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Neural plasticity is a unique and adaptive feature of nervous system, which allows neurons to reorganize their interactions in response to a stimulation (intrinsic or extrinsic) to maintain their function. For these reasons, epigenetics emerges as a potential field for developing strategies to modulate changes in pathological situation because extrinsic factors and pharmacological tools can modify neural functioning in organisms during their life. Diet, exercise, environmental aspects, stressors or drugs are available to alter those mechanisms. Epigenetic involves certain molecular signaling pathways, as DNA methylation and histone acetylation and deacetylation, and the emerging non-coding small RNA, mainly microRNA, as a commanders of a number of translation processes. As most of molecular nervous cell alterations, epigenetic mechanisms play an important role in neural plasticity. 

This eBook collects the burgeoning advances in epigenetic mechanisms, focusing on new insights into cellular and molecular neurobiological mechanisms that underlie brain functioning in health and pathological conditions. Contributions go from basic cellular mechanism to therapeutic opportunities to tackle the challenges on nervous central system development and neurodegeneration.
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Editorial on the Research Topic
 Epigenetic Mechanisms Regulating Neural Plasticity



While larger parts of the genome have been deciphered and sequenced during the last decade, it is now possible to identify practically all the genes that a cell or tissue transcribes and translates at a given moment in time (Wheeler et al., 2008). Thus, the challenge we are now facing is to understand the epigenetic regulation of all this information, it will be the next great task in the near future. The central nervous system (CNS), and especially the brain, has evolved to make humans the way they are, and it is strongly influenced and affected by epigenetic factors (Stroud et al., 2017). Indeed, many extrinsic factors can alter neural activity during the lifetime of an organism (from the embryo to adult and during aging), including diet, exercise, environmental variations, stressors, etc. These stimuli exert their effect through processes commonly referred to as “Epigenetic mechanisms” (Sen et al., 2016), which mainly involve DNA methylation and demethylation, protein acetylation and deacetylation (mainly histones) and regulatory small non-coding RNAs, primarily microRNAs (miRNA) activity, all important events in the regulation of neuronal plasticity. Consequently, this special issue aims to shed light on the physiological and pathological processes affected by epigenetic mechanisms that are involved in the regulation of neural plasticity, highlighting the potential diagnostic and therapeutic strategies that may become commonplace in the future. Accordingly, this volume presents a collection of works, both reviews and original studies, that address the aforementioned issues, representing the ideas of 100 researchers from eight countries on three continents.

Epigenetic mechanisms have been proposed to strongly participate in the adaptive features of the CNS, both those of a physiological (from embryonic development through aging) and pathological (from cancer to neurodegenerative conditions) nature. Changes in the epigenome allow neurons to reorganize in response to intrinsic or extrinsic stimuli, and to develop or maintain specific activities. As such, the study of epigenetics is potentially interesting when attempting to develop strategies that modulate changes provoked in pathological conditions, particularly since extrinsic factors and pharmacological tools can modify neural function in an organism throughout its life. Therefore, diet, exercise, environmental conditions, stressors or drugs can alter pathological events to benefit the patient, driving epigenetic processes that co-ordinate a number of translational processes.

Post-translational modifications have been implicated in neurological pathologies like Parkinson's disease (PD), including protein acetylation. In fact, when acetylated proteins and peptides were characterized in primary fibroblasts from patients with inherited and idiopathic PD, differences were described in the hyperacetylated and hypoacetylated peptides between the two pathological entities (see Yakhine-Diop et al.). Additionally, acetyl-CoA metabolism is relevant in regulating multiple protein acetylation reactions in the brain, which in turn regulate the functional and adaptative properties of brain cells (both neuronal and non-neuronal). Ronowska et al. highlights the importance of the changes in intraneuronal acetyl-CoA and its compartmentalization, which contributes to the development of different neurodegenerative brain disorders.

Epigenetic elements or tags can be read (recognized), written (established), and erased (removed) in nucleosomes, mainly through DNA methylation and demethylation. The influence of demethylation in the adult brain and on neurological disorders, as well as its possible functional consequences for health and disease, has been reviewed by Bayraktar and Kreutz. Similarly, a key role for epigenetic DNA modifications has been identified by Andrés-Benito et al. demonstrating a decrease in the methylation of the Katanin Interactor Protein gene (KIAA0566) in association with age and the presence of neurofibrillary tangles, the main pathological characteristics of taupathies. Indeed, this particular alteration in DNA methylation has important implications for the regulation of microtubule homeostasis in locus coeruleus neurons. The review by Penas and Navarro focuses on the implication of a wider set of epigenetic changes that appear to trigger modifications in nociception after neural lesions, including histone modifications, DNA methylation, the expression of non-coding RNAs and altered chromatin modifier activity. As such, novel putative targets to manage neuropathic pain are proposed, which remains an unmet clinical need, such as histone deacetylases (HDAC1, Sirt1), histone demethylases (JMJD3), histone methyltransferases (G9a, EZH2), DNA methyltransferase (DNMT3b), transcriptional repressor complex (REST), Methyl CpG binding protein (MeCP2), and various non-coding RNAs. The correct delivery of microRNAs is a key factor for their possible therapeutic application and Reza-Zaldivar et al. explain why exosomes could constitute an adequate vehicle for the delivery of microRNAs in biological systems, for example, as an alternative treatment for Alzheimer's disease.

In addition to the aforementioned epigenetic mechanisms, stress, changes in diet and the environment, or even situations of extreme environments like outer space, can influence neuroplasticity and consequently, affect the activity of the CNS. In this respect, Herrera et al. demonstrate that controlling dietary long-chain polyunsaturated fatty acid (L-CPFA) content modulates the expression of synaptogenesis-related neuronal proteins, in conjunction with the influence of hormones. Indeed, estradiol and progesterone levels, as well as cyclic ovarian secretory activity, may modulate the effects of dietary L-CPFA in cerebral cortex physiology, which for example, may have clinical implications for postmenopausal women. In addition, Benoit et al. show how nutrient variations and hormonal changes early in development can reprogram metabolism in adulthood. Specifically, they demonstrate the changes in expression of eleven microRNAs induced by hyperinsulinemia and/or hyperleptinemia in the arcuate nucleus, a master regulator of energy homeostasis. This reveals how an altered perinatal environment can affect metabolism in adulthood.

With respect to the importance of the environment on genomic expression, Griñán-Ferré et al. demonstrate how significant improvements in brain function and cognitive abilities can be achieved in a model of aging through interventions that involve environmental enrichment. Importantly, these authors demonstrate that epigenetic mechanisms at least in part drive some of the beneficial effects of environmental enrichment, such as the decreased neuroinflammation and enhanced synaptic function. As described previously, environmental enrichment increases the cognitive reserve in humans, helping combat the deleterious effects of neurodegeneration (Redolat and Mesa-Gresa, 2012). Hence, the individual's physical and social surroundings are clearly important in providing the brain with some arms to resist neurodegenerative processes, increasing resilience of paramount importance in aging processes.

By contrast, the work by Muñoz-Llanos et al. focuses on the effect of chronic stress on synaptic plasticity in the hippocampus, giving importance to the effect of epigenetic mechanisms on learning and memory processes. They identified miRNA-92a and miR-485 as potential targets to produce changes in gene regulatory networks within the hippocampus of stressed rats, modifying the dynamics of neuroplasticity. As such, these non-coding regulatory RNAs could represent novel targets for the treatment of depression.

Finally, Cui et al. present a detailed genomic analysis of the differentiation of neuronal stem cells (NSCs) in outer space flights. During such spaceflight experimental conditions, NSCs maintain a greater capacity for stemness even though their growth rate slows down. This type of study will help us begin to understand the possible physiological changes in the CNS associated with future space travel.

In conjunction, in this volume breakthrough new information is collected regarding the cellular and molecular mechanisms underlying synaptic plasticity in neurodegenerative diseases like Parkinson's, or Alzheimer's, as well as in other CNS disorders like depression or neuropathic pain. In addition, further valuable information is provided regarding the physiology of the brain, all from the perspective of epigenetic regulation.
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Parkinson's disease (PD) is a multifactorial neurodegenerative disorder. The pathogenesis of this disease is associated with gene and environmental factors. Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most frequent genetic cause of familial and sporadic PD. Moreover, posttranslational modifications, including protein acetylation, are involved in the molecular mechanism of PD. Acetylation of lysine proteins is a dynamic process that is modulated in PD. In this descriptive study, we characterized the acetylated proteins and peptides in primary fibroblasts from idiopathic PD (IPD) and genetic PD harboring G2019S or R1441G LRRK2 mutations. Identified acetylated peptides are modulated between individuals' groups. Although acetylated nuclear proteins are the most represented in cells, they are hypoacetylated in IPD. Results display that the level of hyperacetylated and hypoacetylated peptides are, respectively, enhanced in genetic PD and in IPD cells.

Keywords: acetylation, LRRK2, peptides, Parkinson, proteins

INTRODUCTION

Parkinson's disease (PD) is a disabling neurological disorder that is in progressive evolution. This neurodegeneration mainly affects the dopaminergic neurons of the susbtancia nigra pars compacta that are in part responsible for clinical motor symptoms. The widespread of this neurodegeneration from the midbrain to other neurotransmitter (serotoninergic and noradrenergic) systems elicits the appearance of non-motor symptoms (Politis and Loane, 2011; Deusser et al., 2015). Although well not understood, the etiopathogenesis of PD has thought related to environmental factors and gene mutations. Almost 90% of PD cases are sporadic (Ammal Kaidery et al., 2013), and may due to the susceptibility of genetic predisposition to environmental factors (Yakhine-Diop et al., 2014). Mutations in leucine-rich repeat kinase 2 (LRRK2) have been associated with autosomal dominant PD and involved in familial and idiopathic cases. Among six pathogenic LRRK2 mutations (R1441G/C/H, Y1699C, G2019S, and I2020T), the most frequent is the G2019S that affect almost 5% of familial PD and 2% of sporadic PD (Li et al., 2014). G2019S and R1441G are located, respectively, in the kinase and GTP domains of LRRK2 protein. Both mutations participate in the pathogenicity of PD through the impairment of LRRK2 enzymatic activity (Martin et al., 2014).

Evidence has reported that PARK genes, among other synuclein (SNCA) and LRRK2, regulate epigenetic mechanisms, thereby modulate gene expression (Coppedè, 2012). Indeed, gene expression is altered through posttranslational modifications of histones (methylation, phosphorylation, ubiquitination, and acetylation) and affects individual phenotypes (Ammal Kaidery et al., 2013). Parkinsonism-related toxins modulate histone acetylation by either decreasing histone deacetylase (HDAC) activity (Song et al., 2011) or increasing histone acetyltransferase (HAT) activity (Song et al., 2010). Studies, in PD post mortem brains, have reported that histone acetylation is upregulated in midbrain neurons; however, in some patients, this acetylation level varies differentially according to the brain regions and cell types (Park et al., 2016).

Acetylation is the transfer of an acetyl group from acetyl coenzyme A to the ε-amino group of lysine residues in proteins (histone and non-histone proteins) or to the α-amino group of the N-terminus of proteins. N-terminal acetylation is an irreversible reaction that is catalyzed by N-terminal acetyltransferases, whereas lysine acetylation is regulated by the balance of two enzymes HAT and HDAC (Drazic et al., 2016). The combination of these both acetylation reactions constitutes the acetylome. Acetylome in PD models is poorly characterized, only the variation of histone acetylation has been widely reported. Given that it may have an important role in PD pathogenesis, we identified some of those proteins that are acetylated in PD-associated (G2019S and R1441G) LRRK2 mutations and idiopathic PD. Importantly, there are more acetylated peptides in genetic PD models and acetylated proteins are mainly nuclear and cytosolic.

MATERIALS AND METHODS

Cell Culture

Fibroblasts from PD patients (with or without LRRK2 mutations) and from control subjects were provided by Dr. Adolfo López de Munaín. Experiments were performed using four cell lines: Control (Co, patients who did not develop PD), IPD (IPD, PD patients without LRRK2 mutations), GS (PD patients with G2019S LRRK2 mutation), and RG (PD patients with R1441G LRRK2 mutation). This study was carried out in accordance with the recommendations of Comité Ético de Investigación Clínica del Área Sanitaria de Gipuzkoa. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Cells were grown in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich, D6546) supplemented with 10% of fetal bovine serum (FBS, Sigma-Aldrich, F7524), 1% L-glutamine (Sigma-Aldrich, G7513) and 2 mL streptomycin/penicillin (HyClone, Thermo Fisher Scientific, SV30010) at 37°C in 5% CO2/95% air. To confirm the G2019S or R1441G LRRK2 mutations in cells, DNA was extracted (Macherey-Nagel Kit, 740952.50) and sequenced at STAB VIDA (Caparica, Portugal). In this study, we worked with pooled cell lines ranging from three to four cell lines (Table 1). Human fibroblasts (HFs) were seeded at a density of 3.5 × 104 cells/mL and from lower passages.


Table 1. Presentation of the four groups of pooled cell lines.
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Digestion and Desalting of Peptides

Samples (Co, IPD, GS, and RG) were resuspended in 400 μL of 50 mM ammoniun bicarbonate and quantified by Bradford protein assay (BioRad). For each sample, 2 mg protein were diluted in 8 M Urea in-solution trypsin digestion. Proteins were reduced, alkylated, and digested with a 1:20 (w /w) ratio of recombinant trypsin sequencing grade (Roche) overnight at 37°C. Peptides from digested proteins were desalted and concentrated with a C18 reversed phase chromatography (ZipTip C18, Millipore) and the peptides were eluted in 50% acetonitrile (ACN)/0.1% trifluoroacetic acid (FA). Finally, the samples were freeze-dried in SpeedVac and dissolved in 200 μL of NETN (100 mM NaCl, 1 mM EDTA, 50 mM Tris pH 8, and 0.5% Nonidet P40) buffer for affinity enrichment of lysine-acetylated peptides.

Enrichment of Lysine-Acetylated Peptides

Samples in NETN buffer were incubated with anti-acetyl lysine agarose beads (catalog no. PTM-104, PTM Biolabs) at 4°C overnight with gentle shaking. After incubation, the beads were carefully washed three times with NETN buffer, twice with ETN buffer (1 mM EDTA, 50 mM Tris pH 8, and 100 mM NaCl), and once with water. The immunoprecipitated peptides were eluted with 1% FA and dried in a SpeedVac. The resulting peptides were cleaned with C18 Zip Tips (Millipore) according to the manufacturer's instructions and were dissolved in 12 μL of 2% ACN/0.1% FA then subjected to LC–MS/MS analysis by Triple TOF 5600 (SCIEX).

Protein Identification

MS/MS data sets were identified using Mascot licensed version 2.3.02 (Matrix Sciences) and ProteinPilot (revision 4895; AB SCIEX 5.0.1) using the Paragon algorithm (5.0.1.0, 4874). All data files were searched using the SwissProtHuman 2015_09_17 database with 42136 sequences. Search parameters in Mascot for acetylated peptides were as follows: trypsin digestion with five missed cleavages to account the inability of trypsin to cleave at acetylated lysine residues. Lysine acetylation, N-terminal acetylation and methionine oxidation were set as variable modifications, and carbamidomethyl cysteine as a fixed modification. Precursor ion and fragment ion mass tolerances were set to 30 ppm and 0.6 Da, respectively. Further, the decoy database search (Mascot integrated decoy approach) was used to false decoy recovery (FDR) calculation and the percolator algorithm applied to Mascot results. The acceptances criteria for proteins identification were a FDR < 1% and at least one peptide identified with a confidence interval (CI > 95%). In ProteinPilot, the following sample parameters were used: trypsin digestion, cysteine alkylation with iodoacetamide, and acetylation emphasis. A thorough identification (ID) search was done. Thus, a local FDR of 1% was chosen using the ProteinPilot FDR analysis tool (PSPEP) algorithm and a peptide CI value of 95%.

Protein Relative Quantification

For human proteins relative quantification in (Co, IPD, GS, and RG) samples, the Raw profile data files (.raw) were imported into Progenesis LC-MS for proteomics (64-bit version v 4.1; Nonlinear Dynamics/Waters). Imported runs were chromatographic aligned to the reference run identified by the software. All runs were selected for peak picking with the automatic sensitivity method (default settings) and filtered to include only peaks with a charge state between 2 and 5. All detected features were normalized against the reference run by Progenesis LC-MS. Between-subject comparison was used as experimental design (Co, IPD, GS, and RG). Spectral data from selected features (p-value < 0.05) were transformed to Mascot generic format (MGF) files with Progenesis LC-MS and exported for peptide/protein identification to Mascot search engine, using the searched parameters above described. Mascot search results, that exceed the acceptance criteria for identification (FDR < 1%, peptides with individual ion scores >13, p < 0.05), were imported into Progenesis LC-MS as XML files and analyzed according to the following criteria: only were used quantitation from non-conflicting peptides. For each protein, the number or reported peptides was determined by counting unique peptide sequence. Only proteins reported by one or more peptides with a p-value < 0.05 were quantified.

Protein abundance was calculated from the sum of all unique normalized peptide ion abundance. Protein reported abundance is the geometric mean of the biological replicates. Proteins with a likelihood of quantification smaller than 0.05 (Anova p-value) were considered to be significantly regulated. Normalized peptide intensities were used to calculate fold-changes between samples. Relative abundance of human proteins (fold change) in three conditions compared with corresponding proteins in control samples were quantified by the ratio of summed peptide ion normalized abundance in each group to evaluate the enrichment of the protein. Differentially expressed proteins (p < 0.05) were considered with a fold change ≥1.3 and at least 1 identified peptides in at least one of replicates.

Immunofluorescence

HFs were seeded on 96-well plate at a density of 3500 cells/well. Cells were successively fixed with 4% PFA and permeabilized with 0.1% Triton (Sigma-Aldrich, T9284) for 20 and 5 min, respectively, at room temperature (RT). Once permeabilized, plated cells were incubated with bovine serum albumin (BSA)/PBS solution (1 mg/mL) for 1 h at RT and then with the primary antibody acetyl-H4 (G-2) (Ser1K5K8K12) (1:50, Santa Cruz Biotechnology, sc-393472), while shaking overnight at 4°C. The following day, cells were reincubated with Alexa Fluor® 568 (1:100 Thermo Scientific, A11004)-conjugated secondary antibodies for 1 h at RT. Nuclei were stained with Hoechst 33342 (2 μM, Sigma Aldrich, B2261). Images were visualized using an Olympus IX51 inverted microscope.

Statistical Analyses

Statistical analyses were assessed by Student's t-test, Chi-Squared test or Anova test. The results were considered significant at p<0.05.

RESULTS

Detection of Acetylated Proteins

We determined the N-terminal acetylation and acetylated lysine (Ac-K) proteins in fibroblasts from PD patients and control subjects. In Tables 2, 3, we have listed some of those acetylated proteins. Some of them (fructose bisphosphate aldolase C (ALDOC), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Alpha-Enolase, pyruvate kinase) are enzymes that participate at different steps of glycolysis pathway (TeSlaa and Teitell, 2014). The rest of acetylated proteins are implicated in cell proliferation, acetylation, apoptosis and nucleosome wrap, as well in the link between glycolysis and citric acid cycle. Most of those proteins were located in the nucleus and the cytoplasm and represent, respectively, 52 and 36% of acetylated proteins in PD patients (Figure 1A). The less represented were found in plasma membrane (8%) and mitochondrion (4%).This distribution did not change in the control group but the proportion slightly differs. The number of Ac-K sites on proteins varied from one to ten (Tables 2, 3) and can be found on distinct peptides. Furthermore, in PD models some acetylated proteins had more or less Ac-K sites than Control line (Table 2). Interestingly, we found that the ratio of acetylated peptides/non-acetylated peptides was enhanced in GS and RG cells while it was decreased in IPD cells (Figure 1B). We inferred that there were more acetylated peptides levels in familial PD than in sporadic PD. These variations were significant between genetic and idiopathic PD.


Table 2. Acetylated proteins in fibroblasts from PD patients with or without LRRK2 mutation.
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Table 3. Acetylated proteins in human fibroblasts from control subjects.
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FIGURE 1. Acetylated proteins in human fibroblasts. (A) Subcellular location of acetylated proteins (%) in human fibroblasts. (B) Ratio of identified acetylated peptides/non-acetylated peptides in human fibroblasts, p < 0.03, p < 0.02 and p < 0.01 compared to control (χ2-test). (C–E) Comparison of acetylated proteins and identified acetylated peptides per proteins between Co line and PD models. (C) Co and IPD lines, (D) Co and GS lines (E) Co and RG lines represent the acetylome of each group and what they share in common.



Identification of Acetylated Peptides and Proteins in PD Fibroblasts

To elucidate these differences, PD patients' data were compared to Co data. We observed that there were four acetylated proteins only belonged to Co (Figures 1C–E), however two of them (Nucleophosmin and Zinc finger protein 784) were constant. The pairs of thymosin β4 and H2B1B or H2B1B and H2B1M or Annexin A6 and Histone 1.5 were additionnally found in Co line when compared to IPD, GS, and RG lines, respectively. Moreover, Co and PD lines have acetylated proteins in common. From the detected acetylated proteins based on the comparison effectuated respect to Co line, distinct acetylated peptides were identified and were characteristic of each group. Thus, 2 out of 5 acetylated peptides [STVHEILCK (Annexin A2 protein) and KGSKKAVTKAQKK (H2B1L protein)] are specific to IPD line, 2 to GS line [FLEQQNKILLAELEQLK (Vimentin protein) and KGSKKAVTK (H2B1C protein)] and 1 out of 3 to RG line [GVTQFGNKYIQQTK (CPSF5 protein)]. Of note, proteins can be acetylated in one or more peptides, and following the group of healthy subjects or PD patients, the acetylation of one protein might change from one peptide to another and be monoactylated, polyacetylated or inexistent. Given that the fold change of acetylated peptides depend on the relative abundance of proteins, the level of acetylated peptides was classified in three categories (Normal, hypoacetylated, and hyperacetylated). Therefore, it exists more hypoacetylated peptides in IPD line than in Co line. Also, the percentage of hyperacetylated peptides was significantly increased in cells harboring LRRK2 mutations (Figure 2A). By immunofluorescence staining, we observed that the intensity of acetylated Histone 4 was significantly reduced in IPD line (Figures 2B,C).
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FIGURE 2. Modulation of acetylated peptides in human fibroblast (A) Represents in % the fold change of hypoacetylated and hyperacetylated peptides in HFs compared to Co, *p < 0.05 and **p < 0.01 (χ2-test). (B,C). Acetylated histone 4 (Ac-H4K5K8K12) (red) was detected by immunofluorescence and the nuclei were stained with Hoechst 33342 (blue), Original magnification: 20X, scale bar corresponds to 10 μm. (C) Represents the quantification of fluorescence intensity of labeled Ac-H4K5K8K12 by imageJ (n = 200 cells). Data represent the mean ± SEM of at least three independent experiments, **p < 0.01 and ***p < 0.001 respect to Co (Student's t-test).



DISCUSSION

Dysregulation of acetylation machinery can lead to neurodegenerative diseases. In fact, protein aggregation is a hallmark of neurodegeneration and it is regulated by protein acetylation including lysine acetylation (Lee and Finkel, 2009) and N-terminal acetylation. It has been reported that the N-terminal acetylation of SNCA prevents its aggregation by stabilizing protein formation (Bartels et al., 2014), besides that, N-terminal acetylation can also act as a recognition tag to mediate protein degradation (Zattas et al., 2013), thus N-acetylation deficiency could be associated with PD pathogenesis. Despite this protective effect, N-terminal acetylation can disturb further proteasome degradation interplaying the N-terminal ubiquitylation of α-amino group of proteins substrates (Tatham et al., 2013).

