGPS light source, Olympus, USA) at 20× optical zoom. Autofocusing was optimized for Aβ labeling and an exposure of 40 ms was used. A region of interest was drawn to contain all of one hemisphere of the neocortex dorsal to the rhinal fissure and thresholded to the labeled signal (FIJI ImageJ). The percentage area occupied by Aβ was calculated by dividing the total area occupied by plaques by the total area analyzed as previously (Fernandez-Martos et al., 2015).

To quantitate presynaptic bouton density regions of interest were imaged in layer 2/3 of the somatosensory cortex (S1) from each tissue section (3–5 regions of interest/section) immunolabeled with synaptophysin, VGlut1 and VGAT. Image acquisition and synaptic puncta analysis were performed as previously described (Mitew et al., 2013a). Briefly, z-stacks of each region of interest were acquired on a Zeiss LSM510 confocal microscope (Zen software, Germany), each z-stack was merged into one image, images were automatically thresholded, processed for Gaussian blurring and watershed prior to particle analysis being performed to quantitate synaptic puncta (ImageJ; Mitew et al., 2013a).

Data analysis was performed in SigmaPlot version 11.0 (Systat Software Inc., Chicago, IL, USA). One way analysis of variance (ANOVA) with post hoc Holm-Sidak, or a Kruskal-Wallis one way analysis of ranks with post hoc Holm-Sidak were employed when comparing more than two experimental groups depending on the distribution (normality, variance) of the data. A two-tailed type 3 Student’s t-test was used when comparing two experimental groups. The statistical test used for each dataset is detailed in the Results section. A p-value of <0.05 was used as the definition of statistical significance and all data are represented as the mean ± the standard error of the mean (SEM).

Images for Figures

Representative images for figures were taken on an Olympus VS120 slide scanner (U-HGLGPS light source, Olympus, USA) or a Perkin Elmer spinning disk confocal microscope (Zeiss LSM710 laser scanning microscope) and Perkin Elmer’s velocity software (Perkin Elmer). Brightness and contrast adjustments were made consistently across all images to enhance the clarity of images with Image-J and Adobe Photoshop CS6 (Adobe, CA, USA). Graphs were produced in GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA).

RESULTS

No Difference in the Percentage of Nuclei Labeled With H3K4me3, H3K27me3 or H3K27ac in the Cortex of APP/PS1 Mice Compared to Wild-Type Mice

H3K4me3 and H3K27ac labeled approximately 79% of cortical nuclei and H3K27me3 was present in approximately 67% of cortical nuclei (Figure 1, Supplementary Table S1). There was no difference in the density of DAPI-stained nuclei in layers 1–6 or layers 2/3 of the cortex due to age or APP/PS1 transgene expression (layers 1–6, Kruskal-Wallis one way ANOVA on ranks, Figure 1J; layers 2/3, one way ANOVA, p > 0.05; Figure 2J). There were no alterations to the percentage of nuclei immunolabeled with H3K4me3, H3K27me3 or H3K27ac cortical layers 1–6 (H3K4me3, Kruskal-Wallis one way ANOVA on ranks; H3K27me3 and H3K27ac, one way ANOVA; Figure 1) or in layers 2/3 (one way ANOVA, Figure 2) due to the age or genotype. The Aβ plaque load was quantitated, and as expected progressively increased with age in 3- (0.21 ± 0.1%), 6- (1.5 ± 0.5%) and 12- (15.3 ± 3.1%) month-old APP/PS1 mice.
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FIGURE 1. No difference in the percentage of nuclei immunolabeled with H3K4me3, H3K27me3 or H3K27ac in layers 1-6 of the cortex in APP/PS1 mice compared to wild-type mice. Representative images of coronal sections stained with DAPI (blue, A,C,D,F,G,I) and immunolabeled for H3K4me3 (red, B,C), H3K27ac (red, E,F) and H3K27me3 (red, H,I) in a 3 month old APP/PS1 mouse (A–C), a 12 month old APP/PS1 mouse (D–F) and a 3 month old wild type (WT) mouse (G–I). (J) Bar graph displaying the density of DAPI stained nuclei in layers 1-6 of 3-month (3M), 6-month (6M) and 12-month (12M) old WT and APP/PS1 transgenic (TG) mice. Bar graphs showing the percentage of nuclei co-localized with H3K4me3 (K), H3K27ac (L) and H3K27me3 (M) at 3, 6 and 12 months of age in APP/PS1 and wild-type mice. All data presented as mean ± standard error of the mean (SEM). Scale bar = 400 μm.
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FIGURE 2. No change in the proportion of nuclei in layer 2/3 of the cortex co-localized with H3K4me3, H3K27me3 or H3K27ac in APP/PS1 mice vs. wild-type mice. Example images of areas layer 2/3 stained for DAPI (blue, A,C,D,F,G,I) and immunolabeled for H3K4me3 (red, B,C), H3K27ac (red, E,F) and H3K27me3 (red, H,I) in a 6 month old WT mouse (A–C), a 6 month old APP/PS1 mouse (D–F) and a 12 month old WT mouse (G–I). Note nuclei positive (arrows) and negative (arrowheads) for histone mark immunoreactivity. (J) Bar graph displaying the density of nuclei in layer 2/3 of 3-month (3M), 6-month (6M) and 12-month (12M) WT mice and TG APP/PS1 mice. Bar graphs showing the percentage of nuclei immunoreactive for H3K4me3 (K), H3K27ac (L) and H3K27ac (M). All data presented as mean ± SEM. Scale bar =50 μm.