Even though 80% of human proteins are acetylated at their N-terminal, they are poorly considered (Aksnes et al., 2016). In this study, the proteins N-terminally acetylated in PD models are annexin A2, putative annexin A2-like protein, cytosolic (Thymosin β4, α-enolase), nuclear (parathymosin, protein S100-A6, prothymosin α), and participate in various cellular processes. These proteins are more represented in IPD line. In common to IPD and GS lines, prothymosin α (Qi et al., 2010) and protein S100-A6 (Bartkowska et al., 2017) are, respectively, anti-apoptotic and stress modulator. α-Enolase is found in RG line whereas annexin A2 is in all PD models. Annexins (A1, A2, and A5) are calcium sensors that translocate to plasma or nuclear membrane (Skrahina et al., 2008) and affect apoptosis pathways (Debret et al., 2003; Jiang et al., 2015). It remains to investigate whether the N-acetylated form of these proteins have a crucial role in the progression of PD. Acetylated thymosin β4 is common to both genetic PD lines, this protein has a critical role in actin polymerization (Mannherz et al., 2010). Moreover, LRRK2 mutations influence cytoskeleton organization. In fact, GTP LRRK2 domain interacts with β-tubulin and increases the lysine acetylation of α-tubulin. However, this interaction is altered with G2019S and R1441G LRRK2 mutations and affects the stability of microtubules (Law et al., 2014). Indeed, neither microtubule structure nor conformation has affected by α-tubulin acetylation but influences the tubulin-binding proteins therefore tubulin functions (Howes et al., 2014). Damaged mitochondria-induced reactive oxygen species (ROS) are responsible for α-tubulin hyperacetylation (Bonet-Ponce et al., 2016). Such modification is required for an adaptive cell response through autophagy induction, consequently, this hyperacetylation is negatively regulated by p300 upon stress (Mackeh et al., 2014). In G2019S LRRK2 mutation, the reduction of mitochondrial membrane potential is accompanied by an increase of ROS production and an enhancement of the basal autophagy level (Yakhine-Diop et al., 2014). An impairment of autophagy induction was also observed in IPD and R1441G LRRK2 lines (Data not shown). The HATs p300 and CBP are acetylated in RG line, respectively, at five and 2 lysine positions, which means p300 basal activity is increased (Drazic et al., 2016). Even though, HAT and HDAC are involved in the modulation of protein acetylation, acetyl-CoA availability is critical. In mammals, acetyl CoA is in part generated from pyruvate by pyruvate dehydrogenase (PDHA1). Pyruvate is the final product of glycolysis pathway (Drazic et al., 2016). Some enzymes of this pathway are lysine acetylated in IPD, GS, and RG lines. This posttranslational modification can increase or decrease the enzymatic activity of certain proteins. In the case of acetylated PDHA1 in RG line, its activity is decreased (Drazic et al., 2016), therefore the level of acetyl-CoA formation from glycolysis may be reduced. The different pathways (glycolysis and fatty acid β-oxidation) generating acetyl CoA interplay in mitochondria. Generally, mitochondria are defective in PD, this dysfunction disturbs the acetylation machinery by reducing HDAC Class III (sirtuins) activity (Schwab et al., 2017). Additionally, an imbalance between HDAC and HAT activities lead to hyperacetylation (Park et al., 2016) or hypoacetylation of proteins. Taken together, proteins are acetylated in IPD and LRRK2 mutations-associated PD. However, it occurs more hyperacetylated proteins in cells harboring LRRK2 mutations than in IPD lines. This variation seems to be associated with the disease. Moreover, in healthy subjects harboring the R1441G LRRK2 mutation, the intensity of acetylated proteins was enhanced (Data not shown). The molecular mechanism of protein acetylation in PD remains unclear. It will be interesting to elucidate how proteins can be hypoacetylated in IPD rather than in Genetic PD.
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Brain neurons, to support their neurotransmitter functions, require a several times higher supply of glucose than non-excitable cells. Pyruvate, the end product of glycolysis, through pyruvate dehydrogenase complex reaction, is a principal source of acetyl-CoA, which is a direct energy substrate in all brain cells. Several neurodegenerative conditions result in the inhibition of pyruvate dehydrogenase and decrease of acetyl-CoA synthesis in mitochondria. This attenuates metabolic flux through TCA in the mitochondria, yielding energy deficits and inhibition of diverse synthetic acetylation reactions in all neuronal sub-compartments. The acetyl-CoA concentrations in neuronal mitochondrial and cytoplasmic compartments are in the range of 10 and 7 μmol/L, respectively. They appear to be from 2 to 20 times lower than acetyl-CoA Km values for carnitine acetyltransferase, acetyl-CoA carboxylase, aspartate acetyltransferase, choline acetyltransferase, sphingosine kinase 1 acetyltransferase, acetyl-CoA hydrolase, and acetyl-CoA acetyltransferase, respectively. Therefore, alterations in acetyl-CoA levels alone may significantly change the rates of metabolic fluxes through multiple acetylation reactions in brain cells in different physiologic and pathologic conditions. Such substrate-dependent alterations in cytoplasmic, endoplasmic reticulum or nuclear acetylations may directly affect ACh synthesis, protein acetylations, and gene expression. Thereby, acetyl-CoA may regulate the functional and adaptative properties of neuronal and non-neuronal brain cells. The excitotoxicity-evoked intracellular zinc excess hits several intracellular targets, yielding the collapse of energy balance and impairment of the functional and structural integrity of postsynaptic cholinergic neurons. Acute disruption of brain energy homeostasis activates slow accumulation of amyloid-β1-42 (Aβ). Extra and intracellular oligomeric deposits of Aβ affect diverse transporting and signaling pathways in neuronal cells. It may combine with multiple neurotoxic signals, aggravating their detrimental effects on neuronal cells. This review presents evidences that changes of intraneuronal levels and compartmentation of acetyl-CoA may contribute significantly to neurotoxic pathomechanisms of different neurodegenerative brain disorders.

Keywords: acetyl-CoA, acetylcholine, N-acetyl-L-aspartate, nerve growth factor, protein acetylations, metabolic compartmentation, neuronal metabolism, neurodegeneration

INTRODUCTION

Cellular diversity is a principal morphologic and functional property of the brain. It includes the existence of different classes of neuronal, astroglial, microglial, and oligodendroglial cells, and also several supporting vascular and meningeal membranes cells. The neurons constitute a relatively small but highly heterogenous, and not evenly distributed, fraction of the whole brain cell population (Herculano-Houzel, 2014). Their principal function neurotransmission includes synthesis, vesicular accumulation, and quantal release of diverse neurotransmitters and regulatory compounds. The former, when released in quantal mode from depolarized axonal terminals, may exert either activatory or inhibitory effects on postsynaptic parts of recipient neurons. Continuous generation of action potentials and restoration of resting membrane potentials with a 5–50 Hz frequency, requires high rates of energy production. These two neuronal parameters may be traced in vivo by electroencephalography and CT-PET-MRI functional imaging (Jagust et al., 2015). Three dimensional mapping and dynamic studies of regional18F-deoxyglucose uptake, or changes in phosphocreatine, ATP, N-acetyl-L-aspartate (NAA) or lactate levels may provide a precise picture of energy metabolism in each selected anatomical structure of the brain. They also provide an accurate localization and analysis of metabolic disturbances in diverse brain pathologies (Kochunov et al., 2010; Kato et al., 2016; Zhong et al., 2014). Several reports indicate that shifts in cellular compartmentation and rates of metabolism of direct energy precursors such as pyruvate/lactate and its conversion to acetyl-CoA by PDHC may take part in the adaptative processes during brain maturation, aging, and diverse neuropathophysiological conditions (Halim et al., 2010; Jha et al., 2016). Hence, acetyl-CoA as an immediate substrate for TCA and diverse key acetylation reactions should be considered as one of the key regulatory signals in these conditions (Szutowicz et al., 2013, 2017; Pietrocola et al., 2015; Peng et al., 2016).

ACETYL-CoA PRECURSORS IN THE BRAIN

Glucose and Derived Metabolites as a Principal Source of Acetyl-CoA and Energy in the Brain

Neurons contribute to 50–80% of overall energy balance of the whole brain using glucose oxidative metabolism as a principal energy source. Its adequate provision is assured by the presence of the high capacity medium affinity GLUT1 transporter (Km ∼ 8.0 mM) on the blood brain barrier and the high affinity GLUT3 transporter (Km ∼ 2.8 mM) on neuronal plasma membranes, respectively (Simpson et al., 2007). They may secure an adequate glucose supply even at serious hypoglycemic conditions of 2 mM range. In addition, the expression of GLUT1 transporter is inversely regulated by glycemia adapting the brain to chronic hyper or hypoglycemic conditions. Such homeostatic mechanisms stabilize glucose availability in brain extracellular compartments. The high energy demand in neurons results from their neurotransmitter functions linked with continuous depolarization/repolarization cycles of 5–50 Hz frequency. The maintenance of this basal neuronal function requires marked energy expenses for the restoration of membrane potential and preservation of the stable neurotransmitter pool in synaptic vesicles. Therefore, neurons are more susceptible than glial cells to diverse range pathologic inputs that limit the supply of oxygen and/or glucose and lactate as principal energy substrates (Szutowicz et al., 2013, 2017).

On the other hand, glial cells – that outnumber neurons depending on the region by 10 to 1 – produce only ca. 30–40% of the overall brain energy pool, utilizing a 50% fraction of supplied glucose (Jolivet et al., 2009; Herculano-Houzel, 2014). This divergence is caused by the fact that glial cells, mainly astrocytes, are net producers of lactate due to the relative prevalence of glycolysis over oxidative metabolism. The lactate released from the glial cells is taken up by neurons through MCT2 monocarboxylate transporters, of high affinity to lactate and pyruvate with Km values equal to 0.5 and 0.1 mM, respectively (Pérez-Escuredo et al., 2016). Reuptake of lactate by astroglia is prevented due to the presence of low affinity MCT4 transporters of Km about 25 mM. Thereby, lactate may be complementary to the glucose source of intraneuronal pyruvate, which in mitochondria is metabolized by PDHC, yielding acetyl-CoA. The latter is an energy precursor directly feeding the TCA cycle through citrate synthase step. In fact cultured neuronal cells grow and function well with pyruvate/lactate as the only energy substrates in the medium (Wohnsland et al., 2010). On the other hand, there are indications that in vivo both neurons and astroglia produce an excess of lactate, making the net contribution of extracellular lactate to the neuronal energy metabolism non-significant (Mangia et al., 2011). Astroglial cells also synthesize and release large amounts of L-glutamine, which is taken up by adjacent neurons. In glutamatergic and GABA-ergic neurons it is converted by phosphate activated glutaminase (EC 3.5.1.2) and glutamate decarboxylase (EC 4.1.1.15) to neurotransmitters: glutamate and γ-aminobutyrate (GABA), respectively.

In astrocytes, a fraction of glutamate, after conversion to α-ketoglutarate by glutamate dehydrogenase (EC 1.4.1.2)/aspartate aminotransferase (EC 2.6.1.1) reactions, may enter the TCA cycle at the KDHC step (Waagepetersen et al., 2007). In neurons, this pathway is much less active. Therefore, in neurons the metabolic flux of pyruvate through PDHC remains a key factor that determines the availability of acetyl-CoA for energy production in mitochondrial compartment and maintenance of their viability (Szutowicz et al., 1996, 2013). In accordance with this, the activities of PDHC in the brain homogenates and isolated mitochondria were found to be 4 – 10 times higher than in respective fractions of non-excitable tissues (Szutowicz, 1979; Szutowicz and Łysiak, 1980; Tomaszewicz et al., 2003; Bielarczyk et al., 2015). Also, rates of glucose uptake, glycolysis and pyruvate utilization in brain neurons are significantly higher than in astroglial, microglial, or oligodendroglial cells (Herculano-Houzel, 2011; Mangia et al., 2011; Klimaszewska-Łata et al., 2015). These findings are compatible with lower rates of overall oxidative metabolism in the glial than in the neuronal compartment (Thevenet et al., 2016). Therefore, physiologic and pathologic alterations of overall brain energy metabolism, observed in CT-PET-MRI as images of phosphocreatine, or NAA, reflect those taking place mainly in the neuronal compartments (Kochunov et al., 2010).

Beta-Hydroxybutyrate/Acetoacetate and Brain Acetyl-CoA

Brain cells are also capable utilizing β-hydroxybutyrate/ acetoacetate (β-HB, AcAc) as a complementary source of acetyl-CoA both for energy production in mitochondria and for cytoplasmic synthetic pathways. Under physiologic non-fasting conditions their plasma concentrations are below 0.05 mM, which precludes their effective transport by MCT2 transporter, as its Kms for these metabolites are about 1 mM (Pérez-Escuredo et al., 2016). Therefore, at similar concentrations the uptake and rate of β-HB metabolism are 5 times slower than those of pyruvate. However, in a starvation or diabetic ketoacidosis brain, the levels of β-HB may rise up to 5 and higher millimolar concentrations. In such conditions β-HB may enter the brain cell mitochondria, being effectively metabolized to acetyl-CoA through β-hydroxybutyrate dehydrogenase (HBDH, EC 1.1.1.30), 3-oxoacid CoA-transferase (EC 2.8.3.5.), and acetoacetyl-CoA thiolase (EC 2.3.1.9) pathways (Buckley and Williamson, 1973; Chechik et al., 1987). In brain nerve terminals, β-HB in concentrations of 2.5–20.0 mM could supply up to a 30% pool of acetyl-CoA required for energy production and diverse synthetic pathways, including ACh synthesis (Szutowicz et al., 1994b, 1998b). In such conditions, β-HB slightly reduced pyruvate utilization due to competition for MCT2 transporter (Szutowicz et al., 1994b; Pérez-Escuredo et al., 2016). However, it did not affect glucose oxidation (McKenna, 2012). Therefore, under ketonemic conditions β-HB may support glucose in the maintenance of the proper level of acetyl-CoA in the brain (Szutowicz et al., 1994b, 1998b; Simpson et al., 2007).

In fact β-HB markedly increased the level of acetyl-CoA in the mitochondrial compartment of brain nerve terminals (Figure 1B) (Szutowicz et al., 1998b). Synaptosomes from the brains of diabetic-ketonemic rats displayed higher levels of acetyl-CoA and rates of ACh synthesis (Szutowicz et al., 1994b, 1998b). β-HB may also prevent death of glucose deprived cultured primary cortical neurons, in energy independent mode through acetylation-induced degradation of LC3-II/p62 proteins in activated autophagosomes (Camberos-Luna et al., 2016). In high concentration β-HB also increased oxygen consumption, ATP levels, histone acetylation, and BDNF expression in cultured primary neurons from mice brain, yielding an increase of their resistance to oxidative stress (Marosi et al., 2016). Recent studies demonstrated that dietary feeding of 3xTg mice with β-HB increased the level of acetyl-CoA, accompanied by increases in NAA, citrate, and other TCA intermediates in hippocampus along with an improvement in behavioral tests (Pawlosky et al., 2017).
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FIGURE 1. Alterations of acetyl-CoA levels in forebrain cellular compartments in different experimental models of neurotoxicity and neurodegeneration. (A) Effects of variations in pyruvate uptake on acetyl-CoA level in whole brain (predominately glial) mitochondria treated with different cytotoxic and cytoprotective compounds. (B) Effects of alterations in pyruvate uptake by isolated brain synaptosomes on acetyl-CoA level in their mitochondria. (C) Effects of Zn overload of SN56 non-differentiated (blue) and differentiated (red) cholinergic neuroblastoma cells (blue and red numbers indicate intracellular Zn in nmol/mg protein) on acetyl-CoA level in whole cells and cell’s mitochondria and their N-acetylaspartate content. (D) Correlations between cytoplasmic and mitochondrial acetyl-CoA levels in synaptosomes treated with cytotoxic/cytoprotective agents increasing (green plot) or decreasing/not affecting mitochondrial membrane permeability (blue plot). The gray dotted line corresponds to theoretical stoichiometric compartmentalization of acetyl-CoA. (E) Effect of alterations in synaptoplasmic acetyl-CoA level on maximal Ca++/K+ depolarization-evoked acetylcholine release/synthesis in synaptosomes treated with different cytotoxic and cytoprotective compounds. (F) Effect of alterations in synaptoplasmic acetyl-CoA level on Ca-dependent (quantal) acetylcholine release by synaptosomes treated with different cytotoxic and cytoprotective compounds. Al, aluminum 0.25 mmol/L; BrP, 3-bromopyruvate 0.25 mmol/L; Ca, Calcium 0.01 and 0.1 with mitochondria, Ca 1.0 mmol/L with synaptosomes; DCA, dichoroacetate 0.05 mmol/L; HB, β-hydroxybutyrate 20 mmol/L; HC, (–) hydroxycitrate 1.0 mmol/L; PT, pyrythiamin-thiamin deficient synaptosomes; SNP, sodium nitroprusside 0.2 and 1.0 mmol/L; Tg2576, transgenic AD mice; VE, verapamil 0.1 mmol/L. Data were recalculated to relative values from original data: Bielarczyk and Szutowicz (1989), Szutowicz et al. (1994a, 1998a), Tomaszewicz et al. (1997), Bielarczyk et al. (1998, 2015), Jankowska-Kulawy et al. (2010), Zyśk et al. (2017).



PET-MRI studies revealed that, in contrast to glucose, AcAc metabolism is not altered in the brains of AD patients (Cunnane et al., 2011; Castellano et al., 2015). Thus, the apparent neuroprotective effects of this ketoacid could result from the supply of acetyl-CoA by pathway bypassing glycolysis and PDHC, which are impaired in AD and other neurodegenerative diseases (Szutowicz et al., 1996, 1998b, 2013; Bubber et al., 2005; Yao et al., 2009; Jankowska-Kulawy et al., 2010; Camberos-Luna et al., 2016; Kato et al., 2016; Pawlosky et al., 2017). The ketone-evoked support of acetyl-CoA/energy metabolism may explain their protective effects against amyloid toxicity in brains of PDGFB-APPSwInd AD mice (Yin et al., 2016). These findings indicate that intermittent metabolic glucose to β-HB switching, linked with fasting-feeding cycles, may promote neuroplasticity and resistance to neurodegeneration (Mattson et al., 2018). This would be compatible with the thesis that caloric restriction – known to lengthen the lifespan of several species – may be mediated through β-HB increasing supplementation of NAPH, and expression of antioxidant enzymes (Veech et al., 2017). Clinical studies have revealed that caloric restriction, which induces ketonemia, was accompanied by slight improvements of cognitive functions in elderly people with mild cognitive impairment (Krikorian et al., 2012). Such mechanism may also contribute to the ability of β-HB to calm neuronal spiking in epileptic brains, and decrease the incidence of subclinical epileptiform activity in AD patients (Vossel et al., 2016).

In glial cells, activities of HBDH and acetoacetyl-CoA thiolase were found to be two–threefold higher than in neurons (Chechik et al., 1987). Therefore, in ketonemic conditions these ketoacids may became a significant precursor of intramitochondrial acetyl-CoA in non-neuronal cellular compartments of the brain. These data indicate that irrespective of origin, acetyl-CoA is a central point of energy metabolism in cell mitochondria and a primary precursor for multiple synthetic and signaling pathways in various extramitochondrial compartments (Szutowicz et al., 2013, 2017).

The level of acetyl-CoA in every cell type, including neurons and neuroglia, is resultant of rates of its synthesis and utilization within mitochondria and outward transport for consumption in a broad range of synthetic pathways taking place in extramitochondrial compartments (Szutowicz et al., 1996, 2013, 2017; Kouzarides, 2000; Pietrocola et al., 2015; Drazic et al., 2016).

Acetate and Brain Acetyl-CoA

Acetate has to be reactivated by acetyl-CoA synthase (ACS, EC 6.2.1.1.). Oligodendroglia expresses acetyl-CoA synthases 1 and 2 that are located in cytoplasmic and mitochondrial compartments. They may resynthesize acetyl-CoA, supplying it directly for myelin lipids synthesis/protein acetylations, and energy production, respectively (Reijnierse et al., 1975; Szutowicz et al., 1982; Moffett et al., 2013). Low activities of ACS in nerve terminals and relatively high ones in whole brain mitochondrial fractions point to neuroglia as a principal acetate utilizing compartment of the brain (Szutowicz, 1979; Szutowicz et al., 1982; Moffett et al., 2013). However, the rate of acetate uptake was found to be independent of astroglia activity. It would suggest no direct modulating contribution of acetate to the energy metabolism of astroglial cells (Rowlands et al., 2017). On the other hand, substantial amounts of endogenous acetate may be formed by hydrolysis of acetyl-CoA, which is generated by PDHC from pyruvate derived from glucose or lactate (Łysiak et al., 1976; Rae et al., 2012). Such a thesis is also supported by the fact that over 80% of brain acetyl-CoA hydrolase (EC 3.1.2.1) activity is located in whole brain mitochondria and synaptosomal mitochondria fractions (Szutowicz et al., 1980, 1982). In fact, whole brain mitochondria utilizing pyruvate without provision of oxaloacetate, released significant amounts of acetate (Łysiak et al., 1976). On the other hand, low Vmax and high acetyl-CoA Km of cytoplasmic acetyl-CoA hydrolase may suggest very slow metabolic flux through this catabolic pathway (Prass et al., 1980; Hovik et al., 1991; Suematsu and Isohashi, 2006). Nevertheless, intramitochondrially generated acetate, after being transferred to the cytoplasm, could be used by chromatin-bound ACS2 for direct acetylations of nuclear histones, yielding alterations in gene expression in brain neurons. Through such a mechanism the acetate could regulate memory consolidation in the hippocampus (Mews et al., 2017). These findings also suggest that the regulatory effects of acetate on cell metabolism occur rather via altering levels of acetylation of regulatory proteins than by direct influx into energy generating pathways (Rowlands et al., 2017).

Citrate and Brain Acetyl-CoA

One should stress that in brain mitochondria the rate of acetyl-CoA utilization for citrate synthesis is about two orders of magnitude higher than the rate of its hydrolysis when comparing Vmax values of citrate synthase and acetyl-CoA hydrolase, respectively (Table 1) (Wlassics et al., 1988; Suematsu and Isohashi, 2006). Also, isolated whole brain mitochondria or synaptosomes utilizing pyruvate with malate, accumulated several times greater amounts of citrate than those of acetate (Łysiak et al., 1976). Citrate is released from mitochondria to the cytoplasm by the citrate-malate antiporter mechanism, where it is converted back to acetyl-CoA through ATP-citrate lyase reaction (ACL, EC 2.3.3.8.) (Srere, 1965; Angielski and Szutowicz, 1967; Szutowicz et al., 1981, 1996; Gnoni et al., 2009). The (-)hydroxycitrate (HC) in 1 mmol/L concentration was found to be specific, competitive to citrate inhibitor of ACL (Szutowicz et al., 1976). At 0.5 mmol/L citrate concentration, comparable with its levels in the brain, being in range of 0.2–0.4 mmol/L, HC with Ki of 3.8 μmol/L, brought about complete inhibition of brain ACL activity, without affecting other enzymes involved in acetyl-CoA and energy metabolism (Szutowicz et al., 1976; Carlsson and Chapman, 1981; Pawlosky et al., 2017). Therefore, HC was used as a selective tool for investigating the significance of the ACL pathway in maintenance of the proper level of cytoplasmic acetyl-CoA and its contribution to different extramitochondrial synthetic pathways in the brain (Patel and Owen, 1976; Szutowicz et al., 1976, 1981, 1989, 1996, 2013; Rícný and Tucek, 1981, 1982; Constantini et al., 2007).

TABLE 1. The acetyl-CoA Km values for acetyl-CoA consuming enzymes in different cellular compartments.
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In depolarized nerve terminals isolated from the rat forebrain, utilizing pyruvate or glucose, 1 mmol/L HC caused a ca. 30% decrease of cytoplasmic and no alterations in intramitochondrial levels of acetyl-CoA, accompanied by respective increase of citrate accumulation and a decrease of ACh synthesis (Szutowicz et al., 1976, 1981, 1994a). A comparable, although wide range of 20–50% suppressive effects, were observed in brain slices with higher 2.5–5.0 mmol/L concentrations of HC (Sterling et al., 1981; Rícný and Tucek, 1982; Gibson and Peterson, 1983). It should be stressed that at such high concentrations, HC could exert weaker unspecific inhibitory effects on other enzymes of the citrate metabolism, as well as on PDHC and phosphofructokinase (Cheema-Dhadli et al., 1973; Szutowicz et al., 1981). In addition, they represent averaged data from multiple subcellular neuronal and glial compartments of acetyl-CoA metabolism, which might respond differentially to the same experimental conditions (Rícný and Tucek, 1982; Klimaszewska-Łata et al., 2015; Zyśk et al., 2017). These findings indicate that metabolic flux through ACL step influences both acetyl-CoA availability in cytoplasmic compartment and citrate homeostasis in neuronal cells (Szutowicz et al., 1976, 1981, 1994a; Rícný and Tucek, 1982).

ATP-Citrate Lyase Pathway and Cholinergic Metabolism

The rates of various extramitochondrial synthetic pathways may depend directly on the acetyl-CoA level, considering Km values of respective enzymes to this substrate as a putative regulatory factor (Tables 1, 2). Hence, in brain synaptosomes and slices, HC brought about inhibition of ACh synthesis/release, roughly proportional to HC-evoked decreases of acetyl-CoA levels (Rícný and Tucek, 1981, 1982; Szutowicz et al., 1981, 1994a). In brains of suckling animals, HC caused non-proportionally greater, over 60% inhibition, of non-saponifiable lipids and fatty acid synthesis (Patel and Owen, 1976). These data indicate a significant role of the ACL pathway in regulation of both ACh and lipid synthesis in brain cell cytoplasmic compartments. However, differential inhibition of both synthetic pathways by HC suggests the existence of separate cytoplasmic sub-compartments in neuronal and glial cells, being lesser and more dependent on the supply of acetyl-CoA through the ACL pathway, respectively. Also HC-evoked inhibition of ACh synthesis varied regionally, being low (17%) in the hippocampus, intermediate (30%) in the caudate nucleus, and high (55%) in the septum (Rícný and Tucek, 1982; Gibson and Peterson, 1983). These data demonstrate that the fractional contribution of the ACL pathway providing acetyl-CoA for ACh synthesis may be significantly different in various regional subpopulations of brain cholinergic neurons (Sterling et al., 1981; Rícný and Tucek, 1982; Gibson and Peterson, 1983).

This specific demand for citrate as a precursor of cytoplasmic acetyl-CoA for ACh synthesis may be met due to preferential localization of ACL in cholinergic neurons (Szutowicz, 1979; Szutowicz et al., 1980, 1983; Tomaszewicz et al., 2003). There are highly significant, positive correlations between ChAT and ACL activities in cytosolic and synaptosomal fractions isolated from brain regions of variable density of cholinergic innervation (Szutowicz et al., 1980, 1982). Activities of ACL in non-cholinergic neurons, calculated from ACL/ChAT correlation plots, were found to be equal to 2–4 nmol/min/mg protein, respectively. On the other hand, the ACL activity in cholinergic neurons, calculated from regional and cholinergic lesions studies, was in the range of 40 nmol/min/mg protein (Szutowicz et al., 1982, 1983; Tomaszewicz et al., 2003). These calculations remain in accord with immunohistochemical studies demonstrating a strong co-expression of ACL with ChAT and VAChT-expressing neurons in mice hippocampus, fascial nucleus and medulla oblongata (Beigneux et al., 2004). The tight functional links of ACL with cholinergic metabolism were demonstrated by its ability to bind ataxia-related protein forming BNIP-H-ACL-ChAT complex leading to enhanced ACh release (Sun et al., 2015). In the newborn rat brain, activity of ACL in all regions was comparably high, serving as a provider of acetyl units for structural lipid synthesis during myelinisation (Szutowicz, 1979; Szutowicz and Łysiak, 1980; Dietschy and Turley, 2004). In the course of brain development ACL activity remained high in all cortical regions, in which ChAT/ACh increased due to maturation of cholinergic neurons.

On the other hand, ACL activity in the cerebellum, devoid of cholinergic elements, decreased several fold in parallel with a maturation-dependent decrease of fatty acid synthesis due to termination of myelin and plasma membrane proteo-lipid structures formation (Szutowicz, 1979; Szutowicz and Łysiak, 1980; Szutowicz et al., 1982; Dietschy and Turley, 2004). In addition, large non-cholinergic synaptosomes isolated from the brain cortex and cerebellum contained 4 – 5 times lower ACL activities than small cortical synaptosomes containing significant fraction of cholinergic elements (Kuhar and Rommelspacher, 1974; Szutowicz et al., 1983). Cultured S20 or SN56 neuronal cells expressing mature cholinergic phenotype were found to contain higher activities of ACL than non-cholinergic neuronal and micro or astroglial cells (Szutowicz et al., 1983; Klimaszewska-Łata et al., 2015). Such cholino-tropic developmental patterns of ACL would be compatible with the demand of maturing cholinergic neurons for optimal provision of acetyl-CoA for age-dependent elevations of ACh synthesis (Szutowicz and Łysiak, 1980). Such a claim is supported by studies showing significant 30% decreases of ACL and no changes in other enzymes of acetyl-CoA metabolism activities in hippocampal synaptosomes isolated from septum electro-lesioned rat brain (Szutowicz et al., 1982). Similar alterations of ACL were observed in the IgG192 saporin (cholinergic immunotoxin) lesioned brain cortex (Tomaszewicz et al., 2003). These changes remained in accord with 70–80% decays of ChAT activities and ACh synthesis indicating loss of cholinergic neurons (Szutowicz et al., 1982; Tomaszewicz et al., 2003). Rat hippocampal synaptosomes contain about 6% subfraction of cholinergic terminals (Kuhar and Rommelspacher, 1974). Therefore, one might estimate, that ACL activities in cholinergic terminals are 10–15 times higher than in non-cholinergic ones (Szutowicz, 1979; Szutowicz et al., 1982).

Thiamine deficiency (TD) in rats caused inhibition of metabolic flux of pyruvate through PDHC, reductions of ACL-dependent fractions of cytoplasmic acetyl-CoA, and quantal ACh release from their brain nerve terminals (Jankowska-Kulawy et al., 2010). When taken together, these data indicate that ACL is preferentially expressed in cholinergic neurons, where it plays a crucial role in adequate provision of acetyl-CoA to the site of ACh synthesis (Gibson and Shimada, 1980; Szutowicz et al., 1982, 1996, 2013; Tuček, 1983; Beigneux et al., 2004).

ATP-citrate lyase may form multiple discrete subdomains executing different metabolic functions in the cells. ACL forms BNIP-ACL-ChAT complex facilitating direct provision of acetyl-CoA to the site of ACh synthesis (Sun et al., 2015). ACL also constitutes extramitochondrial sub-fractions bound with microsomes and nuclear-chromatin (Linn and Srere, 1984; Zhao et al., 2016). As such, ACL could form microdomains providing acetyl-CoA directly to acetyl-CoA transporter (AT-1) located in ER membranes (Hirabayashi et al., 2013; Pietrocola et al., 2015). In the nucleus, ACL-derived acetyl-CoA could modulate gene expression through alterations in histone acetylations (Kouzarides, 2000; Mews et al., 2017). Adipocyte studies have revealed that ACL, through cytoplasmic acetyl-CoA synthesis, may suppress expression of ACS. In ACLYgen knock-out cells, deficits of glucose derived acetyl-CoA could be partially alleviated by upregulation of ACS2 (Zhao et al., 2016). In such conditions acetate production by brain mitochondria exceeded that of citrate. This could increase the rate of metabolic flux through upregulated ACS2 (Łysiak et al., 1976; Zhao et al., 2016). In fact early data revealed that whole brain mitochondria incubated without oxaloacetate/malate produced several times greater amounts of acetate than those of citrate (Łysiak et al., 1976).

Acetyl-l-Carnitine and Direct Acetyl-CoA Transporting Pathways and Cholinergic Metabolism

Acetyl-l-carnitine is another metabolite involved in indirect transfer of acetyl-CoA from mitochondria to the cytoplasm through membrane-bound carnitine acetyl-transferases (Rícný et al., 1992; Szutowicz et al., 2005). This pathway seems to be independent of other ones described above, introducing some surplus of acetyl-CoA to the cytoplasmic compartment. Thanks to such a mode of action, acetyl-l-carnitine might exert neuroprotective effects and alleviate ACh deficits under different neurotoxic conditions, suppressing acetyl-CoA synthesis (Rícný et al., 1992; Sharman et al., 2002; Szutowicz et al., 2005).

Chronic, oral application of acetyl-l-carnitine to patients in early stages of AD improved their cognitive functions and increased brain energy phosphate levels against the placebo treated group (Pettegrew et al., 1995). In cultured cholinergic neuronal cells, acetyl-l-carnitine partially overcame the detrimental effects of neurotoxic agents through a reduction of acetyl-CoA deficits (Szutowicz et al., 2005).

In depolarized cultured cholinergic SN56 cells and brain nerve terminals, the acetyl-CoA could be also transported out of mitochondria directly through Ca-activated, verapamil-sensitive, high permeability anion channels (PTP) (Bielarczyk and Szutowicz, 1989; Szutowicz et al., 1998a, 2005). The mechanism of direct acetyl-CoA output was also found to exist in whole brain mitochondria derived mainly form glial cells (Figure 1A) (Rícný and Tucek, 1982; Szutowicz et al., 1998a). Analysis of our past reports revealed the existence of direct relationships between cytoplasmic and mitochondrial acetyl-CoA levels in SN56 cholinergic neuronal cells (Figure 1D). The use of different cytotoxic and cytoprotective agents revealed the existence of two - Ca–dependent and Ca-independent mechanisms of acetyl-CoA synthesis and distribution between mitochondrial and cytoplasmic compartments in the neurons (Figure 1D).

These diverse acetyl-CoA transporting pathways seem to be particularly important for depolarized cholinergic neurons. In such a functional state, cholinergic nerve terminals release quanta of ACh. This requires instant reconstitution of the ACh pool in presynaptic cholinergic terminals for continuation of neurotransmitter function. It has been shown that nerve terminals are capable of assuring an adequate provision of acetyl-CoA, and maintaining stable levels of ACh and transmission rate, even during prolonged excessive activation (Birks, 1977; Tuček, 1993; Szutowicz et al., 1996). On the other hand, decreases in cytoplasmic acetyl-CoA caused by diverse neurotoxic signals resulted in proportional suppressions of ACh content and the rate of its release from depolarized brain synaptosomes and cultured cholinergic neuronal cells (Figure 1F) (Szutowicz et al., 1998b, 2006, 2013).

ACETYL-CoA LEVELS IN THE BRAIN

Acetyl-CoA concentrations in brain compartments are usually much lower than the Km values for several acetyl-CoA utilizing enzymes (Tables 1, 2). In such conditions, alterations in acetyl-CoA level may play a role of the primary factor regulating in situ activities of acetyl-CoA utilizing enzymes and thereby flow rates through respective metabolic pathways (Tuček, 1993; Szutowicz et al., 2013, 2017; Pietrocola et al., 2015). The analysis of acetyl-CoA determinations performed within a 50-year time span in different preparations of the brain using diverse methodologies demonstrates their strikingly good intrinsic comparability (Table 2). In general, acetyl-CoA concentration in whole brain tissue was reported to be below 0.01 mmol/L, with intramitochondrial levels being somewhat higher than those in the cytoplasmic compartment (Table 2). Some data presenting several times higher acetyl-CoA concentrations in the brain may correspond to the sum of CoA-SH + acetyl-CoA levels (Table 2) (Zimatkin et al., 2011). There are also indications that acetyl-CoA levels in neurons may be higher than in astroglial and lower than in microglial cells (Table 2) (Klimaszewska-Łata et al., 2015; Zyśk et al., 2017).

TABLE 2. Estimated molar concentrations of acetyl-CoA in different compartments of the brain and clonal cells of brain origin.
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The heterogeneity of neuronal groups in the brain, as well as diversity of neurotransmitter systems and functions may imply differences in acetyl-CoA concentrations and pathways of its inter-compartmental redistribution (Figure 2) (Sterling et al., 1981; Szutowicz et al., 1981, 1996, 2017; Rícný and Tucek, 1982; Gibson and Peterson, 1983). Such a thesis is justified by studies of cholinergic neurons with high expression of the cholinergic phenotype, which displayed lower concentrations of acetyl-CoA than those with low expression of this phenotype, or non-cholinergic ones (Bielarczyk et al., 2003; Szutowicz et al., 2004, 2013; Zyśk et al., 2017). Moreover, cholinergic differentiation – despite a decrease of whole cell acetyl-CoA – was linked with its redistribution to the cytoplasmic compartment, resulting in a substrate-dependent increase in rate of ChAT reaction (Figure 2). It would also be compatible with the increased demand for acetyl groups for ACh synthesis in mature cholinergic neurons (Mitzen and Koeppen, 1984; Bielarczyk et al., 2003; Szutowicz et al., 2004, 2013). One may suspect that neurons of different neurotransmitter systems might contain variable profiles of intraneuronal compartmentation acetyl-CoA. Therefore, estimations of acetyl-CoA level in whole brain tissue may not adequately reflect the distribution of this metabolite between subcellular compartments in specific cell groups (Table 2) (Rícný and Tucek, 1982; Szutowicz et al., 1996, 2013; Pietrocola et al., 2015; Shurubor et al., 2017).
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FIGURE 2. Effects of cholinergic differentiation with dibutyryl-cAMP/RA (DC) and/or with nerve growth factor (NGF) and amyloid-β (Aβ) on PDHC and ChAT activities, acetyl-CoA distribution, acetylcholine content and loss of viability of (A,B) cholinergic neuroblastoma SN56 with surface TrkA(+) and p75NTR(+) NGF receptors; (C,D) SN56 with TrkA(–) and p75NTR(+) NGF receptors. Absolute values of enzyme activities and metabolite levels corresponding to 0 ordinate are given in Table 3.



Metabolic Regulations Through Acetyl-CoA Levels Alterations

Mitochondrial Acetyl-CoA, Energy Production, and Neuronal Viability

The PDHC plays a principal role in adequate provision and maintenance of the proper level of acetyl-CoA in mitochondrial compartment of neurons, platelets and, presumably, in other cell types. The enzyme is sensitive to several neurotoxic signals both under in vivo and in vitro experimental models of neurodegeneration. Inhibitors and activators of PDHC caused decreases and increases of acetyl-CoA in mitochondrial compartment of brain nerve terminals and cultured cholinergic neuroblastoma cells, respectively (Figures 1A,B) (Szutowicz et al., 2013, 2017). Non-toxic, low nmolar concentrations of Aβ inhibited PDHC activity in situ in rat hippocampal cell culture through its hyper-phosphorylation which was activated o tau protein kinase I and glycogen synthase kinase 3 (Hoshi et al., 1996, 1997). Similar conditions may occur in the brains of AD 2576Tg and 3xTg mice, in which sub micromolar Aβ accumulation was accompanied by mental impairment, suppression of pyruvate uptake, a drop of acetyl-CoA content and ACh synthesis in nerve terminals at non-altered PDHC and ChAT activities (Yao et al., 2009; Bielarczyk et al., 2015). These findings are in accord with observations of different Tg models of AD demonstrating co-existence of diverse synaptosomal mitochondrial dysfunctions as well as cholinergic and/or behavioral deficits with amyloidosis (Perez et al., 2007; Rhein et al., 2009; Webster et al., 2014; Wang et al., 2016). On the other hand, no alterations of PDHC and KDHC activities, but an increase of pyruvate uptake, was observed in whole brain mitochondria originating predominately from non-neuronal cells (Bielarczyk et al., 2015). For the above reasons, the observations made on whole brain tissue may overlook the unique alteration of pyruvate metabolism in individual cellular compartments of the brain.

There is general agreement that the increase of Zn in postsynaptic neurons of gluzinergic synapses is one of earliest events of neurodegeneration (Sensi et al., 2009; Granzotto and Sensi, 2015). This cation, in combination with Ca shifts, is considered to be a critical factor in excitotoxic cascade yielding excessive production of NOS and ROS resulting in inhibition of PDHC and diverse enzymes of energy metabolism (Ronowska et al., 2007, 2010; Granzotto and Sensi, 2015; Zyśk et al., 2017). Common cytotoxic signals such as hypoxia/ischemia and neuroinflammation may inhibit PDHC activity both in astroglial and neuronal cells through activation of PDH kinase. Aging was found to activate c-JUN-N-terminal kinase, which inhibits PDHC activity through phosphorylation of E1α subunit leading to a decrease of ATP levels in aged brains (Zhou et al., 2009). The suppression of oxidative decarboxylation of pyruvate may result in hyperlactatemia, lactate was found to act as an intercellular signaling/messenger molecule modulating neuronal plasticity, neuron glia interactions and inflammatory pain (Halim et al., 2010; Jha et al., 2015, 2016). There is also a possibility that pyruvate may itself serve not only as an energy substrate but also as a neuroprotective agent. Chronic intraperitoneal application of large doses of pyruvate to 3xTg AD mice improved memory deficits by non-energy linked reductions of oxidative stress, hyperexcitability, and maintenance of Ca/Zn homeostasis without affecting Aβ/tau pathology (Isopi et al., 2015). Activation of brain PDHC by dichloroacetate (DCA) alleviated neurological complications and improved the survival of rats after cardiac arrest (Wang et al., 2017). There is also evidence that pyruvate derived acetyl-CoA is a direct modulator of neuronal viability. The rate of neuronal SN56 cell injury by multiple neurotoxic signals displayed strong direct correlation both with rates of pyruvate utilization and acetyl-CoA levels in neuronal mitochondria (Figures 1A,B) (Szutowicz et al., 2013, 2017). The exogenous high energy compounds – ATP, phosphocreatine as well as acetyl-CoA – promoted physiological processing of APP and boosted survival in the cultured human SH-SY5Y neuronal cell (Sawmiller et al., 2012).

Therefore, one may assume that decreases in uptake F18-deoxyglucose, binding of cholinergic ligands, and a drop of NAA level in MRI/PET images of AD patient’s brains may be directly linked with acetyl-CoA deficits (Figure 1) (Zhong et al., 2014; Kumar et al., 2017; Schreiner et al., 2018). The regional pattern of these changes in individual AD patients matched well with specific clinical symptoms of their cognitive deficits (Mori et al., 2012; Jagust et al., 2015). These findings are compatible with postmortem studies of AD brains, revealing decreases of PDHC and TCA enzymes as well as cholinergic markers including ChAT, high affinity choline uptake (HACU), M2 muscarinic autoreceptors, and VAChT (Terwel et al., 1998; Pappas et al., 2000; Bubber et al., 2005; Mufson et al., 2008; Potter et al., 2011; Jagust et al., 2015). These deficits could be also caused by direct, reversible inhibition of ChAT by Aβ oligomers, yielding cholinergic dysfunction without apparent structural impairment of neuronal terminals (Hoshi et al., 1996, 1997, Nunes-Tavares et al., 2012; Bielarczyk et al., 2015). However, some patients develop clinical symptoms of AD without accumulation of Aβ (Jagust et al., 2015). It is also apparent that ca. 80% of elderly subjects display AD-type amyloid deposits, but relatively few of them suffer from AD (Ferrer, 2012; Schreiner et al., 2018). These inconsistencies may be linked with the occurrence of different ApoE phenotypes in the AD population. Thus, 99% of AD apoE4+ patients were also florbetapir positive, whereas in the AD apoE4- subgroup only 60% were florbetapir positive (Jagust et al., 2015). There is also a possibility that acetyl-CoA and energy deficits may appear much earlier and trigger the onset of different cholinergic encephalopathies, including AD (Szutowicz et al., 2013; Jagust et al., 2015). However, there is no data whether acetyl-CoA alterations might be involved in phenotypic diversity of AD.

The KDHC is an enzymatic complex of relatively low activity, thereby being a rate limiting step for the TCA cycle. Its inhibition seen in AD, TD, hepatic encephalopathy, and other brain pathologies has been identified as a primary factor responsible for energy deficits in neurodegenerating brains, being extensively reviewed elsewhere (Gibson et al., 2005; Butterworth, 2009).

Mitochondrial Acetyl-CoA and NAA Metabolism

In each type of brain cells, a major fraction of acetyl-CoA generated in mitochondria in PDHC reaction is utilized in the TCA cycle covering 98% of the energy demand. The alterations in rate of in situ pyruvate oxidation may bring about respective changes in levels of acetyl-CoA in the neuronal mitochondrial compartment. Inhibition of PDHC decreased availability of this substrate for the TCA cycle, yielding a decrease of ATP levels (Figures 1A,B) (Zyśk et al., 2017). Alterations in cytoplasmic acetyl-CoA levels correlated with its level and outward transport from the mitochondrial compartment as well as with viability of cholinergic neuronal cells (Szutowicz et al., 2013; Zyśk et al., 2017) (Figure 1D). In addition, 1–3% fraction of neuronal mitochondrial pool of this metabolite pool is converted intramitochondrially by aspartate N-acetyltransferase (AAT, EC 2.3.1.17) to NAA (Baslow, 2007; Zyśk et al., 2017). Therefore, neurons contain 98.5% of whole brain NAA. One may assume that at whole brain concentration of this amino acid, being in the range of 10 mmol/L, its intraneuronal level is likely to be several times higher (Baslow, 2007).

N-acetyl-l-aspartate is transferred from axons through axo-glial contact zones to oligodendrocytes and hydrolyzed to acetate by cytoplasmic N-acetyl aspartate aminohydrolase (EC 3.5.1.15) (Baslow, 2007; Moffett et al., 2013). This enzyme plays a significant role in myelination during brain ontogenesis, providing acetyl units for oligodendroglial energy production and fatty acid synthesis (Francis et al., 2016). Mutations in the aspartate aminohydrolase gene result in failure of myelin formation, manifested phenotypically as congenital pediatric leukodystrophy – Canavan’s disease (Moffett et al., 2013; Francis et al., 2016). Postmortem studies of multiple sclerosis brains revealed decreased levels of NAA and acetate in gray matter from parietal and motor cortex. They suggest that mitochondrial dysfunction and reduced levels of acetyl-CoA might yield deficits of NAA in neurons, which in turn would decrease its transport to oligodendrocytes. That could result in insufficient availability of acetate compromising energy production and myelin formation in these cells (Li et al., 2013; Szutowicz et al., 2017).

Aspartate N-acetyltransferase, the enzyme synthesizing NAA is located exclusively in neuronal mitochondria (Baslow, 2007). Its Km values for acetyl-CoA and l-aspartate are equal to 58 and 580 μmol/L, whereas concentrations of these metabolites in the brain are estimated to be 7.5–14.0 and ca. 3500 μmol/L, respectively (Tables 1, 2; Perry, 1982; Madhavarao et al., 2003; Papazisis et al., 2008). In such conditions, in situ metabolic flux through AAT reaction is estimated to be equal to ca. 16% of its maximal activity (Zyśk et al., 2017). Therefore, in vivo, at saturating levels of l-aspartate, the yield of AAT reaction may depend exclusively on acetyl-CoA concentration in the neuronal mitochondrial compartment. For instance, exposition of cholinergic SN56 neuronal cells to low-toxic Zn concentration, affected neither PDHC nor AAT levels/activities, but brought about similar ca. 50% decreases of pyruvate oxidation, acetyl-CoA, and NAA levels (Figures 1B,C). In these conditions, decreases in NAA levels strongly correlated with reductions of acetyl-CoA levels in whole cells and in mitochondrial compartment (p < 0.001) (Figure 1C) (Zyśk et al., 2017). This would be a first direct evidence for the thesis that alterations in NAA level in MRI imaging, seen in the gray matter of a neurodegenerating brain, may reflect changes in availability of acetyl-CoA in the neuronal compartment (Figure 1C) (Baslow, 2007; Moffett et al., 2013; Szutowicz et al., 2013, 2017; Schreiner et al., 2018).

Cytoplasmic Acetyl-CoA and ACh Metabolism

The functional and structural loss of cholinergic transmitter functions in the basal forebrain is a key feature of AD pathology and also includes acetyl-CoA deficits (Gelfo et al., 2013; Nell et al., 2014; Bielarczyk et al., 2015; Pepeu and Giovannini, 2017). The level of acetyl-CoA in the cytoplasmic compartment of neuronal cells is a result of the rates of its synthesis and utilization in mitochondria and the rate of its efflux to the cytoplasm through different direct (Ca-dependent) and indirect (metabolic) mechanisms (Tuček, 1993; Szutowicz et al., 1996, 2013). Compounds altering acetyl-CoA synthesis in mitochondria and increasing their membrane permeability tend to yield higher levels of cytoplasmic acetyl-CoA (Figure 1D, green plot) than those not changing or inhibiting membrane permeability (Figure 1D, blue plot). The comparisons of Km values for acetyl-CoA against different enzymes utilizing this substrate indicate that the rates of metabolic fluxes through these metabolic steps in situ may be several times lower than the activities of respective enzymes estimated at saturating or suboptimal substrates concentrations (Tables 1, 2).

The ChAT is expressed exclusively in brain cholinergic neurons, being a biomarker of their structural integrity and capacity to synthesize neurotransmitter ACh from choline and acetyl-CoA. Acetyl-CoA Km values for brain ChAT, reported in the literature, are in the range of 35–200 μmol/L (Table 2) and those of choline vary from 400 to 1500 μmol/L (Rossier et al., 1977; Ryan and McClure, 1980; Koshimura et al., 1988). On the other hand, averaged concentration of free choline in the brain was assessed to be ca. 60 μmol/L (Shea and Aprison, 1973; Brunello et al., 1982; Tuček, 1983, 1985; Klein et al., 1993), and that of acetyl-CoA to be close to 7 μmol/L, respectively (Table 2). Kinetic studies on ChAT preparations purified from rat brain revealed that in medium containing high phosphate – low chloride concentrations, characteristic for intracellular compartment, the Km’s for acetyl-CoA and choline were equal to about 40 and 1000 μmol/L, respectively (Table 1) (Rossier et al., 1977; Ryan and McClure, 1980). They are several times higher than intracellular levels of these substrates (Tables 1, 2). Considering such concentrations and kinetic constants for those metabolites, one may calculate that metabolic flux through ChAT in cholinergic neurons in situ is likely be equal to ca. 0.8% of maximal velocity of the enzyme, assessed at saturating concentrations of substrates (Szutowicz et al., 1982; Tuček, 1985; Koshimura et al., 1988). Such an approximation is compatible with rates of ACh synthesis in brain synaptosomes utilizing glucose or pyruvate, corresponding to 0.75–1.24% of their maximal ChAT activity (Szutowicz and Łysiak, 1980; Szutowicz et al., 1981; Bielarczyk and Szutowicz, 1989; Bielarczyk et al., 1998, 2015; Tomaszewicz et al., 2003).