No Alteration in the Percentage of Layer 2/3 NF-Labeled Pyramidal Neurons Co-localized With H3K4me3, H3K27me3 or H3K27ac in APP/PS1 Mice Compared to Age-Matched Wild-Type Mice

H3K4me3, H3K27me3 and H3K27ac labeling were nuclear, with no cytoplasmic immunoreactivity observed either in NF-labeled pyramidal neurons or in calretinin-positive interneurons of cortical layer 2/3 (Figure 3). The vast majority (92%–98%) of NF-positive pyramidal neurons in layer 2/3 exhibited nuclear immunoreactivity for H3K27ac, H3K4me3 and H3K27me3 (Figure 4, Supplementary Table S1). There was a small (~7%), but significant decrease in the percentage of NF-labeled pyramidal neurons labeled with H3K27ac in 6-month-old wild-type mice compared to both 3- and 12-month-old wild-type mice (One Way ANOVA; p < 0.001; Figure 4G). There was no alteration in the percentage of NF-positive pyramidal neurons co-localized with H3K27ac, H3K4me3 or H3K27me3 in APP/PS1 mice compared to wild-type mice at 3, 6 and 12 months of age (H3K27ac, One Way ANOVA; H3K4me3 and H3K27me3, Kruskal-Wallis one way ANOVA on ranks; Figures 4G–I, Supplementary Figures S2, S3). Similarly, there was no difference between the proportion of NF-labeled pyramidal neurons that were immunoreactive for H3K4me3 or H3K27me3 in wild-type mice at 3, 6 and 12 months of age (Kruskal-Wallis one-way ANOVA on ranks; Figures 4H,I).
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FIGURE 3. Nuclear H3K4me3, H3K27me3 and H3K27ac immunolabeling was observed in cortical layer 2/3 calretinin-positive interneurons and neurofilament (NF)-labeled pyramidal neurons. Representative images of layer 2/3 in a 12 month old WT mouse (A–D) showing NF-labeled pyramidal neurons (A,D green) co-localized (arrows) with DAPI staining (B,D blue) and H3K27ac immunoreactivity (C,D red). An example image of layer 2/3 in a 3 month old APP/PS1 mouse (E–H) showing NF-labeled pyramidal neurons (E,H, green) co-localized (arrows) with DAPI staining (F,H, blue) and H3K27me3 labeling (G,H, red). A representative image layer 2/3 in a 3 month old wild-type mouse (I–L) showing NF-labeled pyramidal neurons (I,L, green) co-localized (arrows) with DAPI (J,L, blue) and H3K4me3 immunoreactivity (K,L, red). An example image of layer 2/3 of a 3 month old APP/PS1 cortex (M–P) with calretinin-labeled interneurons (M,P green) co-localized (arrows) with DAPI staining (N,P blue) and H3K27ac immunoreactivity (O,P red). Representative image of layer 2/3 of a 3 month old APP/PS1 mouse (Q–T) illustrating calretinin-positive interneurons (Q,T green) containing (arrows) DAPI staining (R,T blue) and H3K27me3 labeling (S,T red). An example region of layer 2/3 of the cortex of a 6 month old wild-type mouse (U–X) showing calretinin-labeled interneurons (U,X green) co-localized (arrows) with DAPI staining (V,X blue) and H3K4me3 immunopositive nuclei (W,X red). Scale bar = 18 μm.
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FIGURE 4. No difference in the percentage of layer 2/3 NF-labeled pyramidal neurons co-localized with H3K4me3, H3K27me3 or H3K27ac in APP/PS1 vs. wild-type mice. Representative images of layer 2/3 NF-positive pyramidal neurons (SMI-32, green) stained with DAPI (blue) and labeled for H3K27ac (red, arrows) in 3- (A,D), 6- (B,E) and 12- (C,F) month-old wild-type (A–C) and APP/PS1 (D–F) mice. Bar graphs showing the percentage of NF-positive neuronal nuclei co-localized with H3K27ac (G), H3K27me3 (H) and H3K4me3 (I) immunolabeling. All data are presented as mean ± SEM. *p < 0.05. Scale bars: 25 μm.