The murine cholinergic SN56 neuroblastoma cells of septal origin, contain somewhat higher intracellular concentrations of acetyl-CoA and choline, of about 10 and 250 μmol/L, respectively (Table 2) (Lee et al., 1993). Based on the same equation, the calculated ChAT velocity in SN56 cells in situ should be equal to ca. 4% of its maximal rate (Jankowska et al., 2000; Szutowicz et al., 2004, 2006). Accordingly, K/Ca-induced rates of ACh synthesis in differentiated SN56 were found to vary from 1.9 to 3.5% of maximal ChAT activities, being close to its calculated in situ activities (Jankowska et al., 2000; Szutowicz et al., 2004, 2006; Bielarczyk et al., 2015). In such conditions the availability of acetyl-CoA in cytoplasmic compartment may be a primary factor limiting rate of ACh synthesis through concentration-dependent regulation ChAT activity (Figures 1E,F, 2) (Tuček, 1983, 1985; Szutowicz et al., 2013, 2017). It is also certain that pyruvate, through PDHC step, is a main source of acetyl moieties for ACh synthesis (Lefresne et al., 1973; Gibson and Shimada, 1980; Sterling et al., 1981; Bielarczyk and Szutowicz, 1989). In fact, significant alterations in intraneuronal acetyl-CoA distribution were found to take place both in physiologic and neurotoxic conditions, differentially affecting mitochondrial synthesis, transport, and its utilization in cytoplasmic compartments of cultured neuronal cells and brain synaptosomes (Figure 1) (Szutowicz et al., 2013, 2017). In maturing cholinergic neurons, increases of cytoplasmic level of acetyl-CoA may combine with elevation of ChAT expression, yielding a non-proportionally higher increase in the rate of ACh synthesis. For instance, cAMP/RA-induced differentiation of cholinergic SN56 cells brought a ca. 110 and 40% increases of ChAT activity and cytoplasmic acetyl-CoA level, but a 290% activation of ACh synthesis, respectively (Bielarczyk et al., 2005). This suggests the existence of synergistic, positive cooperative interactions of independent elevations of ChAT activity and acetyl-CoA levels in the stimulation of neurotransmission in maturing cholinergic neurons (Bielarczyk et al., 2005). Studies on developing rat brains revealed that adequate provision of acetyl-CoA to cytoplasmic compartment in maturing cholinergic neurons may be supported by the increase of ACL activity (Szutowicz, 1979; Szutowicz et al., 1982).

Primary and secondary thiamine deficits disturb cholinergic transmission in the brain, impairing the cognitive and motor functions in affected individuals (Gibson et al., 1982; Butterworth, 2009; Jankowska-Kulawy et al., 2010). Thiamine-deficient rats displayed inhibition of ACh synthesis and release, despite the unchanged activities of ChAT – indicating the preservation of cholinergic neurons integrity in these conditions. Thus, TD-evoked inhibition of ACh metabolism resulted exclusively from in situ inhibition of pyruvate oxidation by PDHC, yielding decreased availability of acetyl-CoA in the mitochondria and its secondary deficits in the ACh synthesizing compartment. (Figures 1A,E,F). In these conditions, the rate of ACL-dependent fraction of ACh synthesis/release fell from 0.52 to 0.26% of maximal ChAT activity (Jankowska-Kulawy et al., 2010).

In addition, in cultured SN56 cholinergic cells acute Zn overload or amprolium-thiamine depletion caused inhibition of PDHC activity and proportional suppressions of cytoplasmic acetyl-CoA level and ACh synthesis without altering ChAT activity (Figures 1A,E,F) (Ronowska et al., 2010; Bizon-Zygmańska et al., 2011). In the early stages of Aβ encephalopathies, inhibition of cholinergic transmission may be brought about exclusively by deficits of acetyl-CoA within structurally preserved neurons (Figures 1E,F) (Hoshi et al., 1996, 1997; Cuadrado-Tejedor et al., 2013; Bielarczyk et al., 2015). Such reversible alterations may precede late structural losses of cholinergic neurons (Trushina et al., 2012; Szutowicz et al., 2013, 2017). In fact, persistent exposition of differentiated SN56 cells to Zn or NO excess, simulating chronic excitotoxic conditions, brought about their morphologic deterioration and death. Neurons surviving such treatments displayed irreversible loss of both PDHC and ChAT, yielding deficits of mitochondrial and cytoplasmic acetyl-CoA and ACh metabolism (Ronowska et al., 2007; Klimaszewska-Łata et al., 2015; Zyśk et al., 2017). In latter experiments, suppressions of acetyl-CoA/ACh metabolism were caused by combination of functional and mal-adaptative structural alterations (Szutowicz et al., 2013, 2017).

One of the consequences of acetyl-CoA deficits in neuronal cytoplasm of AD brains may be decreased activity of cytoplasmic SphK1 (Ceccom et al., 2014; Bielarczyk et al., 2015). This enzyme, besides being protein kinase, also displays cyclooxygenase 2 transacetylase activity with Km for acetyl-CoA equal to 58.2 μM. This value is several times higher than neuronal levels of this metabolite (Tables 1, 2) (Lee et al., 2018). Acetylation of COX2 stimulates secretion of specialized proresolving mediators, which increase phagocytosis by microglia different aberrant proteins, including Aβ. There is an inverse correlation between SphK1 activity and Aβ levels in the brains of AD patients (Ceccom et al., 2014). Hence, shortages of acetyl-CoA in cytoplasmic compartment might facilitate Aβ formation, due to decreased acetylating activity of SphK1 (Lee et al., 2018). Accumulating Aβ may further aggravate acetyl-CoA deficits, directly inhibiting PDHC activity (Figures 2A,C) (Hoshi et al., 1996, 1997).

Nerve Growth Factor and Neuronal Acetyl-CoA

Nerve growth factor (NGF) is a cholinotrophic cytokine that regulates the maturation, development, and maintenance of basal cholinergic neurons through retrograde signals mediated by high affinity specific TrkA and low affinity, non-specific p75NTR receptors (Szutowicz, 2001; Chao, 2003; Szutowicz et al., 2004; Boskovic et al., 2014; Isaev et al., 2017; Latina et al., 2017). Regional distribution of NGF protein and its mRNA correlate with density of cholinergic innervation (Korsching et al., 1985). Intracerebroventricular injections of NGF to neonatal rats increased in a dose-dependent manner ChAT and HACU activities in all groups of basal forebrain cholinergic neurons (Gnahn et al., 1983; Mobley et al., 1986; Auld et al., 2001). Similar cholinotrophic effects of NGF application were observed in adult animals (Williams and Rylett, 1990). Positive cholinotrophic effects of NGF were also observed in vitro in cultured hippocampal slices, primary cultures of septal and striatal neurons, as well as in PC12 and SN56 cholinergic cell lines. In each case NGF elevated expression of cholinergic phenotype bio-markers including; fractional content of ChAT positive cells, ChAT, HACU, VAChT levels/activities, as well as ACh contents and rates of its release (Martinez et al., 1985; Gähwiler et al., 1987; Szutowicz, 2001; Szutowicz et al., 2004; Madziar et al., 2008; Latina et al., 2017; Morelli et al., 2017). These adaptative positive cholinotrophic effects of NGF/BDNF are executed through TrkA/TrkB - CREB dependent signaling pathway yielding increased expression of the cholinergic locus and activation of Ca-accumulation/mobilization systems (Jiang et al., 1999; Finkbeiner, 2000; Chao, 2003). Similar differentiating effects are attained with diverse differentiation protocols acting through the mechanism of CREB activation (Szutowicz, 2001; Cheng et al., 2002). Impairment of TrkA/NGF signaling was involved in pathomechanism of early presynaptic dysfunction of cholinergic neurons (Latina et al., 2017). It was found to drive Aβ accumulation in cholinergic neurons (Triaca and Calissano, 2016). NGF administration prevented excitotoxic atrophy of cholinergic basal forebrain neurons (Charles et al., 1996). Treatment of neural stem cells in vitro with NGF stimulated their transformation toward fully functional cholinergic neuron-like cells which after transplantation into APP/PS1 transgenic mice corrected their cholinergic and behavioral deficits (Gu et al., 2015).

The p75NTR receptor is a non-specific receptor shared by all four neurotrophins (Chao, 2003). Its heterodimeric complex with TrkA increased affinity to NGF and augmented Ca influx, promoting maturation of basal cholinergic neurons (Table 3) (Jiang et al., 1999; Mamidipudi and Wooten, 2002; Zhang et al., 2003). On the other hand, occupancy of homodimeric form of p75NTR by NGF triggered ceramide-programed cell death (Carter and Lewin, 1997; Brann et al., 2002; Mamidipudi and Wooten, 2002). The excess of p75NTR signaling may aggravate cognitive deficits through phenotypic suppression of cholinergic neurons (Carter and Lewin, 1997; Mamidipudi and Wooten, 2002). In vivo knock down of p75NTR increased ChAT activity in aging rats (Barrett et al., 2016). The reduction of p75NTR expression ameliorated cognitive and cholinergic deficits in Tg2576 mice (Murphy et al., 2015).

TABLE 3. Basal parameters of acetyl-CoA and ACh metabolism in TrkA(-) and TrkA(+) cholinergic SN56 neuronal cells.
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Differentiation of both TrkA(+)p75NTR(+) and TrkA(-)p75NTR(+) septal cholinergic SN56 neurons with cAMP/RA increased the density of p75NTR receptors, apparently promoting their homo-dimerization (Szutowicz et al., 2004, 2006; Barrett et al., 2016). Such treatment also caused morphologic maturation and elevations of ChAT activity and ACh content in both TrkA (+)p75NTR (+) and TrkA (-)p75NTR (+) cells (Table 3). This was accompanied by a shift of acetyl-CoA from the mitochondria to their cytoplasm. The increased acetyl-CoA level in the cytoplasm was compatible with increased demand for acetyl units by activated ACh synthesis (Table 3) (Szutowicz et al., 2004, 2005). NGF application to non-differentiated cells increased ChAT/ACh only in cells with TrkA(+) but not with TrkA(-)phenotype. Moreover, NGF added either to cAMP/RA differentiated TrkA(+) and TrkA (-)cells caused parallel suppression of cytoplasmic acetyl-CoA levels and ChAT activities, as well as an increase of non-viable cell fractions (Figures 2B,D). It also aggravated the cytotoxic effects of Aβ or NO excess mediated by the increased density of p75NTR in DC (Figure 2) (Szutowicz et al., 2006). These negative alterations were alleviated by the simultaneous addition of anti-p75NTR antibodies (Szutowicz et al., 2004, 2005). These data indicate that both the cytoprotective/cholino-trophic and cholino-suppressive effects of NGF may be at least in part mediated through alterations of acetyl-CoA levels in mitochondrial and cytoplasmic compartments of cholinergic neurons, respectively.

Endoplasmic Reticulum and Nuclear Acetylations

Extramitochondrial acetyl-CoA directly affects acetylation levels of several proteins located in separate cytoplasmic, ER, and nuclear compartments. In peripheral tissues, starvation induces the depletion of cytoplasmic acetyl-CoA and protein deacetylation, being a principal signal triggering autophagy (Mariño et al., 2014). On the other hand, the replenishment of acetyl-CoA by DCA or lipoic acid inhibited autophagy through increased protein acetylations. The acetyltransferase EP300 was required for autophagy suppression by high concentrations of acetyl-CoA (Mariño et al., 2014). Also, in the brain maintenance of a proper level of protein acetylation is achieved by diverse lysine acetyltransferases, including CREB-binding protein and F1A-associated protein p300. The latter seem to be crucial for normal neurodevelopment and cognitive processes (Valor et al., 2013). Both hypoacetylation and hyperacetylation may bring about a similar spectrum of dysfunctions and/or neurodegenerative disorders (Valor et al., 2013).

A small, yet unknown fraction of cytoplasmic acetyl-Co-A has to be sub-distributed into ER/Golgi compartments to supply acetyl units for acetylation reactions of lysine residues in hundreds of structural proteins in order to regulate their turnover and activity (Kouzarides, 2000; Pehar and Puglielli, 2013; Ceccom et al., 2014). There is no acetyl-CoA synthesizing enzymes in ER lumen. However, ACS or ACL binding to ER may facilitate the provision of acetyl-CoA into their proximity (Linn and Srere, 1984; Mews et al., 2017). Such fine compartmentalization of these enzymes may assure the efficient transport of acetyl-CoA into ER by the specific membrane transporter (AT-1), a member of multiple transporters of the SLC33 family (Jonas et al., 2010; Hirabayashi et al., 2013). It would maintain acetyl-CoA on the level sufficient for activation of transient acetylations of lysine groups of different proteins in the ER lumen by specific lysine protein acetyltransferases (Constantini et al., 2007). They would include, among others, acetylations of β-amyloid precursor protein cleaving enzyme 1 (BACE 1), low density lipoproteins receptor (LDLR) or amyloid precursor protein (APP), and tubulin (Kouzarides, 2000; Jonas et al., 2010; Wong et al., 2018). Nuclear transacetylases were found to carry regulatory acetylations of histones and transcription factors modifying neuronal phenotype, plasticity, and memory/cognitive functions (Kouzarides, 2000; Mews et al., 2017).

The true level of acetyl-CoA in ER remains unknown, nevertheless it might be close or somewhat higher than that in the cytoplasmic compartment (Table 2). The Km values for acetyl-CoA for AT-1 transporter in ER membranes are in the range of 14 μmol/L, being higher than cytoplasmic concentrations of this metabolite (Tables 1, 2; Constantini et al., 2007; Jonas et al., 2010). Therefore, the rate of acetyl-CoA influx into the ER compartment may be appropriately altered both by increases and decreases of cytoplasmic levels of this metabolite taking place during neuronal maturation or excitotoxic injury, respectively (Figure 1) (Szutowicz, 2001; Szutowicz et al., 2004, 2013; Constantini et al., 2007; Pehar and Puglielli, 2013).

On the other hand, the nuclear membrane seems to be fully permeable for acetyl-CoA. In addition, its provision directly to acetylation sites is thought to be conducted by nuclear subfractions of ACL and ACS2 (Wellen et al., 2009; Mews et al., 2017). The presence of nuclear PDHC was also documented by Sivanand et al. (2018). Such specific compartmentation of several acetyl-CoA producing enzymes drives preferential utilization of this metabolite for acetylations of nuclear proteins by numerous HAT (Kouzarides, 2000; Drazic et al., 2016; Sivanand et al., 2018). This process would be facilitated by the fact that affinities of nuclear HATs to acetyl-CoA were found to be very high, with Km values being in range of 0.3–4.8 μmol/L (Table 1) (Balasubramanyam et al., 2003; Ghizzoni et al., 2012; Wapenaar et al., 2015). Therefore, neuronal-cytoplasmic acetyl-CoA concentrations of 8–13 μmol/L may assure sub-maximal rates of metabolic fluxes through nuclear acetyltransferases (Tables 1, 2). Consequently, the degree of nuclear histones acetylations might be regulated rather by amount/ratios of HATs and histone deacetylases than by acetyl-CoA concentration itself.

In fact, remarkable changes in proteins acetylations take place in different pathologic and physiologic conditions. Human brain autopsy revealed that increased acetylation of tau protein in AD and chronic traumatic encephalopathy brains may precede subsequent critical phosphorylation at lysine 280 (Lucke-Wold et al., 2017). On the other hand, deficient import of acetyl-CoA into ER lumen, in haploinsufficient mice carrying point mutation (S113R) in AT-1, was also associated with neurodegeneration, susceptibility to infections and increased risk of cancer (Peng et al., 2014). In another work, the same haploinsufficiency of AT-1 alleviated brain degeneration processes in (APP695/swe) transgenic AD mice, but not in those with Huntington’s disease (HD, R6/2) or ALS (hSODG93A) (Peng et al., 2016). This discrepancy may result from the fact that inhibition of ER acetylations improved autophagy-mediated disposal toxic protein in AD. On the other hand, removal of HD and ALS aggregates took place in the cytoplasm and could not be affected by ER acetylations (Peng et al., 2016). One of the sources of such discrepancies in these pathologies could be also variable alterations in PDHC activity, which was suppressed in AD and not altered in HD (Bubber et al., 2005; Naseri et al., 2015). That might also generate differences in acetyl-CoA availability in mitochondria yielding respective down-stream changes in extramitochondrial distribution of this metabolite (Szutowicz et al., 2013, 2017; Bielarczyk et al., 2015; Peng et al., 2016). Inhibitors of histone deacetylase could exert an indirect cytoprotective effect alleviating dysfunction of PDHC, suppressing its kinases (Naia et al., 2017). Tubastatin A, the inhibitor of histone deacetylase 6 alleviated stroke-induced infarction and functional deficits, preventing a decrease in α-tubulin acetylation evoked by occlusion of middle cerebral artery (Wang et al., 2016). Inhibition of this enzyme also prevented degeneration of pluripotent stem cells from ALS patients, increasing the level of α-tubulin acetylation and the integrity of ER and axonal transport (Guo et al., 2017).

Endogenous repair of neurons in the brain is impeded by chondroitin sulfate proteoglycans or myelin associated proteins, which were found to suppress α-tubulin acetyltransferase, thereby preventing axon regeneration and growth of primary cortical neurons (Wong et al., 2018). The reconstitution level of α-tubulin acetyltransferase by lentiviral expression or increase of Rho-associated kinase reversed tubulin acetylation and neuronal growth (Wong et al., 2018). The application of icariin, a plant flavonoid, to mice with traumatic brain injury increased the acetylation of histones and prevented loss of ChAT activity and ACh content in the hippocampus (Zhang et al., 2018). Injection of another deacetylase inhibitor trichostatin A into the hippocampal CA1 area of prenatally stressed rats prevented the development of depressive behavior and reversed the suppression of AMPA glutamate receptors mRNA in the hippocampus (Lu et al., 2017). On the other hand, excessive expression of AT1/SLC33A1 in an AT-1 Tg mouse model affected dendritic branching, spine formation, and key metabolic pathways yielding cognitive deficits and autistic-like phenotype (Hullinger et al., 2016).

CONCLUSION

Pyruvate-derived acetyl-CoA and oxaloacetate are principal energy-precursor substrates feeding the TCA cycle in the brain mitochondria. A relatively small fraction of mitochondrial acetyl-CoA is utilized in a large number of diverse synthetic pathways taking place in different subcellular compartments. In addition, each type of brain neuronal and glial cells apparently possesses their own individual, unique metabolic profile of acetyl-CoA distribution, fitting their specific functions. At least four subcellular structural and functional acetyl-CoA compartments have been identified, which utilize this intermediate for synthesis of a diverse range of acetylated regulatory and signaling compounds. The concentrations of acetyl-CoA in different subcellular compartments are low and may change in a fairly broad range in the course of different physiologic and pathologic conditions. On the other hand, acetyl-CoA metabolizing enzymes display relatively low affinity to this substrate. Therefore, pathophysiologic alterations in intracellular compartmentation of acetyl-CoA may be early primary signals that deeply modify cell viability and function.

In the mitochondrial compartment of neurons, the rate of NAA synthesis by AAT correlates, with acetyl-CoA level, which also directly affects neuronal viability. The output of acetyl-CoA from mitochondrial to extramitochondrial compartments depends on the rate of its synthesis by PDHC and the capacity of transport systems in the mitochondrial membranes. In cholinergic neurons, mitochondrial levels of acetyl-CoA are lower and those in the cytoplasm are higher than in respective compartments of non-cholinergic cells. The high level of acetyl-CoA in mature cholinergic neurons cytoplasm is necessary for the maintenance rate of ACh synthesis adequate to its release. In different pathophysiological conditions, the rates of ACh synthesis and release directly correlated with the levels of acetyl-CoA in the cytoplasmic compartment of the neuron. The NGF-evoked, TrkA/p75NTR dependent maturation of cholinergic neurons and their susceptibility to injury may be mediated by changes in intracellular redistribution of acetyl-CoA. The provision of acetyl-CoA to ER and nuclear sub-compartments may play a key role in the development and maintenance of neuronal cells viability through alteration of the acetylation level of lysine residues of a very large range of regulatory proteins and peptides.

This review illustrates that alterations in concentration and intracellular compartmentalization of acetyl-CoA play a significant role in direct substrate-dependent regulation of multiple acetylation reactions velocities, as well as signaling molecule changing properties of several regulatory peptides and proteins. More research is required to uncover the role of acetyl-CoA in pathomechanisms and potential therapeutic approaches to neurodegenerative diseases.
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The Role of Activity-Dependent DNA Demethylation in the Adult Brain and in Neurological Disorders
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Over the last decade, an increasing number of reports underscored the importance of epigenetic regulations in brain plasticity. Epigenetic elements such as readers, writers and erasers recognize, establish, and remove the epigenetic tags in nucleosomes, respectively. One such regulation concerns DNA-methylation and demethylation, which are highly dynamic and activity-dependent processes even in the adult neurons. It is nowadays widely believed that external stimuli control the methylation marks on the DNA and that such processes serve transcriptional regulation in neurons. In this mini-review, we cover the current knowledge on the regulatory mechanisms controlling in particular DNA demethylation as well as the possible functional consequences in health and disease.
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INTRODUCTION

Among several other epigenetic tags, methyl tags on the DNA were generally considered as repressive marks. However, an increasing number of studies showed that the DNA methylation at intergenic regions as well as gene regulatory regions might enhance gene expression (Bayraktar and Kreutz, 2017). How, the key enzymes in DNA methylation, DNA methyltransferases (DNMTs), are differentially regulated and perform the DNA methylation are well characterized (Goll and Bestor, 2005; Bayraktar and Kreutz, 2017). However, the removal of methyl tags from the DNA has been more perplexing. The reversal of DNA methylation can take place passively by diluting the DNA methylation of both copies of the genome following multiple rounds of cell division in the absence of maintenance of DNA methylation (Inoue and Zhang, 2011). In postmitotic neurons, other mechanisms must be in place. Current opinion disfavors the direct removal of the covalent bond between the methyl groups and cytosines (Ooi and Bestor, 2008). A unifying mechanistic process on how active DNA demethylation is still lacking. We, therefore, discuss how active DNA demethylation is achieved by the interplay of DNA oxidative reactions and repair mechanisms.

MECHANISMS OF ACTIVE DNA DEMETHYLATION

Several proteins have been identified that are part of neuronal demethylation machinery. These include Growth Arrest and DNA Damage-inducible (GADD) 45 proteins (GADD45A and GADD45B) that in neurons take part in active DNA demethylation processes (Barreto et al., 2007; Ma et al., 2009). Termed initially as the MyD118 (myeloid differentiation), Gadd45b was identified as an immediate gene whose expression was induced following the induction of long-term potentiation (LTP) in vivo (Hevroni et al., 1998). GADD45B mediated activity-dependent demethylation was first shown for the promoter of fibroblast growth factor 1, isoform B (Fgf1B) and Brain-derived neurotrophic factor (Bdnf) 9. It is nowadays widely believed that GADD45B contributes to demethylation in conjunction with other modifiers which will be discussed below.

5-hydroxymethyl cytosine (5hmC) was first described in the 1972 (Penn et al., 1972) and more than three decades later enzymatic activity of Ten-eleven translocation (TET) proteins was discovered to biochemically convert 5mC to 5hmC (Tahiliani et al., 2009; Ito et al., 2010). The characterization of TET enzymes (Tahiliani et al., 2009; Ito et al., 2010) and 5hmC in the brain (Kriaucionis and Heintz, 2009) also advanced our understanding of active DNA demethylation in neurons. In successive oxidation steps 5mC is initially converted to 5hmC which is followed by the conversion to 5-formylcytosine (5fC) and subsequently 5-carboxylcytosine (5cC). Each of these steps requires one of the three TET enzymes (Ito et al., 2011; Figure 1). 5fC and 5caC can be recognized and excised by Thymine DNA Glycosylase (TDG) generating an apyrimidinic (AP) site (He et al., 2011; Maiti and Drohat, 2011). The AP site is then corrected by specific base-excision repair mechanism (BER) with the replacement of cytosine in mammals (Zhu, 2009). TDG depletion in embryonic stem cells causes enhanced levels of 5fC and 5caC at proximal and distal gene regulatory elements (Raiber et al., 2012; Shen et al., 2013). TDG knockout or catalytical inactivation leads to embryonic lethality in mice and hypermethylated CpG islands (Cortellino et al., 2011). Along these lines, the perturbation of BER enzymes by genetic and pharmacological inhibition results in the partial block of global DNA demethylation in mouse germ line (Hajkova et al., 2010). Collectively this evidence suggests that BER has an evolutionarily conserved role in active DNA demethylation.
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FIGURE 1. Pathways of active DNA demethylation. Since the formerly hypothesized demethylase to directly convert 5-methylcytosine (5mC) to cytosine (Cyt) has not been identified, we depict here the current view how active DNA demethylation might take place. 5mC is oxidized by ten-eleven translocation (TET) family of dioxygenases to generate 5-hydroxymethylcytosine (5hmC). In successive steps TET enzymes further hydroxylate 5hmC to generate 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Thymine DNA glycosylase (TDG) recognizes intermediate DNA forms 5fC and 5caC and excises the glycosidic bond resulting in an apyrimidinic (AP) site. In an alternative deamination pathway 5hmC can be deaminated by activity-induced cytidine deaminase/apolipoprotein B mRNA editing complex (AID/APOBEC) deaminases to form 5-hydroxymethyluracil (5hmU) or 5mC can be converted to Thymine (Thy). 5hmU can be cleaved by TDG, single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1), Nei-Like DNA Glycosylase 1 (NEIL1), or methyl-CpG binding protein 4 (MBD4). AP sites and T:G mismatches can be efficiently repaired by Base Excision Repair (BER) enzymes. Dotted lines indicate a proposed but not experimentally proven path.



The finding that TDG rapidly processes the oxidation products by TET enzymes corroborated the view of a TET-initiated, TDG-processed and BER-terminated active DNA demethylation mechanism. In support of this picture and the surmised recruiting function of GADD45B, Li et al. (2015) reported that GADD45A as well as GADD45B promote demethylation of an in vitro methylated promoter through TDG. TDG physically interacts with GADD45 and in the presence of the triple complex, GADD45B, TDG and TET2, a complete demethylation of reporters could be achieved (Li et al., 2015). TDG has several interesting and yet not well-understood features. It interacts with DNMT3A either via the PWWP or the catalytic domain of DNMT3A (see Figure 2). This interaction enhances TDG activity possibly by facilitating the binding of TDG to the mismatch sites while binding to TDG at the same time represses DNMT3A methyltransferase activity (Li et al., 2007). TDG is one of the two enzymes that together with the methyl-CpG binding domain protein 4 (MBD4) is known to initiate this repair mechanism (Hardeland et al., 2001; Krokan et al., 2002). Both TDG and MBD4 possess low levels of 5mC DNA glycosylase activity in vitro (Zhu et al., 2000a,b).
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FIGURE 2. Schematic presentation of the known domain structures of proteins involved in DNA methylation/demethylation. DNMT3A1/2: ADD domain of DNMT3A1/2 is involved in the allosteric control of the enzyme. TET enzymes: DNA binding CXXC motif is present in TET1 and TET3. Double-stranded β-helix (DSβH) is the fold core oxygenase domain is preceded by a cysteine (Cys)-rich domain. Sumo-binding motifs (SBM) and catalytic residues (in blue) of TDG is represented. PWWP: Pro-Trp-Trp-Pro; CXXC: Cys-X-X-Cys motif.



Deamination of 5mC and 5hmC by Activity Induced Cytosine Deaminase (AID) or apolipoprotein B mRNA editing complex (APOBEC) is an alternative path to successive oxidation reactions by TET enzymes for the initiation of DNA demethylation (Figure 1). The modified nucleotide can then be replaced by BER. Shortly after the discovery of AID (Muramatsu et al., 1999), a functional role in DNA demethylation by deamination was proposed (Rai et al., 2008; Bhutani et al., 2010). The identification of AID in a ternary complex with GADD45A and TDG also indicates a contribution of AID in the demethylation process (Cortellino et al., 2011). On the contrary, several independent studies revealed that 5mC and 5hmC are poorer substrates for AID as compared to cytosine (Larijani et al., 2005; Nabel et al., 2012; Rangam et al., 2012; Abdouni et al., 2013). The contribution of AID for the deamination pathway to demethylate 5mC in association with BER mechanism is rather elusive since the enzyme cannot efficiently deaminate 5mC (Wijesinghe and Bhagwat, 2012). However, the same study showed efficient 5mC deamination capability of APOBEC3 (Wijesinghe and Bhagwat, 2012). In conclusion, the role of AID in DNA demethylation particularly in the adult brain is still unclear (for review, see Bochtler et al., 2017).

REGULATION OF NEURONAL GENE EXPRESSION BY ACTIVE DNA DEMETHYLATION

In the long-lived nature of postmitotic neurons, genomic stability needs to be maintained for decades while at the same time their remarkable plasticity has to be kept at a poised state ready to respond (Baker-Andresen et al., 2013). How are stability and permissiveness for changes in DNA methylation achieved upon enhanced neuronal activity? It is tempting to speculate that due to its plastic nature the basal epigenomic state of hippocampal neuron determines the permissiveness for an initial wave of transcription of DNA modifiers, including demethylation machinery component expressions, which precedes effector gene expression (Oliveira, 2016). An example for a methylation mark keeping the gene in a silent but in a transcriptionally poised state is the promoter methylation of the Bdnf gene that is quite well investigated in the context of synaptic plasticity and learning (Miller and Sweatt, 2007; Lubin et al., 2008). In differentiated neurons, the Bdnf promoter is methylated at basal conditions and thereby kept in a repressed state by the occupation of repressor complex involving RE1-Silencing Transcription factor corepressor (CoRest), methyl CpG binding protein 2 (MeCP2), histone deacetylases (HDAC) 1 and 2. The repressor complex dissociates following phosphorylation of MeCP2 and nitrosylation of HDAC2 in response to Ca+2 influx (Chen et al., 2003; Nott et al., 2008). Activity-induced deaminase (AID) regulates the induced expression of Bdnf IV in a stimulus-dependent manner (Ratnu et al., 2014). However, the yet unclear status of AID in DNA demethylation makes it hard to directly link the effect of AID on Bdnf expression to activity-dependent DNA demethylation.

Unfortunately, conflicting reports have been published on the role of GADD45B in learning and memory processes. Fear conditioning induces Gadd45b gene expression (Keeley et al., 2006) and deletion of the gene results in hippocampus-dependent long-term memory deficits including fear conditioning (Leach et al., 2012). However, others found improved long-term memory following Gadd45b knockout mice employing a similar contextual fear-conditioning paradigm (Sultan et al., 2012). Of note, the mice strains used in the latter two studies had a different genetic background (C57BL/6 and B6:129VJ mice) which might account for the discrepant results. Moreover, targeted siRNA delivery to transiently knock down Gadd45b expression in the neonatal rat amygdala results in altered juvenile behavior with consequences for the expression of Bdnf, MeCP2 and Reelin (Kigar et al., 2015). NF-κB, which is known to be important in hippocampus-dependent memory formation (Kaltschmidt and Kaltschmidt, 2015), was proposed to regulate Gadd45b gene expression and thereby DNA demethylation activity (Jarome et al., 2015). Interestingly, overexpression of TET1 leads to enhanced expression of several memory-related genes but surprisingly to impairment of contextual fear memory (Kaas et al., 2013). It is possible that TET proteins might have functions independent of DNA hydroxymethylation. TET3, for instance, was recently shown to have a functional role in scaling-down synaptic strength in hippocampal neurons (Yu et al., 2015).

Interestingly, 5hmC is not only an intermediate DNA demethylation form but also an epigenetic mark on its own, which is enriched within promoters and gene bodies (Kaas et al., 2013). This enrichment correlates with a depletion of 5mC in actively transcribed genes. Moreover, gene body 5mC and gene expression are inversely correlated (Mellen et al., 2012). Recent advances in whole epigenome analysis identified gradually accumulating non-CG methylation (mCH, H = A/C/T) from post-natal week one onwards in the genome peaking in the adult mouse brain (Xie et al., 2012; Lister et al., 2013) and at several hundred genomic positions in the adult human brain (Varley et al., 2013). Genes expressed in the mammalian brain are devoid of intragenic and promoter mCH (Xie et al., 2012) and mCH correlates with decreased gene expression in a highly cell type-specific manner (Mo et al., 2015). mCH accumulation is implicated in X chromosome inactivation and might therefore contribute to gender specific gene expression (Keown et al., 2017). Reconfiguration of the global DNA methylome during development coincides with synaptogenesis, a period in which mCH accumulates in neurons but not in glial cells (Lister et al., 2013). On the other hand, methylated CpG-rich DNA regions are not only found in transcription initiation sites but also in gene bodies and intergenic regions (Jones, 2012). Collectively these studies illustrate that it is important to identify the location and type of DNA methylation to assess its contribution to gene expression.

Another critical issue is cell-type specificity of DNA demethylation. In most studies brain tissue that contains different neuronal and glial cell types was used. The current knowledge on how the DNA demethylation machinery functions in different cell-types and responds to neuronal activity is therefore very limited. DNA methylation patterns vary between neurons and non-neuronal cells. Ventromedial prefrontal cortex neurons have higher global DNA methylation levels compared to non-neuronal cells (Li et al., 2014a). Early life stress (ELS) alters DNA methylation and Bdnf expression in medial prefrontal cortex neurons in a cell-type and sex-specific manner (Blaze and Roth, 2017). The expression of Bdnf IX and Fgf1B genes, which are crucially involved in neurogenesis and plasticity, is also regulated by Gadd45b in an activity-dependent manner in granule cells of the dentate gyrus (Ma et al., 2009). Furthermore, Halder et al. (2016) showed that DNA methylation and changes in histone acetylation occur in parallel following contextual fear conditioning learning and alterations in DNA methylation may also arise in non-neuronal cells potentially supporting an epigenetic code for memory formation. Interestingly, in contrast to hippocampal neurons, TET3 but not TET1 is expressed in cortical neurons in an activity-dependent manner (Li et al., 2014b). Gephyrin stabilizes GABA receptors to postsynaptic membrane and takes part in fear extinction (Chhatwal et al., 2005). Li et al. (2014b) further validated the enhanced expression of TET3 on the gephyrin locus where they showed increased occupancy of TET3 in association with an accumulation of the demethylation intermediate mark 5hmC.

ROLE OF DNA DEMETHYLATION IN NEUROLOGICAL DISORDERS

Given the principal functions of chromatin modifications in regulating gene transcription programs, it’s not surprising that the number of studies, which report the involvement of DNA demethylation machinery in neurological disorders, is steadily increasing. Enhanced GADD45B levels were reported in two different cohorts of major psychotic patients (Gavin et al., 2012). However, reduced occupancy of GADD45B on the Bdnf IX promoter was found, which is in line with reduced Bdnf IX expression (Gavin et al., 2012). Recently, GADD45B expression was shown to be regulated by transforming growth factor beta (TGFB) signaling and protein levels of GADD45B are reduced in a model of chronic mild stress (Grassi et al., 2017). Moreover, a reduction in expression levels of the immediate early gene Arc was also associated with reduced levels of GADD45B and DNA demethylation in this stress model (Grassi et al., 2017). Although its neurobiological underpinnings have not been fully understood, electroconvulsive therapy (ECT) is currently in clinical practice for the treatment of several psychiatric diseases including depression (Singh and Kar, 2017). In an animal model ECT reduces the methylation levels of Bdnf 9 promoter, hence inducing the mRNA expression of the gene, however, in the transgenic mice model in which Gadd45b was knocked out the effect of ECT on the Bdnf IX promoter methylation level is abolished and mRNA expression is perturbed (Ma et al., 2009). Prenatally stressed mice exhibit not only similar behavioral traits like psychotic patients but also similar epigenetic signatures (Dong et al., 2015). DNA methyltransferase1 and TET1 enzyme level increase in prenatally stressed mice correlates with enhanced 5mC and 5hmC in the regulatory DNA regions and hence decreased Bdnf gene expression (Dong et al., 2015). Samples from patients that suffered from bipolar disorder and schizophrenia show enhanced methylation of associated gene promoters resulting in suppressed expression (Grayson and Guidotti, 2013). This is linked to the enhanced expression of DNMTs (Veldic et al., 2004; Zhubi et al., 2009). However, it’s not clear whether the lack of active DNA demethylation can also be responsible for the disease etiology in some cases. The contribution of methylation and active DNA demethylation in Alzheimer’s disease (AD) remains to be determined. The varying global methylation levels reported in the postmortem brain samples can be region specific (Roubroeks et al., 2017). There are conflicting studies on the increase in 5mC and 5hmC in the hippocampus whereas no changes in the entorhinal cortex in AD as compared to controls were reported (Bradley-Whitman and Lovell, 2013; Lashley et al., 2015). Contradictory evidence on the global decrease in methylation levels in the hippocampus and entorhinal cortex was published by others (Mastroeni et al., 2010; Chouliaras et al., 2013). In a complex disease like AD, the readout from brain samples and genome-wide association studies on various chromatin modifiers is hard to interpret because of the readout’s variability due to the initiation, progression or terminal stage of the disease.

CONCLUDING REMARKS

Based on the initial GADD45B-dependent demethylation hypothesis (Gavin et al., 2012), current data suggest that active demethylation in postmitotic neurons is initiated by TET family enzymes in conjunction with TDG. While GADD45B apparently lacks enzymatic activity, it seems to recruit demethylation machinery components to certain promoters by yet unknown mechanisms. The cascade of events in active DNA demethylation finally requires the contribution of BER mechanism to generate mark-free cytosine. There are several gaps in our understanding of the DNA demethylation pathway in neurons. For instance, how are the DNA demethylation components targeted to specific genomic sites? Finally, it is yet unclear how one can interfere with this machinery to regulate activity-dependent gene expression and whether this machinery has druggable pathways in the context of neurological disorders.

AUTHOR CONTRIBUTIONS

GB and MK are invited to contribute to the article collection for the special issue of the “Epigenetic Mechanisms Regulating Neural Plasticity”. GB outlined the mini review and GB and MK wrote the manuscript.

FUNDING

This work was supported by grants from the Deutsche Forschungsgemeinschaft (DFG; Kr1879/5-1/6-1/SFB 779 TPB8), BMBF “Energi” FKZ: 01GQ1421B, The EU Joint Programme—Neurodegenerative Disease Research (JPND) project STAD and Leibniz Foundation to MK.

REFERENCES

Abdouni, H., King, J. J., Suliman, M., Quinlan, M., Fifield, H., and Larijani, M. (2013). Zebrafish AID is capable of deaminating methylated deoxycytidines. Nucleic Acids Res. 41, 5457–5468. doi: 10.1093/nar/gkt212

Baker-Andresen, D., Ratnu, V. S., and Bredy, T. W. (2013). Dynamic DNA methylation: a prime candidate for genomic metaplasticity and behavioral adaptation. Trends Neurosci. 36, 3–13. doi: 10.1016/j.tins.2012.09.003

Barreto, G., Schäfer, A., Marhold, J., Stach, D., Swaminathan, S. K., Handa, V., et al. (2007). Gadd45a promotes epigenetic gene activation by repair-mediated DNA demethylation. Nature 445, 671–675. doi: 10.1038/nature05515

Bayraktar, G., and Kreutz, M. R. (2017). Neuronal DNA methyltransferases: epigenetic mediators between synaptic activity and gene expression? Neuroscientist 24, 171–185. doi: 10.1177/1073858417707457

Bhutani, N., Brady, J. J., Damian, M., Sacco, A., Corbel, S. Y., and Blau, H. M. (2010). Reprogramming towards pluripotency requires AID-dependent DNA demethylation. Nature 463, 1042–1047. doi: 10.1038/nature08752

Blaze, J., and Roth, T. L. (2017). Caregiver maltreatment causes altered neuronal DNA methylation in female rodents. Dev. Psychopathol. 29, 477–489. doi: 10.1017/s0954579417000128

Bochtler, M., Kolano, A., and Xu, G. L. (2017). DNA demethylation pathways: additional players and regulators. Bioessays 39, 1–13. doi: 10.1002/bies.201600178

Bradley-Whitman, M. A., and Lovell, M. A. (2013). Epigenetic changes in the progression of Alzheimer’s disease. Mech. Ageing Dev. 134, 486–495. doi: 10.1016/j.mad.2013.08.005

Chen, W. G., Chang, Q., Lin, Y., Meissner, A., West, A. E., Griffith, E. C., et al. (2003). Derepression of BDNF transcription involves calcium-dependent phosphorylation of MeCP2. Science 302, 885–889. doi: 10.1126/science.1086446

Chhatwal, J. P., Myers, K. M., Ressler, K. J., and Davis, M. (2005). Regulation of gephyrin and GABAA receptor binding within the amygdala after fear acquisition and extinction. J. Neurosci. 25, 502–506. doi: 10.1523/JNEUROSCI.3301-04.2005

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

Cortellino, S., Xu, J., Sannai, M., Moore, R., Caretti, E., Cigliano, A., et al. (2011). Thymine DNA glycosylase is essential for active DNA demethylation by linked deamination-base excision repair. Cell 146, 67–79. doi: 10.1016/j.cell.2011.06.020

Dong, E., Ruzicka, W. B., Grayson, D. R., and Guidotti, A. (2015). DNA-methyltransferase1 (DNMT1) binding to CpG rich GABAergic and BDNF promoters is increased in the brain of schizophrenia and bipolar disorder patients. Schizophr. Res. 167, 35–41. doi: 10.1016/j.schres.2014.10.030

Gavin, D. P., Sharma, R. P., Chase, K. A., Matrisciano, F., Dong, E., and Guidotti, A. (2012). Growth arrest and DNA-damage-inducible, β (GADD45b)-mediated DNA demethylation in major psychosis. Neuropsychopharmacology 37, 531–542. doi: 10.1038/npp.2011.221

Goll, M. G., and Bestor, T. H. (2005). Eukaryotic cytosine methyltransferases. Annu. Rev. Biochem. 74, 481–514. doi: 10.1146/annurev.biochem.74.010904.153721

Grassi, D., Franz, H., Vezzali, R., Bovio, P., Heidrich, S., Dehghanian, F., et al. (2017). Neuronal activity, TGFβ-signaling and unpredictable chronic stress modulate transcription of Gadd45 family members and DNA methylation in the hippocampus. Cereb. Cortex 27, 4166–4181. doi: 10.1093/cercor/bhx095

Grayson, D. R., and Guidotti, A. (2013). The dynamics of DNA methylation in schizophrenia and related psychiatric disorders. Neuropsychopharmacology 38, 138–166. doi: 10.1038/npp.2012.125

Hajkova, P., Jeffries, S. J., Lee, C., Miller, N., Jackson, S. P., and Surani, M. A. (2010). Genome-wide reprogramming in the mouse germ line entails the base excision repair pathway. Science 329, 78–82. doi: 10.1126/science.1187945

Halder, R., Hennion, M., Vidal, R. O., Shomroni, O., Rahman, R. U., Rajput, A., et al. (2016). DNA methylation changes in plasticity genes accompany the formation and maintenance of memory. Nat. Neurosci. 19, 102–110. doi: 10.1038/nn.4194

Hardeland, U., Bentele, M., Lettieri, T., Steinacher, R., Jiricny, J., and Schar, P. (2001). Thymine DNA glycosylase. Prog. Nucleic Acid Res. Mol. Biol. 68, 235–253. doi: 10.1016/S0079-6603(01)68103-0

He, Y. F., Li, B. Z., Li, Z., Liu, P., Wang, Y., Tang, Q., et al. (2011). Tet-mediated formation of 5-carboxylcytosine and its excision by TDG in mammalian DNA. Science 333, 1303–1307. doi: 10.1126/science.1210944

Hevroni, D., Rattner, A., Bundman, M., Lederfein, D., Gabarah, A., Mangelus, M., et al. (1998). Hippocampal plasticity involves extensive gene induction and multiple cellular mechanisms. J. Mol. Neurosci. 10, 75–98. doi: 10.1007/bf02737120

Inoue, A., and Zhang, Y. (2011). Replication-dependent loss of 5-hydroxymethylcytosine in mouse preimplantation embryos. Science 334:194. doi: 10.1126/science.1212483

Ito, S., D’Alessio, A. C., Taranova, O. V., Hong, K., Sowers, L. C., and Zhang, Y. (2010). Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass specification. Nature 466, 1129–1133. doi: 10.1038/nature09303

Ito, S., Shen, L., Dai, Q., Wu, S. C., Collins, L. B., Swenberg, J. A., et al. (2011). Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303. doi: 10.1126/science.1210597

Jarome, T. J., Butler, A. A., Nichols, J. N., Pacheco, N. L., and Lubin, F. D. (2015). NF-κB mediates Gadd45β expression and DNA demethylation in the hippocampus during fear memory formation. Front. Mol. Neurosci. 8:54. doi: 10.3389/fnmol.2015.00054

Jones, P. A. (2012). Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 13, 484–492. doi: 10.1038/nrg3230

Kaas, G. A., Zhong, C., Eason, D. E., Ross, D. L., Vachhani, R. V., Ming, G. L., et al. (2013). TET1 controls CNS 5-methylcytosine hydroxylation, active DNA demethylation, gene transcription and memory formation. Neuron 79, 1086–1093. doi: 10.1016/j.neuron.2013.08.032

Kaltschmidt, B., and Kaltschmidt, C. (2015). NF-KappaB in long-term memory and structural plasticity in the adult mammalian brain. Front. Mol. Neurosci. 8:69. doi: 10.3389/fnmol.2015.00069

Keeley, M. B., Wood, M. A., Isiegas, C., Stein, J., Hellman, K., Hannenhalli, S., et al. (2006). Differential transcriptional response to nonassociative and associative components of classical fear conditioning in the amygdala and hippocampus. Learn. Mem. 13, 135–142. doi: 10.1101/lm.86906

Keown, C. L., Berletch, J. B., Castanon, R., Nery, J. R., Disteche, C. M., Ecker, J. R., et al. (2017). Allele-specific non-CG DNA methylation marks domains of active chromatin in female mouse brain. Proc. Natl. Acad. Sci. U S A 114, E2882–E2890. doi: 10.1073/pnas.1611905114

Kigar, S. L., Chang, L., and Auger, A. P. (2015). Gadd45b is an epigenetic regulator of juvenile social behavior and alters local pro-inflammatory cytokine production in the rodent amygdala. Brain Behav. Immun. 46, 60–69. doi: 10.1016/j.bbi.2015.02.018

Kriaucionis, S., and Heintz, N. (2009). The nuclear DNA base 5-hydroxymethylcytosine is present in Purkinje neurons and the brain. Science 324, 929–930. doi: 10.1126/science.1169786

Krokan, H. E., Drablos, F., and Slupphaug, G. (2002). Uracil in DNA—occurrence, consequences and repair. Oncogene 21, 8935–8948. doi: 10.1038/sj.onc.1205996

Larijani, M., Frieder, D., Sonbuchner, T. M., Bransteitter, R., Goodman, M. F., Bouhassira, E. E., et al. (2005). Methylation protects cytidines from AID-mediated deamination. Mol. Immunol. 42, 599–604. doi: 10.1016/j.molimm.2004.09.007

Lashley, T., Gami, P., Valizadeh, N., Li, A., Revesz, T., and Balazs, R. (2015). Alterations in global DNA methylation and hydroxymethylation are not detected in Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 41, 497–506. doi: 10.1111/nan.12183

Leach, P. T., Poplawski, S. G., Kenney, J. W., Hoffman, B., Liebermann, D. A., Abel, T., et al. (2012). Gadd45b knockout mice exhibit selective deficits in hippocampus-dependent long-term memory. Learn. Mem. 19, 319–324. doi: 10.1101/lm.024984.111

Li, X., Baker-Andresen, D., Zhao, Q., Marshall, V., and Bredy, T. W. (2014a). Methyl CpG binding domain ultra-sequencing: a novel method for identifying inter-individual and cell-type-specific variation in DNA methylation. Genes Brain Behav. 13, 721–731. doi: 10.1111/gbb.12150

Li, X., Wei, W., Zhao, Q. Y., Widagdo, J., Baker-Andresen, D., Flavell, C. R., et al. (2014b). Neocortical Tet3-mediated accumulation of 5-hydroxymethylcytosine promotes rapid behavioral adaptation. Proc. Natl. Acad. Sci. U S A 111, 7120–7125. doi: 10.1073/pnas.1318906111

Li, Z., Gu, T. P., Weber, A. R., Shen, J. Z., Li, B. Z., Xie, Z. G., et al. (2015). Gadd45a promotes DNA demethylation through TDG. Nucleic Acids Res. 43, 3986–3997. doi: 10.1093/nar/gkv283

Li, Y. Q., Zhou, P. Z., Zheng, X. D., Walsh, C. P., and Xu, G. L. (2007). Association of Dnmt3a and thymine DNA glycosylase links DNA methylation with base-excision repair. Nucleic Acids Res. 35, 390–400. doi: 10.1093/nar/gkl1052

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

Lubin, F. D., Roth, T. L., and Sweatt, J. D. (2008). Epigenetic regulation of BDNF gene transcription in the consolidation of fear memory. J. Neurosci. 28, 10576–10586. doi: 10.1523/JNEUROSCI.1786-08.2008

Ma, D. K., Jang, M. H., Guo, J. U., Kitabatake, Y., Chang, M. L., Pow-Anpongkul, N., et al. (2009). Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis. Science 323, 1074–1077. doi: 10.1126/science.1166859

Maiti, A., and Drohat, A. C. (2011). Thymine DNA glycosylase can rapidly excise 5-formylcytosine and 5-carboxylcytosine: potential implications for active demethylation of CpG sites. J. Biol. Chem. 286, 35334–35338. doi: 10.1074/jbc.C111.284620

Mastroeni, D., Grover, A., Delvaux, E., Whiteside, C., Coleman, P. D., and Rogers, J. (2010). Epigenetic changes in Alzheimer’s disease: decrements in DNA methylation. Neurobiol. Aging 31, 2025–2037. doi: 10.1016/j.neurobiolaging.2008.12.005

Mellen, M., Ayata, P., Dewell, S., Kriaucionis, S., and Heintz, N. (2012). MeCP2 binds to 5hmC enriched within active genes and accessible chromatin in the nervous system. Cell 151, 1417–1430. doi: 10.1016/j.cell.2012.11.022

Miller, C. A., and Sweatt, J. D. (2007). Covalent modification of DNA regulates memory formation. Neuron 53, 857–869. doi: 10.1016/j.neuron.2007.02.022

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

Muramatsu, M., Sankaranand, V. S., Anant, S., Sugai, M., Kinoshita, K., Davidson, N. O., et al. (1999). Specific expression of activation-induced cytidine deaminase (AID), a novel member of the RNA-editing deaminase family in germinal center B cells. J. Biol. Chem. 274, 18470–18476. doi: 10.1074/jbc.274.26.18470

Nabel, C. S., Jia, H., Ye, Y., Shen, L., Goldschmidt, H. L., Stivers, J. T., et al. (2012). AID/APOBEC deaminases disfavor modified cytosines implicated in DNA demethylation. Nat. Chem. Biol. 8, 751–758. doi: 10.1038/nchembio.1042

Nott, A., Watson, P. M., Robinson, J. D., Crepaldi, L., and Riccio, A. (2008). S-Nitrosylation of histone deacetylase 2 induces chromatin remodelling in neurons. Nature 455, 411–415. doi: 10.1038/nature07238