No Change in the Proportion of Layer 2/3 Calretinin-Labeled Interneurons Co-localized With H3K27me3, H3K4me3 or H3K27ac in APP/PS1 Compared to Wild-Type Mice

The vast majority (~80%–95%) of layer 2/3 calretinin-positive interneurons were immunoreactive for H3K27me3, H3K4me3 or H3K27ac (Figure 5, Supplementary Table S1). Interestingly, there was an increase (~20%) in the percentage of calretinin-positive interneurons immunolabeled with H3K27me3 in 12-month-old APP/PS1 mice compared to both 3- and 6-month-old APP/PS1 mice (One Way ANOVA, p < 0.001; Figure 5G). There was no difference in the percentage of layer 2/3 calretinin-labeled interneurons co-localized with H3K27me3, H3K4me3 or H3K27ac between APP/PS1 and wild-type mice at 3, 6 and 12 months of age (H3K27me3, One way ANOVA; H3K4me3 and H3K27ac, Kruskal-Wallis one way ANOVA on ranks; Figures 5G–I, Supplementary Figures S4, S5). While previous work from our laboratory revealed that excitatory, but not inhibitory, presynaptic puncta are lost adjacent to Aβ plaques (Mitew et al., 2013a), we detected no difference in the density of presynaptic puncta containing synaptophysin (all presynaptic puncta), VGlut1 (excitatory presynaptic puncta) or VGAT (inhibitory presynaptic puncta) between 2-month-old and 12-month-old wild-type mice (Supplementary Figure S6, Table S1).
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FIGURE 5. No difference in the percentage of layer 2/3 calretinin-positive interneurons co-localized with H3K27me3, H3K4me3 or H3K27ac in APP/PS1 vs. wild-type mice. Representative images of layer 2/3 calretinin-positive interneurons (green), stained with DAPI (blue) and labeled with H3K27me3 (red, arrows) in 3- (A,D), 6- (B,E) and 12- (C,F) month-old wild-type (A–C) and APP/PS1 (D–F) mice. Bar graphs showing the percentage of calretinin-labeled interneurons co-localized with H3K27me3 (G), H3K4me3 (H) and H3K27ac (I). All data are presented as mean ± SEM. *p < 0.05. Scale bars 25 μm.



When NF-positive pyramidal neurons and calretinin-labeled interneurons were compared, a lower percentage of calretinin-labeled interneurons co-localized with H3K27me3 compared to NF-positive pyramidal neurons in 3- and 6-month old wild-type mice (p < 0.05, student’s t-test). There was no difference in the proportion of NF-immunoreactive pyramidal neurons compared to calretinin-labeled interneurons co-labeled with H3K4me3, H3K27ac in 3-, 6- and 12-month-old wild-type mice.

DISCUSSION

This is the first study to investigate the H3K4me3, H3K27ac and H3K27me3 histone marks in AD in specific subsets of neurons that are selectively vulnerable and resistant to AD pathology. We did not detect any global alterations in H3K4me3, H3K27ac or H3K27me3 across a time course in wild-type compared to APP/PS1 mice, in the nuclei of all cortical cell types, AD susceptible NF-positive pyramidal neurons or in AD-resilient calretinin-interneurons. Mastroeni et al. (2015) also detected no change in the overall protein level of H3K4me3 in the medial temporal gyrus of human AD cases compared to controls. However, the same study discovered abnormal H3K4me3 loss in the nucleus and gain of H3K4me3 in the cytoplasm in human AD cases compared to controls (Mastroeni et al., 2015). The mislocalized cytoplasmic H3K4me3 co-localized with pre-tangles and NFTs in late AD cases (Mastroeni et al., 2015). The authors also reported a loss of nuclear H3K4me3 in hippocampal subregions in the 3×Tg AD mouse model (which develop plaques and NFTs), but no cytoplasmic H3K4me3 immunoreactivity (Mastroeni et al., 2015). We did not observe any cytoplasmic accumulation or nuclear depletion of H3K4me3 in the cortex of APP/PS1 mice. These data suggest that H3K4me3 mislocalization may be region specific, and its occurrence in human AD, but not AD mouse models indicates that it could be a species or time-dependent process. It should be noted that APP/PS1 mice do not develop tau pathology, and so it is possible that the accumulation of abnormal tau and the deposition of NFTs may drive global changes and mislocalization of H3K4me3, H3K27ac and H3K27me3. Furthermore, this study only informs on the global level and subcellular localization of H3K4me3, H3K27ac and H3K427me3 and does not rule out robust global changes in other cell populations or at specific gene loci. Indeed, chromatin immunoprecipitation sequencing (ChIP-seq) data from AD cases and mouse models of neurodegeneration show that histone mark alterations certainly occur at specific loci in AD compared to control tissue (Gräff et al., 2012; Benito et al., 2015; Gjoneska et al., 2015; Nativio et al., 2018).

Our study captured age-related changes in histone marks in wild-type mice. There was a ~20% increase in the percentage of calretinin-labeled interneurons with H3K27me3 immunoreactivity at 12 months of age vs. 3 and 6 months of age, suggesting increased repression of the genome in calretinin-positive interneurons with aging. A previous study reported a decrease in H3K4me3 in whole brain homogenate in aged vs. young mice (Gong et al., 2015), while analysis of homogenate from rat hippocampal subregions showed increased H3K4me3 in the CA1 and CA3, but not in the dentate gyrus with age (Morse et al., 2015). Furthermore, aged (>60 years) human prefrontal cortex neurons exhibited a loss of H3K4me3 at 556 genes and a gain of H3K4me3 at 101 genes when compared to young (<1 year) neurons (Cheung et al., 2010). Taken together these data suggest that H3K4me3 likely alters across the course of healthy aging in a complex manner that is both region- and neuronal subtype-specific. The current study also detected a small but significant decrease (~7%) in the proportion of NF-positive pyramidal neurons co-localized with H3K27ac at 6 months of age compared to both 3 and 12 months of age. In keeping with our data, a study of whole brain homogenate did not detect any change in the overall level of H3K27ac between 3-month-old and 22-month-old mice (Gong et al., 2015). The physiological impact of a transient 15% decrease in the proportion of NF-labeled pyramidal neurons immunoreactive for H3K27ac at 6 months of age is currently unknown; the subset of neurons, genetic loci at which H3K27ac decreases and alterations in other epigenetic marks and modifiers would also need to be considered. It should also be noted that the interpretation of changes in H2K27ac levels may not be straightforward, with a recent study suggesting that genes that are up-regulated with age are characterized by a decrease in both activating H3K27ac at promoters and repressive H3K27ac within gene bodies (Cheng et al., 2018). Interestingly, no loss of presynaptic boutons (including excitatory or inhibitory subsets) was detected in 12-month-old wild-type compared to 2-month-old wild-type mice in the current study. These data, together with previous work demonstrating plaque-associated synapse loss in 10–12-month-old APP/PS1 mice (Mitew et al., 2013a), suggest that the global changes in H3K27me3, H3K27ac and H3K4me3 levels in NF-labeled pyramidal neurons or calretinin-positive interneurons do not correlate with synapse loss in APP/PS1 or wild-type mice.

This study also identified inherent differences in H3K27me3 expression between calretinin-labeled interneurons and NF-immunoreactive pyramidal neurons. The lower expression of H3K27me3 in calretinin-positive interneurons suggesting a less repressed epigenome in this interneuron subpopulation. Several studies have documented distinct epigenetic profiles for excitatory and inhibitory neurons to date (Mo et al., 2015; Kozlenkov et al., 2016; Luo et al., 2017; Gasparoni et al., 2018). In keeping with our data, DNA methylation data in human cortex also identified decreased methylation of CpG sites in inhibitory neurons compared to excitatory neurons (Kozlenkov et al., 2016). However, excitatory neurons from mouse exhibited increased chromatin accessibility and increased DNA hypomethylation compared to different murine inhibitory interneuron subtypes (parvalbumin- and vasoactive intestinal peptide-interneurons; Mo et al., 2015). We have also previously detected differences in 5mC and 5hmC labeling in NF-positive pyramidal neurons and calretinin-immunoreactive interneurons in the human brain (Phipps et al., 2016). Differences in the epigenetic landscape of neuronal subtypes are to be expected, especially considering the vast diversity of neuronal function and plasticity in the brain. In fact, recent t-SNE analysis of single-neuron DNA methylation data have predicted that there are 16 distinct subpopulations of neurons in the frontal cortex of the mouse and 21 in the human frontal cortex (Luo et al., 2017), indicating more extensive functional diversity and network complexity in the cortex than had previously been predicted.

The use of the APP/P1 mouse model is a limitation of the current study as it does not develop the neurofibrillary pathology or overt cell loss that occurs in human AD. Thus, we cannot rule out the possibility that global levels of H3K4me3, H3K27ac or H2K37me3 may alter in disease-resistant and–vulnerable subpopulations of neurons in the presence of tau pathology. Indeed, Mastroeni et al. (2015) described abnormal translocation of H3K4me3 from the nucleus to the cytoplasm that correlated with tau pathology load in the middle temporal gyrus of AD cases. Recent research also reported that tau load, but not Aβ load, correlated with H3K9ac marking in the prefrontal cortex in AD and demonstrated that tau overexpression alters spatial chromatin structure (Klein et al., 2019). Furthermore, the current study uses immunohistochemistry, and while this technique can provide valuable information regarding global levels of histone marks and their intracellular location in subtypes of neurons it does not provide base pair level resolution of histone mark alterations across the genome.