Oliveira, A. M. (2016). DNA methylation: a permissive mark in memory formation and maintenance. Learn. Mem. 23, 587–593. doi: 10.1101/lm.042739.116

Ooi, S. K., and Bestor, T. H. (2008). The colorful history of active DNA demethylation. Cell 133, 1145–1148. doi: 10.1016/j.cell.2008.06.009

Penn, N. W., Suwalski, R., O’Riley, C., Bojanowski, K., and Yura, R. (1972). The presence of 5-hydroxymethylcytosine in animal deoxyribonucleic acid. Biochem. J. 126, 781–790. doi: 10.1042/bj1260781

Rai, K., Huggins, I. J., James, S. R., Karpf, A. R., Jones, D. A., and Cairns, B. R. (2008). DNA demethylation in zebrafish involves the coupling of a deaminase, a glycosylase and gadd45. Cell 135, 1201–1212. doi: 10.1016/j.cell.2008.11.042

Raiber, E. A., Beraldi, D., Ficz, G., Burgess, H. E., Branco, M. R., Murat, P., et al. (2012). Genome-wide distribution of 5-formylcytosine in embryonic stem cells is associated with transcription and depends on thymine DNA glycosylase. Genome Biol. 13:R69. doi: 10.1186/gb-2012-13-8-r69

Rangam, G., Schmitz, K. M., Cobb, A. J., and Petersen-Mahrt, S. K. (2012). AID enzymatic activity is inversely proportional to the size of cytosine C5 orbital cloud. PLoS One 7:e43279. doi: 10.1371/journal.pone.0043279

Ratnu, V. S., Wei, W., and Bredy, T. W. (2014). Activation-induced cytidine deaminase regulates activity-dependent BDNF expression in post-mitotic cortical neurons. Eur. J. Neurosci. 40, 3032–3039. doi: 10.1111/ejn.12678

Roubroeks, J. A. Y., Smith, R. G., van den Hove, D. L. A., and Lunnon, K. (2017). Epigenetics and DNA methylomic profiling in Alzheimer’s disease and other neurodegenerative diseases. J. Neurochem. 143, 158–170. doi: 10.1111/jnc.14148

Shen, L., Wu, H., Diep, D., Yamaguchi, S., D’Alessio, A. C., Fung, H. L., et al. (2013). Genome-wide analysis reveals TET- and TDG-dependent 5-methylcytosine oxidation dynamics. Cell 153, 692–706. doi: 10.1016/j.cell.2013.04.002

Singh, A., and Kar, S. K. (2017). How electroconvulsive therapy Works?: understanding the neurobiological mechanisms. Clin. Psychopharmacol. Neurosci. 15, 210–221. doi: 10.9758/cpn.2017.15.3.210

Sultan, F. A., Wang, J., Tront, J., Liebermann, D. A., and Sweatt, J. D. (2012). Genetic deletion of Gadd45b, a regulator of active DNA demethylation, enhances long-term memory and synaptic plasticity. J. Neurosci. 32, 17059–17066. doi: 10.1523/JNEUROSCI.1747-12.2012

Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930–935. doi: 10.1126/science.1170116

Varley, K. E., Gertz, J., Bowling, K. M., Parker, S. L., Reddy, T. E., Pauli-Behn, F., et al. (2013). Dynamic DNA methylation across diverse human cell lines and tissues. Genome Res. 23, 555–567. doi: 10.1101/gr.147942.112

Veldic, M., Caruncho, H. J., Liu, W. S., Davis, J., Satta, R., Grayson, D. R., et al. (2004). DNA-methyltransferase 1 mRNA is selectively overexpressed in telencephalic GABAergic interneurons of schizophrenia brains. Proc. Natl. Acad. Sci. U S A 101, 348–353. doi: 10.1073/pnas.2637013100

Wijesinghe, P., and Bhagwat, A. S. (2012). Efficient deamination of 5-methylcytosines in DNA by human APOBEC3A, but not by AID or APOBEC3G. Nucleic Acids Res. 40, 9206–9217. doi: 10.1093/nar/gks685

Xie, W., Barr, C. L., Kim, A., Yue, F., Lee, A. Y., Eubanks, J., et al. (2012). Base-resolution analysis of sequence and parent-of-origin dependent DNA methylation in the mouse genome. Cell 148, 816–831. doi: 10.1016/j.cell.2011.12.035

Yu, H., Su, Y., Shin, J., Zhong, C., Guo, J. U., Weng, Y. L., et al. (2015). Tet3 regulates synaptic transmission and homeostatic plasticity via DNA oxidation and repair. Nat. Neurosci. 18, 836–843. doi: 10.1038/nn.4008

Zhu, J. K. (2009). Active DNA demethylation mediated by DNA glycosylases. Annu. Rev. Genet. 43, 143–166. doi: 10.1146/annurev-genet-102108-134205

Zhu, B., Zheng, Y., Angliker, H., Schwarz, S., Thiry, S., Siegmann, M., et al. (2000a). 5-methylcytosine DNA glycosylase activity is also present in the human MBD4 (G/T mismatch glycosylase) and in a related avian sequence. Nucleic Acids Res. 28, 4157–4165. doi: 10.1093/nar/28.21.4157

Zhu, B., Zheng, Y., Hess, D., Angliker, H., Schwarz, S., Siegmann, M., et al. (2000b). 5-methylcytosine-DNA glycosylase activity is present in a cloned G/T mismatch DNA glycosylase associated with the chicken embryo DNA demethylation complex. Proc. Natl. Acad. Sci. U S A 97, 5135–5139. doi: 10.1073/pnas.100107597

Zhubi, A., Veldic, M., Puri, N. V., Kadriu, B., Caruncho, H., Loza, I., et al. (2009). An upregulation of DNA-methyltransferase 1 and 3a expressed in telencephalic GABAergic neurons of schizophrenia patients is also detected in peripheral blood lymphocytes. Schizophr. Res. 111, 115–122. doi: 10.1016/j.schres.2009.03.020

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 Bayraktar and Kreutz. 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.







	
	ORIGINAL RESEARCH
published: 17 May 2018
doi: 10.3389/fncel.2018.00131





[image: image2]

Altered Regulation of KIAA0566, and Katanin Signaling Expression in the Locus Coeruleus With Neurofibrillary Tangle Pathology


Pol Andrés-Benito1, Raul Delgado-Morales2 and Isidro Ferrer1,3,4,5*


1Neuropathology, Pathologic Anatomy Service, Bellvitge Biomedical Research Institute, Hospitalet de Llobregat, Bellvitge University Hospital, Barcelona, Spain

2Cancer Epigenetics Group, Cancer Epigenetics and Biology Program, Bellvitge Biomedical Research Institute, L'Hospitalet de Llobregat, Spain

3Department of Pathology and Experimental Therapeutics, University of Barcelona, L'Hospitalet de Llobregat, Spain

4Institute of Neurosciences, University of Barcelona, L'Hospitalet de Llobregat, Spain

5Biomedical Network Research Centre of Neurodegenerative Diseases, National Institute of Health Carlos III, L'Hospitalet de Llobregat, Spain

Edited by:
Daniel Ortuño-Sahagún, Universidad de Guadalajara, Mexico

Reviewed by:
Michela Ferrucci, Università degli Studi di Pisa, Italy
 Annamaria Confaloni, Istituto Superiore di Sanità, Italy

* Correspondence: Isidro Ferrer, 8082ifa@gmail.com

Received: 27 January 2018
 Accepted: 26 April 2018
 Published: 17 May 2018

Citation: Andrés-Benito P, Delgado-Morales R and Ferrer I (2018) Altered Regulation of KIAA0566, and Katanin Signaling Expression in the Locus Coeruleus With Neurofibrillary Tangle Pathology. Front. Cell. Neurosci. 12:131. doi: 10.3389/fncel.2018.00131 



The locus coeruleus (LC), which contains the largest group of noradrenergic neurons in the central nervous system innervating the telencephalon, is an early and constantly vulnerable region to neurofibrillary tangle (NFT) pathology in aging and Alzheimer's disease (AD). The present study using whole genome bisulfite sequencing and Infinium Human Methylation 450 BeadChip was designed to learn about DNA methylation profiles in LC with age and NFT pathology. This method identified decreased DNA methylation of Katanin-Interacting Protein gene (KIAA0566) linked to age and presence of NFT pathology. KIAA0566 mRNA expression demonstrated with RT-qPCR significantly decreased in cases with NFT pathology. Importantly, KIAA0566 immunoreactivity was significantly decreased only in LC neurons with NFTs, but not in neurons without tau pathology when compared with neurons of middle-aged individuals. These changes were accompanied by a similar pattern of selective p80-katanin reduced protein expression in neurons with NFTs. In contrast, p60-katanin subunit expression levels in the neuropil were similar in MA cases and cases with NFT pathology. Since katanin is a major microtubule-severing protein and KIAA0566 binds and interacts with katanin, de-regulation of the katanin-signaling pathway may have implications in the regulation of microtubule homeostasis in LC neurons with NFTs, thereby potentially interfering with maintenance of the cytoskeleton and transport.
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INTRODUCTION

Studies of Alzheimer's disease (AD) are mainly focused on the entorhinal cortex, hippocampus, and neocortex because of the massive accumulation with disease progression of β-amyloid deposits (diffuse and senile plaques) and hyper-phosphorylated tau-containing neurofibrillary tangles (NFTs), neuropil threads, and dystrophic neurites in these regions. Recently, the study of the brainstem in AD has captivated attention as (a) several nuclei of the brain stem such as the raphe nuclei and locus ceruleus (LC) are early and constantly affected in AD by abnormal neuronal deposition and formation of NFTs; (b) these nuclei are the main source of serotoninergic and noradrenergic innervations of the telencephalon including cerebral cortex; and (c) several functions dependent on the integrity of these nuclei such as arousal, attention, sleep-awake cycles, emotional states (control of panic, anxiety, and depression), autonomic function, memory and learning, stress responses, and motor coordination, among others, are altered in AD (Rüb et al., 2001; Aston-Jones and Cohen, 2005; Grinberg et al., 2009; Simic et al., 2009; Šimić et al., 2016; Attems et al., 2012; Szabadi, 2013). Whole-transcriptome arrays in LC reveal up-regulation of genes coding for proteins associated with heat shock protein binding and genes associated with ATP metabolism, and down-regulation of genes coding for DNA-binding proteins and members of the small nucleolar RNA family in LC neurons at early stages of NFT pathology (Andrés-Benito et al., 2017). MicroRNA expression is altered in the LC at early stages of NFT pathology (Llorens et al., 2017). These observations indicate alterations in the mechanisms leading to gene transcription and protein translation in LC at early stages of AD-related pathology.

DNA methylation and other epigenetic mechanisms which are modulators of gene transcription are altered in several neurodegenerative diseases including AD (Jakovcevski and Akbarian, 2012; Lu et al., 2013; Sanchez-Mut et al., 2014; Lardenoije et al., 2015; Blanch et al., 2016; Watson et al., 2016; Wen et al., 2016; Nicolia et al., 2017; Roubroeks et al., 2017; Smith and Lunnon, 2017). Epigenetic deregulation of brainstem nuclei has been postulated as one of the primary mechanisms in the pathogenesis of AD (Iatrou et al., 2017). The present work focuses on the study of DNA methylation in dissected LC in cases with NFT pathology compared with middle-aged individuals. Since one of the differentially methylated genes is KIAA0556, which encodes katanin-Interacting Protein, the study is then redirected to the analysis of expression of KIAA0556 mRNA and protein, and the proteins katanin subunit 60 and katanin subunit 80 (p60-katanin and p80-katanin, respectively) to assess possible alterations in katanin pathway signaling linked to NFT pathology in LC.

MATERIALS AND METHODS

Human Brain Samples

Human brain samples were obtained from the Institute of Neuropathology Brain Bank (HUB-ICO-IDIBELL Biobank) following the guidelines of the Spanish legislation on this matter (Real Decreto 1716/2011) and approval by the local ethics committee of the Bellvitge University Hospital-IDIBELL. The post-mortem interval between death and tissue processing was between 2 h 45 min and 15 h. This interval permits the study of RNA and protein expression as assessed elsewhere (Ferrer et al., 2008). One hemisphere was immediately cut in coronal sections, 1 cm thick, and selected areas of the encephalon were rapidly dissected, frozen on metal plates over dry ice, placed in individual air-tight plastic bags, and stored at −80°C until use. The other hemisphere was fixed by immersion in 4% buffered formalin for 3 weeks. The brain stem was cut on tangential sections 2 mm thick which were alternately frozen at −80°C or fixed in buffered formalin for 3 weeks. The neuropathological study for diagnosis was carried out with selected 4 μm-thick de-waxed paraffin sections of representative brain regions processed for immunohistochemistry as detailed elsewhere (Ferrer, 2014). Neuropathological diagnosis was based on the Braak and Braak stages of neurofibrillary tangle (NFT) pathology (Braak and Braak, 1991; Braak et al., 2006) and Thal phases of β-amyloid deposits (Thal et al., 2002). Cases with combined pathologies, excepting small blood vessel disease, and cases with metabolic syndrome, hypoxia, seizures, and long agonic state, were excluded. Since early stages of sporadic AD may show only NFT pathology without β-amyloid deposition Ferrer, 2012; Braak and Del Tredici, 2015), and these changes are similar to those seen in Primary age-related tauopathy (PART) (Crary et al., 2014; Duyckaerts et al., 2015), no attempt was made here to distinguish between early AD and PART, thus considering as pathological cases those containing NFTs grade according to Braak categorization stages. Cases were divided in two series. One series was used for DNA methylation studies; the LC of both sides was dissected from frozen samples. These cases were as follows: middle-aged cases (MA): n = 3, mean age: 50 ± 1 years; NFT pathology stages I-II, n = 4, age: 68 ± 6.3; NFT pathology stages III-IV, n = 7, age 85.1 ± 7.0; NFT pathology stages V-VI, n = 6, age: 76.3 ± 12.5 years. The second series was used for RT-qPCR after dissection of LC from frozen sections, and immunofluorescence and confocal microscopy carried out on serial sections containing the LC fixed in buffered formalin. These cases were the following: MA, n = 9, age: 51.0 ± 6.1; NFT pathology stages I-II, n = 9, age: 64.6 ± 5.7; and NFT pathology stages III-IV, n = 13, age: 78.1 ± 8.0. Cases in the second series were not affected by β-amyloid deposits, as phases 1 and 2 of Thal do not affect the LC.

Cases are summarized in Table 1. No differences in gender distribution were observed in these series. See comments below about age differences among groups.


Table 1. Summary of cases analyzed in the present series.
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Regarding clinical phenotype, MA cases and cases with NFT pathology stages I-III were normal; some cases at stage IV (cases 20, 40 and 41) had suffered from mild cognitive impairment, and cases at stages V-VI were categorized as dementia of AD type.

DNA Extraction and Illumina Infinium Human MethylationEPIC BeadChip

Cases used for DNA methylation are detailed in Table 1. Total DNA was isolated from microdissected LC with DNeasy Blood and Tissue Kit (Qiagen, Madrid, Spain) according to the manufacturer's instructions. All DNA samples were assessed for integrity, quantity, and purity with electrophoresis in a 1.3% agarose gel, with picogreen quantification and nanodrop measurements. Bisulfite conversion of 500 ng of genomic DNA was performed using EZ DNA methylation kit (Zymo Research, Irvine, CA, USA) following the manufacturer's instructions. 200 ng of bisulfite-converted DNA was used for hybridization on the Illumina Infinium Human MethylationEPIC BeadChip (Illumina Inc., San Diego, CA, USA). Briefly, samples were whole genome-amplified, followed by an enzymatic end-point fragmentation, precipitation, and re-suspension. The re-suspended samples were hybridized onto the bead-chip for 16 h at 48°C and then washed. A single nucleotide extension with labeled dideoxy-nucleotides was performed, and repeated rounds of staining were applied with a combination of fluorescently labeled antibodies differentiating between biotin and DNP. Fluorescent signal from the microarray was measured with a HiScan scanner (Illumina Inc.,) using iScan Control Software (V 3.3.29). A three-step-based normalization procedure was performed using a package available for Bioconductor (Gentleman et al., 2004), under the R statistical environment, consisting of color bias adjustment, background level adjustment, and quantile normalization across arrays (Du et al., 2008). Methylation level (β-value) for each of the 866,836 CpG sites was calculated as the ratio of methylated signal divided by the sum of methylated and unmethylated signals plus 100. All beta values with an associated p ≥ 0.01 were removed from the analysis.

Gene Expression Validation

Samples used for RT-qPCR analysis are detailed in Table 1. RNA from frozen dissected LC was extracted following the instructions of the supplier (RNeasy Mini Kit; Qiagen GmbH, Hilden, GE). RNA integrity number (RIN) and 28/18 S ratios were determined with the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) to assess RNA quality; RNA concentration was evaluated using a NanoDropTM Spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA, USA). RIN (RNA integrity number) values varied from 5.8 to 7.6 with no significant differences among groups. Retro-transcription reaction of RNA samples was carried out with the high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA, USA) following the guidelines provided by the manufacturer and using Gene Amp 9700 PCR System thermocycler (Applied Biosystems). One sample of RNA was processed in parallel in the absence of reverse transcriptase to rule out DNA contamination.

Quantitative real-time polymerase chain reaction (RT-qPCR) assays were conducted in duplicate on cDNA samples obtained from the retro-transcription reaction diluted 1:10 in 384-well optical plates (Kisker Biotech, Steinfurt, GE) utilizing the ABI Prism 7900 HT Sequence Detection System (Applied Biosystems). TaqMan probes (Thermo Fisher Scientific) were Hs00390731_m1 (KIAA0556 probe) and Hs01125994_m1 (UTRN probe). The mean value of four house-keeping genes, alanyl-transfer RNA synthase (AARS) (Hs00609836_m1), glucuronidase Beta (GUS-β) (Hs00939627_m1), hypoxanthine-guanine phosphoribosyltransferase (HPRT1) (Hs02800695_m1), and X-prolyl amino-peptidase (aminopeptidase P) 1 (XPNPEP1) (Hs00958026_m1), were used as internal controls for normalization of LC samples (Barrachina et al., 2006; Durrenberger et al., 2012). DDCT values were obtained from the DCT of each sample minus the mean DCT of the population of control samples (calibrator samples). The fold change was determined using the equation 2DDCT. Mean fold change values in each group were analyzed with the Students t-test using the Statgraphics Statistical Analysis and Data Visualization Software version 5.1.

Double-Labeling Immunofluorescence and Confocal Microscopy

Cases used for immunofluorescence are named 10–31 in Table 1 (stages I-II were not examined). Three de-waxed sections, 4 μm thick, per selected cases were stained with a saturated solution of Sudan black B (Merck, Barcelona, Spain) for 15 min to block the auto-fluorescence of lipofuscin granules present in cell bodies, and then rinsed in 70% ethanol and washed in distilled water. The sections were incubated at 4°C overnight with combinations of primary antibodies: anti-KIAA0556 diluted 1:250 (NBP1-91006, NovusBiologicals, USA), anti-p60 katanin subunit diluted 1:250 (MAB7100, R&D systems, USA), anti-p80 katanin subunit diluted 1:150 (ab224171, Abcam, UK), and antibody AT8 diluted 1:50 (MN1020, ThermoFisher, USA). After washing, the sections were incubated with Alexa488 or Alexa546 (1:400; Molecular Probes, Eugene, OR, USA) fluorescence secondary antibodies against the corresponding host species. Nuclei were stained with DRAQ5TM (1:2,000; Biostatus, Shepshed, UK). After washing, the sections were mounted in Immuno-Fluore mounting medium (ICN Biomedicals, Santa Clara, CA, USA), sealed, and dried overnight. Sections were examined with a Leica TCS-SL confocal microscope (Leica, Barcelona, Spain), and the images were acquired with Leica confocal software. Densitometry of the immunoreaction signal in LC positive cells for KIAA0556 and p80 was performed using Photoshop software in three different sections per case. Comparisons were made between control and diseased cases, and between neurons with and without NFT pathology in pathological cases. Densitometry of p60 immunostaining was performed in the whole neuropil of the LC due to punctate characteristics of p60 immunostaining.

Statistical Analysis

The effect of age and NFT pathology were determinant in DNA methylation and RT-qPCR expression. These aspects were further interpreted on the basis of immunohistochemical studies and quantification of data.

The normality of the data was assessed with the Shapiro-Wilk test or Kolmogorov–Smirnov test when required. DNA methylation data and RT-qPCR data were compared with one-way analysis of variance (ANOVA) followed by Tukey post-test. Statistical analysis and graphic design were performed with GraphPad Prism version 5.01 (La Jolla, CA, USA). Outliers were detected using the GraphPad software QuickCalcs (p < 0.05). Significance levels were set at *p < 0.05 and **p < 0.01. Statistical analysis of densitometric protein levels between groups, as revealed by immunofluorescence, was performed using t-student's test or one-way analysis of variance (ANOVA) followed by Tukey post-test when required using the SPSS software (IBM Corp. Released 2013, IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.). Outliers were detected using the GraphPad software QuickCalcs (p < 0.05). All data were expressed as mean values ± SEM. Differences between middle-aged and NFT(+) were considered statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001, and set at $ p < 0.05 and $$ p < 0.01 when comparing NFT(–) and NFT(+) neurons.

RESULTS

Differential Methylation Regions

Illumnia Infinium Human MethylationEPIC BeadChip Kit was used, covering over 850,000 methylation sites quantitatively across the genome at single-nucleotide resolution, which permits discrimination between 5mC and 5hmC. DNA methylation profiles obtained from this platform showed a few differential methylation regions (DMRs) when comparing MA individuals with cases showing various stages of NFT pathology. After the Lumi software analysis, coding DMRs showing significant differences at an adjusted p < 0.05 were sorted and ranked according to their CpG mean differences and significance (Supplementary Table 1). In contrast, 5hmC data obtained when comparing NFT stages with MA cases did not reveal significant differences following the same adjusted p-value established for 5mC (Figure 1A). For this reason no further attempt was made to analyze gene expression of suspected hydroximethylated genes. Enrichment analysis against the “Go Ontology” database did not identify significant clusters for coding DMRs in ases with NFT pathology. Two significant DMRs, UTRN and KIAA0556 genes, coding for utrophin and katanin-Interacting Protein, respectively, were differentially hypo-methylated in cases with NFT pathology when compared with MA individuals. Differences were more marked for KIAA0556 when comparing MA with early stages of NFT pathology (Figure 1B).
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FIGURE 1. (A) Hierarchical clustering heat map of methylation (5mC) (left) and hydroxmethylation (5hmC) (right) array showing differential methylation profile in LC in cases with neurofibrillary tangle (NFT) pathology and middle-aged individuals (MA). Differences between groups are here considered statistically significant at an adjusted p < 0.05 in methylation study and at an unadjusted p < 0.05 in hydroxymethylation study. (B) Box plot of CpG methylation differences between MA and cases at different stages of NFT pathology (I-II, III-IV, and V-VI) in UTRN (left) and KIAA0556 (right) genes. Significant differences in KIAA0556 DNA 5mC are seen between MA and all stages of NFT pathology. Abbreviations: 5mC: methylation; 5hmC: hydroxymethylation, UTRN: utrophin; KIAA0556: Katanin-interacting protein. Samples color code: gray: MA cases; black: cases with NFT pathology.



Gene Expression Validation

RT-qPCR was performed to evaluate UTRN and KIAA0556 mRNA expression. UTRN mRNA expression did not significantly differ in MA and cases with NFT pathology. In contrast, KIAA0556 mRNA expression was significantly reduced at stages III-IV of NFT pathology when compared with MA individuals (p = 0.002; Figure 2).
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FIGURE 2. Gene expression levels of UTRN and KIAA0556 genes in LC in MA and cases with NFT pathology at stages I-II and III-IV. *p < 0.05 when comparing MA with NFT III-IV.



Protein Expression of KIAA0556, and Katanin p80 and p60 Subunits in LC

Double-labeling immunofluorescence and confocal microscopy to selected proteins and hyperphosphorylated tau (antibody AT8) were used to a: identify localization of KIAA0556, and katanin p80 and p60 subunits in LC; b: assess modified expression levels of these proteins in cases with NFT pathology; and c: analyze the relationship, if any, between KIAA0556, and katanin p80 and p60, in relation to tau deposition in neurons and neuropil of the LC.

KIAA0556 immunoreactivity was observed in the cytoplasm of neurons in MA and in cases with NFT pathology; the immunoreactivity was similar in neurons from MA cases and in neurons without NFTs in cases with NFT pathology. But KIAA0556 immunoreactivity was markedly reduced in neurons with NFTs, as revealed by double-labeling immunofluorescence and confocal microscopy (Figure 3). Quantitative studies showed no differences in the amount of protein in neurons of the LC in MA individuals and in non-containing NFT neurons in cases with NFT pathology stages III-IV. However, significant reduction of KIAA0556 immunoreactivity was verified in neurons containing hyper-phosphorylated tau deposits when compared with neurons not bearing NFTs in the same tissue section (p = 0.002) (Figure 6A).
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FIGURE 3. Double-labeling immunofluorescence and confocal microscopy to KIAA0556 (green) and hyper-phosphorylated tau (clone AT8: red) in MA and in one case with NFT pathology stage IV. Note decreased KIAA0556 restricted to neurons containing NFT (arrowhead: only red; arrows: only green). Lower row: higher magnification of the upper right corner showing decreased KIAA0556 immunoreactivity in one neuron containing NFT. Paraffin sections; nuclei stained with DRAQ5TM (blue); bar in the two upper rows = 50 μm; bar in the lower row = 25 μm.