CONCLUSION

We present data, for the first time, describing no global alterations in the proportion of AD-susceptible NF-labeled pyramidal neurons or AD-resistant calretinin-positive interneurons co-localized with the H3K4me3, H3K27ac and H3K27me3 histone marks across a time course in APP/PS1 and wild-type mice. We report alterations in the global levels of H3K27ac in NF-positive pyramidal neurons and in H3K27me3 in calretinin-immunoreactive interneurons with age. Our data suggest that amyloid deposition does not impact the global levels of H3K4me3, H3K27ac and H3K27me3 in the two neuronal populations and at the time points examined in this study. However, it is important to note that the global levels of histone marks can remain unaltered concomitant with dramatic changes at specific loci; as alterations of histone marks at specific gene loci certainly occurs in AD (Benito et al., 2015; Gjoneska et al., 2015; Nativio et al., 2018).

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

AW and PT designed the experiments. MD, AP and SM performed the experiments. MD and SM performed the analysis. All authors contributed to manuscript preparation. All authors read and approved the final manuscript.

FUNDING

This work was supported by J. J. Mason and H. S. Williams Memorial Foundation National Medical Program grant (PT and AW); J. O. and J. R. Wicking Trust (Equity Trustees); National Health and Medical Research Council (fellowship to PT); Dementia Australia Research Foundation (scholarship to AP; fellowship to AW); Yulgilbar Foundation (travel/training bursary to AP). The funding bodies played no role in the design, collection, analysis and interpretation of the data, nor the preparation or decision to submit this manuscript.

ACKNOWLEDGMENTS

Rowan Burchill (summer intern) for his contribution to the plaque load experiments and analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2019.00068/full#supplementary-material

REFERENCES

Allfrey, V. G., Faulkner, R., and Mirsky, A. E. (1964). Acetylation and methylation of histones and their possible role in the regulation of RNA synthesis. Proc. Natl. Acad. Sci. U S A 51, 786–794. doi: 10.1073/pnas.51.5.786

Allfrey, V. G., and Mirsky, A. E. (1964). Structural modifications of histones and their possible role in the regulation of RNA synthesis. Science 144:559. doi: 10.1126/science.144.3618.559

Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., et al. (2007). High-resolution profiling of histone methylations in the human genome. Cell 129, 823–837. doi: 10.1016/j.cell.2007.05.009

Benito, E., Urbanke, H., Ramachandran, B., Barth, J., Halder, R., Awasthi, A., et al. (2015). HDAC inhibitor-dependent transcriptome and memory reinstatement in cognitive decline models. J. Clin. Invest. 125, 3572–3584. doi: 10.1172/jci79942

Bernstein, B. E., Kamal, M., Lindblad-Toh, K., Bekiranov, S., Bailey, D. K., Huebert, D. J., et al. (2005). Genomic maps and comparative analysis of histone modifications in human and mouse. Cell 120, 169–181. doi: 10.1016/j.cell.2005.01.001

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., et al. (2002). Role of histone H3 lysine 27 methylation in Polycomb-group silencing. Science 298, 1039–1043. doi: 10.1126/science.1076997

Cheng, H., Xuan, H., Green, C. D., Han, Y., Sun, N., Shen, H., et al. (2018). Repression of human and mouse brain inflammaging transcriptome by broad gene-body histone hyperacetylation. Proc. Natl. Acad. Sci. U S A 115, 7611–7616. doi: 10.1073/pnas.1800656115

Cheung, I., Shulha, H. P., Jiang, Y., Matevossian, A., Wang, J., Weng, Z., et al. (2010). Developmental regulation and individual differences of neuronal H3K4me3 epigenomes in the prefrontal cortex. Proc. Natl. Acad. Sci. U S A 107, 8824–8829. doi: 10.1073/pnas.1001702107

Chouliaras, L., Mastroeni, D., Delvaux, E., Grover, A., Kenis, G., Hof, P. R., et al. (2013). Consistent decrease in global DNA methylation and hydroxymethylation in the hippocampus of Alzheimer’s disease patients. Neurobiol. Aging 34, 2091–2099. doi: 10.1016/j.neurobiolaging.2013.02.021

Coppieters, N., Dieriks, B. V., Lill, C., Faull, R. L., Curtis, M. A., and Dragunow, M. (2014). Global changes in DNA methylation and hydroxymethylation in Alzheimer’s disease human brain. Neurobiol. Aging 35, 1334–1344. doi: 10.1016/j.neurobiolaging.2013.11.031

Creyghton, M. P., Cheng, A. W., Welstead, G. G., Kooistra, T., Carey, B. W., Steine, E. J., et al. (2010). Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc. Natl. Acad. Sci. U S A 107, 21931–21936. doi: 10.1073/pnas.1016071107

De Jager, P. L., Srivastava, G., Lunnon, K., Burgess, J., Schalkwyk, L. C., Yu, L., et al. (2014). Alzheimer’s disease: early alterations in brain DNA methylation at ANK1, BIN1, RHBDF2 and other loci. Nat. Neurosci. 17, 1156–1163. doi: 10.1038/nn.3786