To further learn about KIAA0556-associated proteins, double-labeling immunofluorescence to p60- and p80-katanin subunits was assessed. p60-katanin immunoreactivity was localized as punctuate, synaptic-like deposits in the neuropil in MA and cases at stages III-IV of NFT pathology, which was consistent with the localization of this protein in distal neuronal processes. Double-staining of p60-katanin and AT8 showed no apparent decrease in p60-katanin immunoreactivity in the neuropil of the LC in cases with NFT pathology when compared with MA (Figure 4). Densitometry revealed no significant differences between the two groups (p = 0.62; Figure 6B).
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FIGURE 4. Double-labeling immunofluorescence and confocal microscopy to p60-katanin (green) and hyper-phosphorylated tau (clone AT8: red) in MA and in one case with NFT pathology stage IV. Lower row: higher magnification of the upper right corner showing preserved p60-katanin immunoreactivity in the neuropil in NFT case when compared with MA. Paraffin sections; nuclei stained with DRAQ5TM (blue); bar in the two upper rows = 50 μm; bar in the lower row = 25 μm.



Finally, p80-katanin protein expression was localized in the cytoplasm of LC neurons. p80-katanin immunoreactivity was selectively reduced in neurons of the LC containing hyperphosphorylated tau deposits (Figure 5). Densitometric analysis further demonstrated no differences between MA neurons and neurons without tau deposits in cases with NFT pathology, but significant reduction of p80-katanin immunoreactivity in neurons with NFTs when compared with neurons without NFTs in the same tissue section (p = 0.000; Figure 6C).
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FIGURE 5. Double-labeling immunofluorescence and confocal microscopy to p80-katanin (green) and hyper-phosphorylated tau (clone AT8: red) in MA and in one case with NFT pathology stage IV. Note decreased p80-katanin restricted to neurons containing NFT (arrowhead: only red; arrows: only green). Lower row: higher magnification of the upper right corner showing decreased p80-katanin immunoreactivity in one neuron containing NFT. Paraffin sections; nuclei stained with DRAQ5TM (blue); bar in the two upper rows = 50 μm; bar in the lower row = 25 μm.
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FIGURE 6. Densitometric study showing no differences in p60 protein expression between LC neurons in MA cases and tau non-bearing neurons in cases with NFT pathology (B), but significant KIAA0556 (A), and p80-katanin (p80) (C) reduction in NFT-containing neurons when compared with non-tau containing neurons in the same sections. *p < 0.05 when comparing MA with NFT, and $$p < 0.01 and $$$p < 0.001 when comparing NFT(−) and NFT(+) neurons in cases with NFT pathology.



DISCUSSION

DNA methylation at 5-methylcytosine (5mC) is an epigenetic mechanism associated primarily with transcriptional repression, whereas methylation at 5-hydroxymethylcytosine (5hmC) has opposite effects. Here we used hybridization on the Illumina Infinium Human MethylationEPIC BeadChip to identify differences in DNA methylation of dissected LC of cases with NFT pathology compared with MA individuals without NFTs. The age of the two groups was different, with cases with NFT pathology being older than MA individuals. This is not a rare situation as 85% of human beings aged 65 years and older show NFT pathology defined, minimally, as stages I-II of Braak in the entorhinal cortex (EC). Most of them, if not all, have hyper-phosphorylated tau deposits in the LC (Braak et al., 2011; Ferrer, 2012). Indeed, tau pathology in certain nuclei of the brain stem, including LC, precedes tau pathology in the EC (Rüb et al., 2001; Grinberg et al., 2009; Simic et al., 2009; Attems et al., 2012). For this reason, the MA group was selected on the basis of the absence of tau pathology in LC. It can be argued that the present design is biased by age differences between the two main groups. This objection may be true in other situations, but present observations geared to learning about the association of NFT pathology and abnormal gene expression in neurons of the LC proved it not to be here.

Using restrictive conditions, two DNA hypo-methylated genes were selected for further study; UTRN and KIAA0556 genes, coding for utrophin and katanin-Interacting Protein, were differentially hypo-methylated in cases with NFT pathology when compared with MA individuals. RT-qPCR showed no differences in UTRN mRNA expression between the two groups. However, KIAA0556 mRNA expression was significantly reduced in cases with NFT pathology when compared with MA. Lack of correlation between degree of DNA methylation of CpG islands as revealed by the bisulphate methods and gene transcription is not a rare phenomenon in diseases of the nervous system (Nicolia et al., 2017).

Altered KIAA0556 mRNA expression in neurons with NFT may have implications in microtubule pathology in neurons bearing hyper-phosphorylated tau in LC. Microtubules are hollow polymers of α- and β-tubulin subunits with one end, the plus-end, favored by the addition and subtraction of subunits, while the minus-end has limited turnover capacity; β-tubulins predominate at the plus-end and α-tubulins at the minus-end (Baas and Lin, 2011; Baas, 2013; Kapitein and Hoogenaad, 2015; Baas et al., 2016). This structure permits high plasticity; long microtubules shape the morphology and stability of dendrites and axons, and serve as a means to transport distinct molecules over long distances; short microtubules permit the growth of microtubules and the transport of tubulins (Baas et al., 2016). Stability of microtubules is in part related to tubulin polyamination catalyzed by transglutaminases (Song et al., 2013; Song and Brady, 2015). Several proteins bind to microtubules and modulate stabilization of microtubules; tau and other microtubule-associated proteins (MAPs) have repeats of microtubule-binding domains and prevent de-polymerization of microtubules (Mandelkow and Mandelkow, 1995; Kadavath et al., 2015). Tau hyper-phosphorylation, as occurs in NFTs, results in tau dissociation from microtubules and aberrant formation of paired helical filaments (Alonso et al., 1999; Buée and Delacourte, 2001; Avila, 2006; Goedert et al., 2006; Wang and Liu, 2008; Duan et al., 2012; Matamoros and Bass, 2016).

Microtubule-severing proteins are proteins which form hexamers on the surface of microtubules and break the microtubules into fragments that can be transported to distinct places of the cytoplasm, axon, and dendrites to produce new microtubules, as only short microtubules are able to be transported (Wang and Brown, 2002; Baas et al., 2006; Roll-Mecak and McNally, 2010). Katanin is one of the most abundant microtubule-severing proteins in brain and plays an important role in axonal growth and dendrite branching during development due to its participation in the generation of microtubules (Ahmad et al., 1999; Yu et al., 2005, 2008; Roll-Mecak and Vale, 2006). Increased activity of microtubule-severing proteins also has noxious effects as it is accompanied by degradation of the neuronal cytoskeleton (Yu et al., 2005; Sudo and Baas, 2011). p60-katanin is localized in neuronal processes and severs microtubules whereas p80-katanin is localized in the cytoplasm at the centrosomes (McNally et al., 2000; Yu et al., 2005). Tau seems to protect microtubules in the axon from severing by katanin (Qiang et al., 2006). Following on from this posit, it has been suggested that hyper-phosphorylated tau loses its function as protector and randomly enables microtubule severing by katanin (Qiang et al., 2006; Sudo and Baas, 2011).

KIAA0556 co-localizes with α-tubulin, and binds to p60- and p80-katanin subunits (Sanders et al., 2015). Moreover, KIAA0556 seems to negatively regulate katanin severing (Sanders et al., 2015). Mutations of KIAA0556 gene are causative of Joubert syndrome, which is manifested by several malformations including brain (Sanders et al., 2015; Roosing et al., 2016).

Considering all these data, the expression of proteins KIAA0556, and p60- and p80-katanin was considered a next step in the study of possible alterations of this pathway in the LC in neurons with NFT pathology. Double-labeling immunofluorescence with antibodies to these proteins, and to phosphorylated tau, disclosed no differences in the expression of KIAA0556 and p80-katanin in LC neurons of MA cases and in neurons without hyper-phosphorylated tau deposits in cases with NFT pathology. Moreover, no significant differences were seen in p60-katenin expression in the neuropil of cases with and without NFT pathology. These findings support the idea that age, per se, is not a determining factor in the altered expression of KIAA0556 and p80-katanin in LC neurons. Yet it is the presence of NFTs which makes the difference; KIAA0556 and p80-katanin protein are reduced only in neurons with NFTs.

Together, the present findings show association of decreased KIAA0556 and p80-katanin subunits in LC neurons with NFTs, and suggest that altered microtubule homeostasis in those neurons is linked to deregulation of the katanin-signaling pathway.
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Accumulating evidence suggests that epigenetic alterations lie behind the induction and maintenance of neuropathic pain. Neuropathic pain is usually a chronic condition caused by a lesion, or pathological change, within the nervous system. Neuropathic pain appears frequently after nerve and spinal cord injuries or diseases, producing a debilitation of the patient and a decrease of the quality of life. At the cellular level, neuropathic pain is the result of neuronal plasticity shaped by an increase in the sensitivity and excitability of sensory neurons of the central and peripheral nervous system. One of the mechanisms thought to contribute to hyperexcitability and therefore to the ontogeny of neuropathic pain is the altered expression, trafficking, and functioning of receptors and ion channels expressed by primary sensory neurons. Besides, neuronal and glial cells, such as microglia and astrocytes, together with blood borne macrophages, play a critical role in the induction and maintenance of neuropathic pain by releasing powerful neuromodulators such as pro-inflammatory cytokines and chemokines, which enhance neuronal excitability. Altered gene expression of neuronal receptors, ion channels, and pro-inflammatory cytokines and chemokines, have been associated to epigenetic adaptations of the injured tissue. Within this review, we discuss the involvement of these epigenetic changes, including histone modifications, DNA methylation, non-coding RNAs, and alteration of chromatin modifiers, that have been shown to trigger modification of nociception after neural lesions. In particular, the function on these processes of EZH2, JMJD3, MeCP2, several histone deacetylases (HDACs) and histone acetyl transferases (HATs), G9a, DNMT, REST and diverse non-coding RNAs, are described. Despite the effort on developing new therapies, current treatments have only produced limited relief of this pain in a portion of patients. Thus, the present review aims to contribute to find novel targets for chronic neuropathic pain treatment.
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INTRODUCTION

Neuropathic pain appears as a consequence of a lesion or disease affecting the CNS or PNS (Freynhagen and Bennett, 2009). It is estimated that around 6–8% of general population suffers of chronic pain with neuropathic characteristics (Torrance et al., 2006; Bouhassira et al., 2008). Neuropathic pain is characterized by presenting pain under non-painful stimulus (allodynia), increased pain after painful stimulus (hyperalgesia) and spontaneous pain without stimuli. Neuropathic pain is considered the result of neural plasticity, produced by both an increase in the sensitivity and excitability of primary sensory neurons in PNS, and an increase in the activity and excitability of nociceptive neurons in the spinal cord and the brain (Woolf and Salter, 2000; Julius and Basbaum, 2001). Thus, injury to the PNS or CNS induces maladaptive changes in neurons along the nociceptive pathway that can cause neuropathic pain. The cellular and molecular alterations underlying such pain have been described at different locations within the nociceptive pathways. So far, changes have been reported in the peripheral nerve, the DRG, the dorsal horn, the brainstem, particularly in the nucleus raphe magnus, the thalamic relay nuclei, and the brain cortex (Geranton and Tochiki, 2015). Despite the nature of the neural traumatic injury, there is an alteration of similar structures triggering peripheral and central sensitization. Several mice models of human neuropathic pain have been developed to try to understand these processes (Colleoni and Sacerdote, 2010). Despite the effort on developing new therapies, current treatments have only produced limited relief of this pain in a portion of patients (Dworkin et al., 2003; Costigan et al., 2009) and there is a significant proportion of patients showing resistance to medication. For example, a reduced responsiveness to opioid analgesics is typically seen in patients with neuropathic pain (Campbell and Meyer, 2006).

Spinal cord glial cells, microglia and astrocytes, together with blood borne macrophages, play a critical role in the induction and maintenance of neuropathic pain by releasing powerful neuromodulators such as pro-inflammatory cytokines and chemokines (McMahon et al., 2005). Cytokines and chemokines regulate synaptic transmission and plasticity (Gao and Ji, 2010), and enhance neuronal excitability after neural lesions. Inflammation, and the neural injury per se, contribute to hyperexcitability and therefore to the development of neuropathic pain, inducing the altered expression, trafficking and functioning of ion channels expressed by sensitized sensory neurons (Hains and Waxman, 2007; Dib-Hajj et al., 2009; Tibbs et al., 2016). Then, positive feedback loops between enhanced electrical activity of neurons and combined activation of peripheral and central inflammatory cells help to sustain neuroinflammation and chronic neuropathic pain (Miller et al., 2009; Xie et al., 2009; Walters, 2012). The pathophysiological changes that underlie the generation and maintenance of neuropathic pain could be summarized in two sections. On one side, the induction of pro-inflammatory neuromodulator expression, mainly released by glial cells and macrophages. On the other side, the altered expression of channels, receptors, transporters and neurotransmitters by neuronal cells.

There is strong evidence that the molecular changes developing pain states after traumatic injuries of the nervous system, are governed by epigenetic mechanisms. Epigenetic mechanisms are inherited and reversible modifications to nucelotides or chromosomes that alter gene expression without changing DNA sequence. Epigenetic mechanisms are capable to sustain the long-lasting effects on gene activity in response to environmental stimuli, observed in neuropathic pain. Epigenetic mechanisms are alterations that produce changes in gene expression that occur without alteration in DNA sequence. These non-genetic alterations are regulated by two major epigenetic modifications: chemical modifications of DNA (DNA methylation) and covalent modification of histones associated with DNA (histone modifications). These alterations change the chromatin state between euchromatin or heterochromatin, which are transcriptionally accessible/active, or inaccessible/inactive states of chromatin, respectively. More recently, a third system included is non-coding RNA (ncRNA)-associated gene silencing and microRNA alteration. DNA methylation, produced by DNMTs, is linked to transcriptional silencing. It produces gene repression by physically impeding the binding of transcriptional proteins to the gene and because methylated DNA may be bound by proteins can modify histones, thereby forming heterochromatin. Methylation of histones can either increase or decrease transcription of genes, depending on which amino acids in the histones are methylated, and how many methyl groups are attached. Methylation events that weaken chemical attractions between histone tails and DNA increase transcription, because they enable the DNA to uncoil from nucleosomes, and thus forming euchromatin. Histone acetylation in lysine residues is promoted by HATs, and deacetylation by HDACs. The lysine residues have a positive charge that binds tightly to the negatively charged DNA and form closed chromatin structure, inaccessible to transcription factors (Jenuwein and Allis, 2001; Ruthenburg et al., 2007). Thus, acetylation removes positive charges of histones, opens the condensed chromatin structure, and allows transcriptional machines easier access to promoter regions. Finally, histone methylation is associated with either transcriptional activation, inactivation, or silent genomic regions (Jenuwein and Allis, 2001; Consortium et al., 2007). A summary of epigenetic marks associated to transcriptional activation or gene inactivation or silencing is shown in Table 1. Besides, non-coding RNAs play also an important role. From these, microRNAs contribute to inhibit translation and/or degradation of mRNAs (Grishok et al., 2001; Bartel, 2004; He and Hannon, 2004).

TABLE 1. Major epigenetic marks of active and repressive gene expression.
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Within this review, we describe the major epigenetic enzyme alterations observed after traumatic neural injuries that affect the expression of pro-inflammatory neuromodulators, and intrinsic neuronal excitability, promoting neuropathic pain. Although the importance of epigenetics in traumatic injuries is becoming evident, the discoveries in this field are still limited, and further research needs to be done to clarify the molecular pathways underlying these events. That we are at this initial point is clearly evident when in the literature there is no agreement, and certain contradictory findings are described. The present review tries to shed light onto these mechanisms that may be useful to develop therapeutic interventions for reducing neuropathic pain.

INDUCTION OF PRO-INFLAMMATORY NEUROMODULATOR EXPRESSION

Diverse causes of neuropathic pain are associated with excessive inflammation in both the PNS and CNS, which may contribute to the initiation and maintenance of persistent pain (Ellis and Bennett, 2013). Inflammation is produced by the release of neuromodulators, including cytokines, chemokines, vasoactive peptides, lipid mediators, and proteolytic enzymes. Such chemical mediators produce the sensitization of central neurons and nociceptors, and are released by both resident cells (microglia, astrocytes, Schwann cells) and infiltrating cells (neutrophils, macrophages). Several studies suggest that after traumatic injuries, the expression of these mediators is altered by the dysregulation of epigenetic enzymes (Figure 1). These enzymes are methyltransferases and demethylases, as well as HDACs and HATs, which alter the promoter state of these neuromodulators. Therefore, epigenetic enzymes contribute to create chemical mediator promoter accessibility to the transcription machinery, enhancing gene expression. Inhibition of these enzymes has been described to produce a decrease of inflammation as well as neuropathic pain.
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FIGURE 1. Traumatic injuries of the nervous system induce epigenetic alterations triggering inflammation and neuropathic pain. Neural injuries produce an increase of the expression of several epigenetic enzyme in microglia, macrophages, astrocytes, endothelial cells, and neurons of the DRG after neural injuries. These enzymes alter the promoter state of several pro-inflammatory neuromodulators inducing their expression. Enhanced gene expression of these cytokines, chemokines, and neurotrophic factors, produce inflammation, and consequent neuropathic pain. BET, bromodomain and extra terminal domain; DNMTs, DNA methyltransferases; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; HAT, histone acetyltransferase enzymes; HDAC, histone deacetylases; JMJD3, jumonji domain containing 3; MeCP2, methyl-CpG-binding protein 2.



Besides, microRNAs play also an important role on the generation of neuropathic pain. Genome or micro-array data of several investigations report that microRNAs are differentially regulated in neuropathic pain models in DRG neurons, sciatic nerve, spinal cord and nucleus accumbens (Imai et al., 2011; Kusuda et al., 2011; Genda et al., 2013; Bali et al., 2014; Chang et al., 2017). These non-coding RNAs seem to affect both inflammation and excitability after neural trauma.

Histone and DNA Methylation

After traumatic injury, there is altered expression of the histone methyltransferase EZH2, the histone demethylase JMJD3 or KDM6b and the transcriptional repressor MeCP2. EZH2 and JMJD3 have opposite actions on the H3K27me2/3, which is a repressive biomarker that induces chromatin compaction and thus gene inactivation. However, literature reports indicate that both enzymes have an inflammatory action causing neuropathic pain. Thus, intriguing molecular events onto the cross-talk between opposite enzymes need to be clarified.

EZH2

EZH2, is a subunit of the polycomb repressive complex 2 (PRC2), and catalyzes the di- and tri-methylation of histone H3 on lysine 27 (H3K27Me2/3), resulting in gene silencing. Although increases of PRC2 complex may contribute to protect neurons against neurodegeneration (von Schimmelmann et al., 2016), very recently, a couple of investigations indicate that the methyltransferase EZH2 is involved in the generation and maintenance of neuropathic pain by inflammatory mechanisms.

EZH2 is expressed by neurons of the dorsal horn in normal conditions. After PSL, EZH2 expression is increased in neurons of the spinal cord dorsal horn in lesioned rats with neuropathic pain (Yadav and Weng, 2017). Besides, the number of microglia with EZH2 expression is drastically increased by more than sevenfold (Yadav and Weng, 2017). Inhibition of EZH2 attenuates the expression of inflammatory mediators (Table 2) and the development and maintenance of mechanical and thermal hyperalgesia in rats with PSL. In agreement with this study, Arifuzzaman et al. (2017) described that the use of EPZ-6438, an EZH2 inhibitor, dose-dependently inhibits LPS induced inflammatory gene expression in microglial cells in vitro. Genes found to be decreased by EZH2 inhibition after LPS activation were linked to cytokines, chemokines, enzymes, and transcription factors (Arifuzzaman et al., 2017). Thus, targeting the EZH2 signaling pathway could be an effective approach for the management of neuropathic pain, through immunomodulation.

TABLE 2. Epigenetic enzymes related to inflammation after injury.
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JMJD3

The histone demethylase that specifically demethylates H3K27me2/3 producing de-repression, JMJD3, seems also to be involved in inflammatory mechanisms which contribute to the physiopathology after CNS injury. For example, it has been described that spinal cord injury (SCI) produces an increase of JMJD3 in endothelial cells, inducing an increased expression of the cytokine IL-6 by demethylating its promoter (Lee et al., 2012). This event has been corroborated in vitro, JMJD3 siRNA inhibits the expression of IL-6 in response to oxygen/glucose deprivation (Lee et al., 2012). The acutely expressed IL-6 from endothelial cells after injury, may play a central role in early processes after a CNS lesion, since it influences the BBB integrity (Brett et al., 1995; Tinsley et al., 2009). Thus, JMJD3 is certainly related with the acute processes after a lesion on the CNS. However, a direct contribution of IL-6-induced by JMJD3 to neuropathic mechanisms, has still not been proven.

Further studies in vitro confirm the relation of JMJD3 on inflammation. JMJD3 expression increases after inflammatory stimuli such as LPS, and has been found to activate the expression of genes associated with inflammation in microglial and macrophage cultures through transcriptional regulation of Stat1 and Stat 3 (Lee et al., 2014; Przanowski et al., 2014). Besides JMJD3 contribution to inflammatory processes, can be also related through modulation of the expression of BDNF in DRG neurons after nerve lesions. BDNF has been found to increase in DRG after peripheral nerve injury, contributing to neuropathic pain. Thermal hyperalgesia and mechanical allodynia are inhibited with an antibody against BDNF administered intrathecally (Uchida et al., 2013). Usually, BDNF gene is silenced by PRC2, which contains as a catalytic subunit EZH2. After neuronal stimulation with NMDA in vitro, JMJD3 is recruited to the BDNF promoter, inducing demethylation of BDNF promoter. Thus, the de-repression of the promoter contributes to increase BDNF expression in mature neurons (Palomer et al., 2016). Besides promoter de-repression, BDNF expression is also enhanced through acetylation mechanisms, through the action of the CREB kinase/CBP. Thus, the epigenetic modification of the BDNF promoter has a crucial role in neuronal activation in vitro and may contribute to BDNF increased levels observed after neuronal injury in vitro. JMJD3 might be a therapeutic target to reduce neuropathic pain after a neural traumatic lesion by decreasing inflammation and neurotrophic factor expression.

MeCP2

MeCP2, which belongs to a transcriptional repressor complex together with a subset of HDACs, has been related to neuropathic pain after several nerve injuries. Priming for MeCP2 binding to DNA is DNA methylation at CpG, implemented by DNMTs. Once MeCP2 binds to the DNA, produces gene silencing. MeCP2 it is highly expressed in neurons of the dorsal horn and DRG, but also, in a lower extent in oligodendrocytes and astrocytes within the spinal horn (Wang et al., 2011; Tochiki et al., 2012). Increased DNMT, MeCP2 and HDACs expression has been observed after different pain states, paralleled by changes in MeCP2 target genes (Wang et al., 2011; Tochiki et al., 2012; Pollema-Mays et al., 2014). The neuropathic pain observed is markedly attenuated by the DNMT inhibitor 5-AZA treatment (Wang et al., 2011), which reduces DNA methylation and reactivate silenced genes (Holliday and Ho, 2002). Thus 5-AZA may alleviate neuropathic pain by upregulating the expression of some DNA methylation-dependent anti-nociceptive genes in the lumbar spinal cord in CCI rats. Although in the study authored by Wang et al., the molecular mechanisms by which MeCP2 may promote neuropathic pain where not described, it may be in part by promoting inflammatory mechanisms. It has been observed that MeCP2 is an important epigenetic regulator of macrophage response to stimuli and stressors (Table 2) (Cronk et al., 2015). Also, MeCP2 has been observed to be important for the expression of the opioid receptor, which will be commented later on.

However, controversial studies show that MeCP2 is decreased in the lumbar spinal cord, in DRG (Tochiki et al., 2012), and in the prefrontal cortex and amygdala (Tajerian et al., 2013) of mice after SNI, a lesion that produces persistent pain. These levels are reversed by environmental enrichment and correlated with decreased levels of hyperalgesia (Tajerian et al., 2013). These discrepancies may be related to the time window studied or methodologies used. In any case, further studies should be performed analyzing the DNA methylation and MeCP2 binding on specific genes related to nociception (reviewed in Geranton and Tochiki, 2015). Similarly, it has also been described that spinal nerve ligation (SNL) downregulates the expression of DNMT3b, which may cause demethylation of C-X-C motif chemokine receptor 3 (Cxcr3) gene promoter and increase CXCR3 expression in spinal neurons. CXCR3 is a receptor for the chemokine CXCL10, and binding of this chemokine facilitates excitatory synaptic transmission and contribute to the maintenance of neuropathic pain. The upregulated CXCR3 may contribute to neuropathic pain by facilitating central sensitization (Jiang et al., 2017).

Thus, literature has a discrepancy about the role of MeCP2 and DNMTs in neuropathic pain after traumatic injuries. Giving the importance of these events, further studies should be performed to clarify the molecular events underlying these epigenetic alterations.