Fernandez-Martos, C. M., King, A. E., Atkinson, R. A., Woodhouse, A., and Vickers, J. C. (2015). Neurofilament light gene deletion exacerbates amyloid, dystrophic neurite, and synaptic pathology in the APP/PS1 transgenic model of Alzheimer’s disease. Neurobiol. Aging 36, 2757–2767. doi: 10.1016/j.neurobiolaging.2015.07.003

Garcia-Alloza, M., Robbins, E. M., Zhang-Nunes, S. X., Purcell, S. M., Betensky, R. A., Raju, S., et al. (2006). Characterization of amyloid deposition in the APPswe/PS1dE9 mouse model of Alzheimer disease. Neurobiol. Dis. 24, 516–524. doi: 10.1016/j.nbd.2006.08.017

Gasparoni, G., Bultmann, S., Lutsik, P., Kraus, T. F. J., Sordon, S., Vlcek, J., et al. (2018). DNA methylation analysis on purified neurons and glia dissects age and Alzheimer’s disease-specific changes in the human cortex. Epigenetics Chromatin 11:41. doi: 10.1186/s13072-018-0211-3

Gjoneska, E., Pfenning, A. R., Mathys, H., Quon, G., Kundaje, A., Tsai, L.-H., et al. (2015). Conserved epigenomic signals in mice and humans reveal immune basis of Alzheimer’s disease. Nature 518, 365–369. doi: 10.1038/nature14252

Gong, H., Qian, H., Ertl, R., Astle, C. M., Wang, G. G., Harrison, D. E., et al. (2015). Histone modifications change with age, dietary restriction and rapamycin treatment in mouse brain. Oncotarget 6, 15882–15890. doi: 10.18632/oncotarget.4137

Gräff, J., Rei, D., Guan, J.-S., Wang, W.-Y., Seo, J., Hennig, K. M., et al. (2012). An epigenetic blockade of cognitive functions in the neurodegenerating brain. Nature 483, 222–226. doi: 10.1038/nature10849

Heintzman, N. D., Stuart, R. K., Hon, G., Fu, Y., Ching, C. W., Hawkins, R. D., et al. (2007). Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome. Nat. Genet. 39, 311–318. doi: 10.1038/ng1966

Hof, P., and Morrison, J. (1991). Neocortical neuronal subpopulations labeled by a monoclonal antibody to calbindin exhibit differential vulnerability in Alzheimer’s disease. Exp. Neurol. 1–9. doi: 10.1016/0014-4886(91)90096-u

Hof, P. R., Morrison, J. H., and Cox, K. (1990). Quantitative analysis of a vulnerable subset of pyramidal neurons in Alzheimer’s disease: I. Superior frontal and inferior temporal cortex. J. Comp. Neurol. 301, 44–54. doi: 10.1002/cne.903010105

Hof, P. R., Nimchinsky, E. A., Celio, M. R., Bouras, C., and Morrison, J. H. (1993). Calretinin-immunoreactive neocortical interneurons are unaffected in Alzheimers disease. Neurosci. Lett. 152, 145–149. doi: 10.1016/0304-3940(93)90504-e

Ioannou, M., Kouvaras, E., Stathakis, E., Samara, M., and Koukoulis, G. K. (2014). Aurora B kinase in Hodgkin lymphoma: immunohistochemical pattern of expression in neoplastic Hodgkin and Reed-Sternberg cells. J. Mol. Histol. 45, 413–419. doi: 10.1007/s10735-013-9561-0

Jackson, R. J., Rudinskiy, N., Herrmann, A. G., Croft, S., Kim, J. M., Petrova, V., et al. (2016). Human tau increases amyloid β plaque size but not amyloid β-mediated synapse loss in a novel mouse model of Alzheimer’s disease. Eur. J. Neurosci. 44, 3056–3066. doi: 10.1111/ejn.13442

Jankowsky, J. L., Fadale, D. J., Anderson, J., Xu, G. M., Gonzales, V., Jenkins, N. A., et al. (2004). Mutant presenilins specifically elevate the levels of the 42 residue β-amyloid peptide in vivo: evidence for augmentation of a 42-specific γ secretase. Hum. Mol. Genet. 13, 159–170. doi: 10.1093/hmg/ddh019

Kilgore, M., Miller, C. A., Fass, D. M., Hennig, K. M., Haggarty, S. J., Sweatt, J. D., et al. (2010). Inhibitors of class 1 histone deacetylases reverse contextual memory deficits in a mouse model of Alzheimer’s disease. Neuropsychopharmacology 35, 870–880. doi: 10.1038/npp.2009.197

Klein, H. U., McCabe, C., Gjoneska, E., Sullivan, S. E., Kaskow, B. J., Tang, A., et al. (2019). Epigenome-wide study uncovers large-scale changes in histone acetylation driven by tau pathology in aging and Alzheimer’s human brains. Nat. Neurosci. 22, 37–46. doi: 10.1038/s41593-018-0291-1

Kornberg, R. D. (1974). Chromatin structure: a repeating unit of histones and DNA. Science 184, 868–871. doi: 10.1126/science.184.4139.868

Kozlenkov, A., Roussos, P., Timashpolsky, A., Barbu, M., Rudchenko, S., Bibikova, M., et al. (2014). Differences in DNA methylation between human neuronal and glial cells are concentrated in enhancers and non-CpG sites. Nucleic Acids Res. 42, 109–127. doi: 10.1093/nar/gkt838

Kozlenkov, A., Wang, M., Roussos, P., Rudchenko, S., Barbu, M., Bibikova, M., et al. (2016). Substantial DNA methylation differences between two major neuronal subtypes in human brain. Nucleic Acids Res. 44, 2593–2612. doi: 10.1093/nar/gkv1304

Lister, R., Mukamel, E. A., Nery, J. R., Urich, M., Puddifoot, C. A., Johnson, N. D., et al. (2013). Global epigenomic reconfiguration during mammalian brain development. Science 341:1237905. doi: 10.1126/science.1237905

Lunnon, K., Smith, R., Hannon, E., De Jager, P. L., Srivastava, G., Volta, M., et al. (2014). Methylomic profiling implicates cortical deregulation of ANK1 in Alzheimer’s disease. Nat. Neurosci. 17, 1164–1170. doi: 10.1038/nn.3782

Luo, C., Keown, C. L., Kurihara, L., Zhou, J., He, Y., Li, J., et al. (2017). Single-cell methylomes identify neuronal subtypes and regulatory elements in mammalian cortex. Science 357, 600–604. doi: 10.1126/science.aan3351

Mastroeni, D., Delvaux, E., Nolz, J., Tan, Y., Grover, A., Oddo, S., et al. (2015). Aberrant intracellular localization of H3k4me3 demonstrates an early epigenetic phenomenon in Alzheimer’s disease. Neurobiol. Aging 36, 3121–3129. doi: 10.1016/j.neurobiolaging.2015.08.017

Mitew, S., Kirkcaldie, M. T., Dickson, T. C., and Vickers, J. C. (2013a). Altered synapses and gliotransmission in Alzheimer’s disease and AD model mice. Neurobiol. Aging 34, 2341–2351. doi: 10.1016/j.neurobiolaging.2013.04.010

Mitew, S., Kirkcaldie, M. T., Dickson, T. C., and Vickers, J. C. (2013b). Neurites containing the neurofilament-triplet proteins are selectively vulnerable to cytoskeletal pathology in Alzheimer’s disease and transgenic mouse models. Front. Neuroanat. 7:30. doi: 10.3389/fnana.2013.00030

Mo, A., Mukamel, E. A., Davis, F. P., Luo, C., Henry, G. L., Picard, S., et al. (2015). Epigenomic signatures of neuronal diversity in the mammalian brain. Neuron 86, 1369–1384. doi: 10.1016/j.neuron.2015.05.018

Morse, S. J., Butler, A. A., Davis, R. L., Soller, I. J., and Lubin, F. D. (2015). Environmental enrichment reverses histone methylation changes in the aged hippocampus and restores age-related memory deficits. Biology 4, 298–313. doi: 10.3390/biology4020298

Narayan, P. J., Lill, C., Faull, R., Curtis, M. A., and Dragunow, M. (2015). Increased acetyl and total histone levels in post-mortem Alzheimer’s disease brain. Neurobiol. Dis. 74, 281–294. doi: 10.1016/j.nbd.2014.11.023

Nativio, R., Donahue, G., Berson, A., Lan, Y., Amlie-Wolf, A., Tuzer, F., et al. (2018). Dysregulation of the epigenetic landscape of normal aging in Alzheimer’s disease. Nat. Neurosci. 21, 497–505. doi: 10.1038/s41593-018-0101-9

Phillips, D. M., and Johns, E. W. (1965). A fractionation of the histones of group F2A from calf thymus. Biochem. J. 94, 127–130. doi: 10.1042/bj0940127

Phipps, A. J., Vickers, J. C., Taberlay, P. C., and Woodhouse, A. (2016). Neurofilament-labeled pyramidal neurons and astrocytes are deficient in DNA methylation marks in Alzheimer’s disease. Neurobiol. Aging 45, 30–42. doi: 10.1016/j.neurobiolaging.2016.05.003

Sanchez-Mut, J. V., Aso, E., Heyn, H., Matsuda, T., Bock, C., Ferrer, I., et al. (2014). Promoter hypermethylation of the phosphatase DUSP22 mediates PKA-dependent TAU phosphorylation and CREB activation in Alzheimer’s disease. Hippocampus 24, 363–368. doi: 10.1002/hipo.22245

Sanchez-Mut, J. V., Aso, E., Panayotis, N., Lott, I., Dierssen, M., Rabano, A., et al. (2013). DNA methylation map of mouse and human brain identifies target genes in Alzheimer’s disease. Brain 136, 3018–3027. doi: 10.1093/brain/awt237

Szabo, M., and Gulya, K. (2013). Development of the microglial phenotype in culture. Neuroscience 241, 280–295. doi: 10.1016/j.neuroscience.2013.03.033

Thal, D. R., Rüb, U., Orantes, M., and Braak, H. (2002). Phases of Aβ-deposition in the human brain and its relevance for the development of AD. Neurology 58, 1791–1800. doi: 10.1515/9783110264104.309

Thangavel, R., Sahu, S. K., Van Hoesen, G. W., and Zaheer, A. (2009). Loss of nonphosphorylated neurofilament immunoreactivity in temporal cortical areas in Alzheimer’s disease. Neuroscience 160, 427–433. doi: 10.1016/j.neuroscience.2009.02.037

Thomas, J. O., and Kornberg, R. D. (1975). An octamer of histones in chromatin and free in solution. Proc. Natl. Acad. Sci. U S A 72, 2626–2630. doi: 10.1073/pnas.72.7.2626

Volianskis, A., Køstner, R., Mølgaard, M., Hass, S., and Jensen, M. S. (2010). Episodic memory deficits are not related to altered glutamatergic synaptic transmission and plasticity in the CA1 hippocampus of the APPswe/PS1deltaE9-deleted transgenic mice model of ß-amyloidosis. Neurobiol. Aging 31, 1173–1187. doi: 10.1016/j.neurobiolaging.2008.08.005

Zhao, Y. T., Kwon, D. Y., Johnson, B. S., Fasolino, M., Lamonica, J. M., Kim, Y. J., et al. (2018). Long genes linked to autism spectrum disorders harbor broad enhancer-like chromatin domains. Genome Res. 28, 933–942. doi: 10.1101/gr.233775.117

Ziller, M. J., Gu, H., Müller, F., Donaghey, J., Tsai, L. T. Y., Kohlbacher, O., et al. (2013). Charting a dynamic DNA methylation landscape of the human genome. Nature 500, 477–481. doi: 10.1038/nature12433

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 © 2019 Dyer, Phipps, Mitew, Taberlay and Woodhouse. 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(s) 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/fnagi-11-00068-g002.gif
Layers 2/3 nuclei
PA

density (/mm
H

K

H

la
With H3K2Y

% Nuclg

layers 23 =

with H3Kd4me3

% Nuclei






OPS/images/fnagi-11-00068-g003.gif
& 7
— &
HaK27mes

Calretinin





OPS/images/fnagi-11-00068-t002.jpg
Fluorophore Manufacturer Catalogue number Reactivity Species

Alexa Fluor 594 Invitrogen (USA) A11028 Anti-rabbit IgG Goat
Alexa Fluor 483 Invitrogen (USA) A-11029 Anti-mouse IgG Goat






OPS/images/fnagi-11-00068-g001.gif
28L23iEH thum
—1 o sikeiu %

@
®
13
N
S
R4
s
I

1onu 9| s10he





OPS/images/fnagi-11-00068-g004.gif
EOWPNEH
suoinau |ep}

T gawzyeH _t_‘s%m
TC saooncel Tapiuisd o

92)IEH UNM Paz([e00]-00
(D suoinaiepo






OPS/images/fnagi-11-00068-g005.gif
SowpYIEH UM p
I suoinauidjul pajager-u

£UIZZYIEH UM pozy
(D sucinasuiaili pajeqe;






OPS/images/crossmark.jpg





OPS/images/fnagi-11-00068-t001.jpg
Name

Epitope

Manufacturer

Catalogue number

Host species

Concentration

HaK4me3
HaK27mes3
Haka7ac
SMI-32
Calretinin
6E10
Synaptophysin
VGluti

VGAT

Histone 3, Lysine 4 trimethyl
Histone 3, Lysine 27 trimethyl

Histone 3, Lysine 27 acetylated

NF-M and NF-H non-phosphorylated
Calretinin-22K

Purified B-amyloid 1-16

Synthetic ful-length human synaptophysin
Recombinant protein aa 456-560 of VGILt1
Synthetic peptide aa 75-87 of rat VGAT

Active Motif (USA)

Milipore (USA)

Active Motif (USA)

Biolegend (USA)

Swant (Switzerland)
Govance (USA)

Milipore (USA)

Synaptic Systems (Germany)
Synaptic Systems (Germany)

39160
07-449
39134
SMI-32P
683
SIG-39320
AB9272
135303
131003

Rabbit
Rabbit
Rabbit
Mouse
Mouse
Mouse
Rabbit
Rabbit
Rabbit

1:1,000
1:1,000
1:1,000
1:500
1:250
1:1,000
1:200
1:500
1:500






OPS/images/cover.jpg
’ frontiers

in Aging Neuroscience

Age, but Not Amyloidosis, Induced
Changes in Global Levels of
Histone Modifications in
Susceptible and Disease-Resistant
Neurons in Alzheimer’s Disease
Model Mice









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