Histone Acetylation

Several studies suggest that modifications in histone tails (H3 and H4), acetylation and methylation, produce the transcription of inflammatory molecules, such as cytokines and chemokines, being the reason of chronic inflammatory diseases. In these case, HATs seem to be related to the chemokine expression, whereas HDACs are related to cytokine expression.

Histone Acetyltransferases

Nerve injury induces increased expression of chemokines and their receptors in infiltrated macrophages and neutrophils on the lesioned nerve, leading to neuropathic pain (Table 2). The induced expression of these proteins is concomitant with an increased H3K9Ac and tri-methylation of H3K4 (H3K4me3) and on their promoters (Kiguchi et al., 2012, 2013, 2014). Several studies demonstrated that the increased expression of CCL2, CCL3, MiP-2, CXCR2, and CXCR1/CXRR5 were suppressed by the HAT inhibitor anacardic acid, suggesting that these chemokines are upregulated through histone acetylation of H3K9. Moreover, this treatment also decreased the neuropathic pain associated to the nerve injury. Furthermore, another study observed an increased expression of CXCR2 and CCL1 by H3K9Ac in the spinal cord, being responsible of neuropathic pain induced after injury. Blocking CXCR2 reverses mechanical hypersensitivity after lesion (Sun et al., 2013). In agreement with this, treatment with suberoylanilide hydroxamic acid (a HDAC inhibitor) significantly exacerbated mechanical sensitization after incision (Sun et al., 2013). Similarly, Curcumin, which has been recognized as a p300/CBP inhibitor of the HAT activity, has been observed to have an anti-nociceptive role in the CCI rat model of neuropathic pain, through down-regulating p300/CBP HAT activity-mediated gene expression of BDNF and COX2 (Zhu et al., 2014). Thus, inhibition of HAT activity has been proven to reduce inflammation and neuropathic pain.

Histone Deacetylases

Recent studies have shown that HDAC inhibitors can alleviate inflammatory pain (Chiechio et al., 2009; Bai et al., 2010; Zhang et al., 2011) and attenuate the development of hypersensitivity in models of neuropathic pain (Zhang et al., 2011; Denk et al., 2013; Kukkar et al., 2014; Capasso et al., 2015). Since, HDACs inhibitors have demonstrated suppression of cytokine expression (Leoni et al., 2005; Kukkar et al., 2014; Khangura et al., 2017), decreased neuropathic pain through HDAC inhibitors may be related to suppression of inflammation through pro-inflammatory cytokine suppression.

Searching for specific HDACs, it has been described that neuropathic pain maintenance involves HDAC1, since the use of a HDAC1 specific inhibitor (LG325) dose-dependently ameliorated mechanical allodynia of SNI mice. Nerve injury increases HDAC1 as well as hypoacetylation of H3K9 within microglia of the dorsal horn (Kami et al., 2016). Furthermore, running exercise is to reduce HDAC1, increase H3K9Ac and reverse hyperalgesia in the mice (Kami et al., 2016). In another study, Baicalin, a natural compound, administration reversed H3 and HDAC1 expression in spinal cord, paralleled by a decrease of neuropathic pain after SNL (Cherng et al., 2014). Conversely, the HDAC1-HDAC6 inhibitor LG322, showed a less favorable antinociceptive profile (Sanna et al., 2017).

The histone deacetylase SIRT1 has a special interest. It has been observed that SIRT1 is decreased in the L4/L5 segments of the spinal cord after CCI, (Gui et al., 2015). Natural compounds that attenuate neuropathic pain, increase its expression within the spinal cord as well as decrease acetyl-histone H3 (Yin et al., 2013; He et al., 2014; Gui et al., 2015), reduce microglia activation, and expression of inflammatory modulators (Table 2) (Tillu et al., 2012; Gui et al., 2015; Wang et al., 2016). Reversion of mechanical and thermal hyperalgesia was observed with an specific SIRT1 inhibitor (Shao et al., 2014). Similarly, SIRT2 is downregulated in the DRG after CCI in rats. Overexpression of SIRT2 markedly alleviates mechanical allodynia and thermal hyperalgesia in CCI rats associated with inhibition of NF-κB signaling and inflammation (Table 2). Additionally, treatment with a SIRT2 specific inhibitor significantly aggravated neuropathic pain and attenuated the inhibitory effect of SIRT2 overexpression on neuropathic pain development. Therefore, SIRT2 and SIRT 1 may serve as potential therapeutic targets for treatment of neuropathic pain (Zhang and Chi, 2017).

BET Proteins

The BET protein family is comprised of BRD2, BRD3, BRD4 and BRDT, and regulates RNA Polymerase II (Pol II)-dependent gene expression by recruiting transcriptional regulatory complexes to poly-acetylated chromatin. Recently, BET proteins have been intensively studied as epigenetic regulators of cell cycle and inflammation in many disorders such as cancer and arthritis. However, virtually nothing is known about the role of BET proteins during the injury response after CNS trauma. It has been described that BET inhibition reduces the expression of pro-inflammatory cytokines/chemokines in macrophages after LPS stimulation (Nicodeme et al., 2010). In several contexts, NF-κB-mediated inflammatory signaling is disrupted after BET inhibition treatment (Huang et al., 2009; Gallagher et al., 2014). Therefore, there is a clear link between BET proteins and NF-κB-mediated inflammatory signaling, which can be targeted for therapeutic purposes. Thus, the BET proteins have an important role in inflammation and cell proliferation. However, its implication in neuropathic pain remains unknown.

Non-coding RNAs

Most of the studied non-coding RNAs related to pain are microRNAs (Table 3). For example, diverse microRNAs directly regulate the levels of the regulator of inflammation named suppressor of cytokine signaling 1 (SOCS1), and thus control neuropathic pain by modulating inflammation. SOCS1 mRNA is a direct target of miR-221, miR-155 and miR-19a. After CCI these microRNAs increase, producing decreased levels of SOCS1. Inhibition of these microRNAs abrogate SOCS1 depletion, and mechanical and thermal hyperalgesia (Tan et al., 2015; Wang et al., 2015; Xia et al., 2016). Similarly, downregulation of microRNA-218 by a specific inhibitor relieves neuropathic pain by regulating suppressor of cytokine signaling 3 (SOCS3) after CCI in rats (Li and Zhao, 2016).

TABLE 3. miRNAs related to inflammation and neuropathic pain after traumatic injury.
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The levels of BDNF are also important in neuropathic pain formation and maintenance, and are linked to microRNA expression. On one side, miRNA microarray analysis reveals that 167 miRNAs are altered in DRG after following BDNF gene deletion (Neumann et al., 2016). On the other side, microRNAs tightly regulate the levels of BDNF. BDNF is controlled by miR-206 in DRG (Neumann et al., 2015), and by miR-1 in sciatic nerve (Sun W. et al., 2017), following CCI. Both microRNAs decrease after injury and induce BDNF expression, producing mechanical and thermal hyperalgesia. Inhibition of miR-206, which directly interacts at the 3′-UTR of BDNF, also decreases pro-inflammatory cytokine expression and neuropathic pain development (Sun W. et al., 2017).

Besides, there are several others upregulated microRNAs that regulate neuropathic pain and inflammation. Nerve injury induces upregulated expression of miR-21 in DRG neurons (Sakai and Suzuki, 2013), and miR-32-5p (Yan et al., 2018) and miR-195 (Shi et al., 2013) in spinal microglia. Investigations related to the increased miR-32-5p in spinal microglia after SNL, revealed Dual-specificity phosphatase 5 (Dusp5) as a direct target of this microRNA, which is involved in mediating the effects on neuropathic pain and neuroinflammation (Yan et al., 2018). Interestingly, miR-195 aggravates inflammation and neuropathic pain by inhibiting autophagy after SNL (Shi et al., 2013).

Finally, it is important to mention that not all the microRNAs have a pathogenic effect. In fact, injury induces the reduction of several microRNAs, and intrathecal delivery of some of them, may be a therapeutically effective on reducing pain symptoms. miR-124 levels are associated with M1/M2 microglia phenotype, and inflammatory signaling. Intrathecal miR-124 treatment reverses the persistent hyperalgesia induced and mechanical allodynia several models of chronic neuropathic pain in mice (Willemen et al., 2012). miRNA-146a-5p attenuates neuropathic pain via suppressing TNF receptor associated factor-6 (TRAF6) and its downstream signaling JNK/CCL2 in the spinal cord (Lu et al., 2015). There is also decreased miR-93 in the spinal cord of CCI rats compared with sham rats, which directly targets the signal transducer and activator of transcription 3 (STAT3), an important regulator of inflammation. Overexpression of miR-93 markedly suppresses the expression of STAT3 in vitro and in vivo, and significantly alleviates inflammation and neuropathic pain development in CCI rats (Yan et al., 2017).

ALTERED GENE EXPRESSION RELATED TO NEURONAL HYPEREXCITABILITY

Traumatic injuries produce neuronal hyperexcitability. Although the exact mechanisms vary depending on site and pathology, peripheral and central sensitization lead to the development of neuropathic pain (reviewed in Cohen and Mao, 2014; Ligon et al., 2016). After nerve injury, the pain pathway involves the activation of primary nociceptive afferents within the periphery, which then send impulses to the dorsal horn of the spinal cord, where second order nociceptive neurons convey ascending signals to the thalamus, amygdala, and the brain cortex. If the injury occurs in the spinal cord, signals descend to nociceptors at the dorsal horn, as well as ascend to supraspinal regions. These lesions produce also the loss of inhibitory control from supraspinal regions onto primary afferent neurons, which contributes to exacerbate pain. In any case, neuronal sensitization is promoted through changes in gene regulation that shift the balance of channels, receptors, neurotransmitters or transporters, leading to an increased excitably of the neuron. Most of these gene expression alterations are produced by changes in histone or DNA methylation in their promoters, although some changes in promoter acetylation are also described. In particular, it has been clearly demonstrated that injury in the nervous system triggers an increase of promoter methylation producing gene silencing.

Histone and DNA Methylation

Nerve injury produces the upregulation of the methyltransferases such as EHMT2 or G9a, DNA methyltransferase 3 alpha (DNMT3a), and the repressive complex RE1-Silencing Transcription factor (REST, also known as Neuron-Restrictive Silencer Factor, NRSF), that produce gene silencing. There is a clear effect of these over-expressed epigenetic enzymes on the silencing of similar target genes (Figure 2). Besides, several microRNAs have been described to alter neuronal excitability after neural injury.
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FIGURE 2. Traumatic injuries of the nervous system induce gene expression alteration in neurons triggering hyperexcitability and neuropathic pain. During control conditions, the promoter state of genes codifying for ion channels, receptors and other important neuronal genes allow the recruitment of transcription factors, and thus gene expression. After a traumatic injury of the nervous system, there is an increased expression of methyltransferases (G9a, histone-lysine N-methyltransferase; DNMT3a, DNA methyltransferase a), and the repressor complex REST (RE1-silencing transcription factor), with decrease H3K4 methylation and increase H3K9 methylation. This alteration of the promoter state does not allow transcription factor recruitment and there is silencing of several neuronal genes. De-balanced expression of ion channel, receptors, transporters, and other neuronal genes triggers neuronal hyperexcitability and consequent neuropathic pain.



G9a

G9a (encoded by Ehmt2), is a H3K9 methyltransferase, responsible of gene silencing and it has been clearly demonstrated that it contributes to transcriptional repression in primary sensory neurons contributing to neuropathic pain. Nerve injury consistently increases the enrichment of H3K9me2 in the promoters of potassium channels, producing their silencing. A study demonstrated that the specific knockout of G9a in sensory neurons of the DRG blocked gene silencing of potassium channels (Table 4) and the promotion of neuropathic pain after peripheral nerve lesion (Laumet et al., 2015).

TABLE 4. Epigenetic enzymes related to neuronal hyperexcitability after injury.
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Other studies demonstrated that targeting G9a reverses the silencing of the Orpm1 gene, which encodes the MOR, and restores the effect of morphine on the hypersensitivity induced by peripheral nerve lesions (Zhou et al., 2014; Zhang et al., 2016). Opioids are the gold standard for pharmacological treatment of pain, but their analgesic effects are unsatisfactory in conditions of neuropathic pain, due in part to nerve injury–induced downregulation of opioid receptors in DRG and spinal neurons. Nerve lesion produces a decreased expression of MOR in DRG, by increasing H3K9me2 in its promoter, reducing the opioid effect on neuropathic pain (Zhou et al., 2014; Zhang et al., 2016). The knockout of G9a reverses the expression of MOR in lesioned DRG and potentiates the effect of morphine after lesion (Zhang et al., 2016). Similarly, treatment with the inhibitor of DNA methylation 5-aza-dC, inhibited the increased methylation of MOR gene and prevented their decreased expression in DRG, thereby improving systemic, spinal and peripheral morphine analgesia (Zhou et al., 2014).

DNA Methyltransferases

Similar to the histone methyltransferase G9a, the DNA methyltransferases DNMT3a has been found to have similar effects on MOR and ionic channel expression. Nerve injury induces increased expression of DNMT3a in lesioned DRG neurons and represses expression of Orpm1 and Oprk1 genes which encode for MOR and KOR (Shao et al., 2017; Sun L. et al., 2017). Blocking this increase with a DNMT3a shRNA-adenoviral vector, restored MOR and KOR expression as well as restored morphine analgesic effects. Mechanistically, DNMT3a regulation of Oprm1 gene expression required the methyl-CpG–binding protein 1, MBD1, as MBD1 knockout resulted in the decreased binding of DNMT3a to the Oprm1 gene promoter and blocked the DNMT3a-triggered repression of Oprm1 gene expression in DRG neurons (Sun L. et al., 2017).

Besides, increased DNMT3a expression in the injured DRG neurons by SNL promotes the decrease of the voltage-dependent potassium channel subunit Kcna2. Blocking this increase with a DNMT3a shRNA-adenoviral vector, prevents nerve injury-induced methylation of the subunit Kcna2 promoter region, rescues Kcna2 expression in the injured DRG and attenuates neuropathic pain (Zhao et al., 2017). In agreement with this observation, in the absence of nerve injury, mimicking the increase of DNMT3a reduces the Kcna2 promoter activity, diminishes Kcna2 expression, decreases potassium current, increases excitability in DRG neurons and leads to spinal cord central sensitization and neuropathic pain symptoms (Zhao et al., 2017). These findings suggest that DNMT3a may contribute to neuropathic pain by repressing MOR, KOR and Kcna2 expression in the DRG (Zhao et al., 2017). Consistently, DNA methylation by DNMTs alters voltage gated and Ca2+ ion channels, affecting neuronal excitability (Meadows et al., 2016).

REST

The enzymatic core of the REST repressor complex contains REST, CoREST, LSD1, BHC80, and BRAF35 (Mosammaparast and Shi, 2010). The REST complex also recruits additional silencing molecular machineries, such as HDAC1/2, MeCP2 and G9a, to consolidate the suppression (Ballas et al., 2005). The REST complex suppresses gene expression by removing active histone marks, such as H3K4 methylation or various histone acetylation. REST suppresses the expression of genes important for the acquisition and preservation of neuronal specificity. Thus, in the adult brain, neurons exhibit low levels of REST (Gao et al., 2011). The decrease of REST expression during neuronal differentiation, allows the expression of genes that activate a large variety of processes such as axonal growth, establishment of synaptic contacts and membrane excitability (Paquette et al., 2000; Aoki et al., 2012). Conversely, the levels of REST are high in the majority of non-neuronal cells (Prada et al., 2011).

In several pathologic conditions, REST is induced in neurons, which is associated with the repression of specific neuronal genes (Baldelli and Meldolesi, 2015). This increase of REST expression has been observed in the CNS after ischemia, epileptic seizures, as well as in the PNS after nerve lesions, and in vitro after prolonged neuronal depolarization (Hara et al., 2009; Uchida et al., 2010a; Roopra et al., 2012; Schweizer et al., 2013; Bersten et al., 2014; Baldelli and Meldolesi, 2015). If these increases of REST are protective or detrimental is still controversial. However, it is clearly demonstrated that neuropathic pain is associated with REST overexpression in the PNS.

Studies using the PNL of the sciatic nerve in the mouse, showed an increase of the REST mRNA and protein in DRG, which is maintained during weeks after lesion (Uchida et al., 2010a,b; Rose et al., 2011). The expression levels of target genes for REST such as Kcnd3, Kcnq2 and Scn10a (that respectively encode for the channels Kv4.3, Kv7.2 and Nav1.8), as well as Oprm1 and Gad2 are repressed in response to the increased levels of REST (Table 4). The repression of these target genes is associated with persistent dysfunction of nociceptive C-fibers and disruption of H and M currents, that facilitate the neuropathic excitability of the peripheral sensory fibers. Thus, increased REST expression enhances the generation and maintenance of neuropathic pain. REST knockdown with antisense nucleotides is sufficient to rescue the expression levels of several target genes, as well as C-nociceptive fiber function (Uchida et al., 2010a; Zhang et al., 2011).

Acetylation

Finally, some studies indicate that HDAC inhibition or acetylation in histones in neuropathic pain models have analgesic effects. Most of these studies have their target in inflammation, as they have been explained in a previous section. However, other studies have demonstrated that HDAC inhibition also affects channel expression in neurons. For example, induced inflammation produces a decrease of acetilated-H3 in Gad65 promoter, decreasing the expression of GAD65. GAD65 is an essential enzyme for GABAergic neuron function in the dorsal horn of the spinal cord and in the raphe nucleus in the brain. Administration of TSA or SAHA restores Gad65 acetylation and relieve sensitive pain behavior in raphe nucleus (Zhang et al., 2011).

Another analgesic effect of HDAC inhibitors is through increasing metabotropic glutamate 2 receptors (mGLU2). mGLU2 receptors are at the synapses between primary afferent fibers and neurons in the dorsal horn of the spinal cord, in the peripheral nociceptors, and in pain-regulatory centers of the brainstem and forebrain. Activation of these receptors inhibits pain transmission. HDAC inhibitors transcriptionally increase mGLU receptors via the acetylation-promoted activation of the p65/RELA transcription factor (Chiechio et al., 2006, 2010). Thus, HDAC inhibitors increase acetylated p65 in the DRG and spinal cord dorsal horn, which regulates p65 retention in the nucleus, increasing NF-κB function on mGLU2 transcriptional activation (Chiechio et al., 2006, 2009) after CCI or inflammatory-induced pain. Induction of analgesia is inhibited by the mGLU2/3 receptor antagonist, LY341495 (Chiechio et al., 2002; Descalzi et al., 2015). Moreover, the analgesic effect of a mGLU2/3 agonist was enhanced after HDAC inhibitor treatment (SAHA) (Zammataro et al., 2014).

Additional evidence for the importance of histone acetylation has been related to MOR, DORs and Nav1.8 expression. The expression of these receptors and channels is reduced under neuropathic pain states (Uchida et al., 2010a; Tao et al., 2016), produced by a reduction of acetylation in its promoters. Treatment with HDAC inhibitors, such as TSA, VPA and SAHA treatments, that increase acetylation at the regulatory sequence of these genes, promotes C-fiber related hypoesthesia and restores peripheral and systemic morphine analgesia (Matsushita et al., 2013; Uchida et al., 2015; Hou et al., 2017). These results suggest that HDAC inhibitors could serve as adjuvant analgesics to morphine for the management of neuropathic pain.

Non-coding RNAs

Several miRNas have been observed to change their expression in models of neuropathic pain. For instance, miR-7a is the most robustly decreased microRNA in the injured DRG, and is associated to neuropathic pain through regulation of neuronal excitability. Overexpression of this microRNA, suppresses established neuropathic pain, and downregulation is sufficient to cause pain-related behaviors in intact rats. miR-7a targets b2 subunit of the voltage-gated sodium channel. Thus, after injury decreased miR-7a allows b2 subunit protein expression, triggering hyperexcitability of nociceptive neurons (Sakai et al., 2013). Sodium voltage gated channels have been observed to me regulated by other miRNAs. For example, miRN-96 inhibits Nav1.3 expression and alleviates neuropathic pain after CCI. Injury increases Nav1.3 expression and intrathecal administration of miR-96 suppresses this expression (Chen et al., 2014). Similarly, miR-30b controls the expression of Nav1.7 after SNI. miR-30b over-expression in spared nerve injury rats inhibits SCN9A transcription, resulting in pain relief. In addition, miR-30b knockdown significantly increased hypersensitivity to pain in naive rats (Shao et al., 2016).

It has been established also, that the cluster of microRNAs that includes miR-96, -182, and -183, has a reduced expression in primary afferent neurons DRG in a model of SNL. The redistribution of microRNAs is associated with altered distribution of the stress granule protein TIA-1, which may have a significant impact on regulatory activity of microRNAs (Bhattacharyya et al., 2006; Vasudevan and Steitz, 2007; Aldrich et al., 2009). Specifically, the microRNA-183 cluster in mice controls more than 80% of neuropathic pain–regulated genes and scales basal mechanical sensitivity and mechanical allodynia. For example, controls voltage-gated calcium channel subunits α2δ-1 and α2δ-2 and TrkB+ light-touch mechanoreceptors (Peng et al., 2017). Besides, another microRNA that controls calcium voltage-gated channels is miR-103, which regulates the expression of the three subunits forming Cav1.2-comprising L-type calcium channel (LTC). This regulation is bidirectional since knocking-down or over-expressing miR-103, respectively, up- or down-regulate the level of Cav1.2-LTC translation. Besides, miR-103 knockdown in intact rats results in hypersensitivity to pain. This miRNA, is downregulated in neuropathic pain animals, and its intrathechal administration relieve pain after SNL (Favereaux et al., 2011).

CONCLUSION

Epigenetic alterations produced after injury of the CNS or PNS contribute to the generation and maintenance of neuropathic pain. Current literature describes clear effects of DNA methylation, histone methylation and acetylation, and microRNAs on the expression of ion channels, receptors and neurotransmitters in neurons. HATs affect chemokine expression whereas HDACs affect cytokine expression within glial and macrophage cells that are reactive to neuronal damage. However, there is no agreement regarding histone and DNA methylation effects on inflammatory mechanisms that sustain pain states. Although increasing interest is shown within this epigenetic field, we are still at the initial steps of understanding these processes. Thus, further research needs to be performed to evaluate novel therapies that might be effective on patients that suffer from neuropathic conditions.
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5-AZA, 5-azacytidine; 5-aza-dC, 5-aza-2′-deoxycytidine; BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; BET, bromodomain and extra terminal domain; CBP, CREB-binding protein; CCI, chronic constriction injury; CCL/MCP, C-C motif chemokine ligand/monocyte chemoattractant protein; CNS, central nervous system; COX2, cyclooxygenase-2; CREP, cyclic AMP response element-binding protein; CXCR, C-X-C motif chemokine receptor; DNMTs, DNA methyltransferases; DOR, δ-opioid receptor; DRG, dorsal root ganglia; EHMT2 or G9a, euchromatic histone-lysine N-methyltransferase; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; H3K27me2/3, histone 3 lysine 27 di and trimethylation; H3K4me3, histone 3 lysine 4 trimethylation; H3K4me3, trimetilation H3K4; H3K9Ac, H3K9 acetylation; H3K9Ac, histone 3 lysine 9 acetylation; HATs, histone acetyltransferase enzymes; HDACs, histone deacetylases; JMJD3 or KDM6b, jumonji domain containing 3; KOR, κ-opioid receptor; MeCP2, methyl-CpG-binding protein 2; mGLU, metabotropic glutamate receptor; MOR, μ-opioid receptor; NF-κB, nuclear factor-kappa B; NGF, nerve growth factor; NMDA, N-methyl-D-aspartate; Orpm1, opioid mu receptor gene; PNS, peripheral nervous system; PRC2, polycomb repressive complex 2; PSL, partial sciatic nerve ligation; (REST, also known as Neuron-Restrictive Silencer Factor, NRSF), RE1-Silencing Transcription factor; SAHA, voronistat; SIRT, sirtuin; TSA, trichostatin A; VEGF, vascular endothelial growth factor.
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Alzheimer’s disease (AD) is the most common type of dementia affecting regions of the central nervous system that exhibit synaptic plasticity and are involved in higher brain functions such as learning and memory. AD is characterized by progressive cognitive dysfunction, memory loss and behavioral disturbances of synaptic plasticity and energy metabolism. Cell therapy has emerged as an alternative treatment of AD. The use of adult stem cells, such as neural stem cells and Mesenchymal Stem Cells (MSCs) from bone marrow and adipose tissue, have the potential to decrease cognitive deficits, possibly by reducing neuronal loss through blocking apoptosis, increasing neurogenesis, synaptogenesis and angiogenesis. These processes are mediated primarily by the secretion of many growth factors, anti-inflammatory proteins, membrane receptors, microRNAs (miRNA) and exosomes. Exosomes encapsulate and transfer several functional molecules like proteins, lipids and regulatory RNA which can modify cell metabolism. In the proteomic characterization of the content of MSC-derived exosomes, more than 730 proteins have been identified, some of which are specific cell type markers and others are involved in the regulation of binding and fusion of exosomes with adjacent cells. Furthermore, some factors were found that promote the recruitment, proliferation and differentiation of other cells like neural stem cells. Moreover, within exosomal cargo, a wide range of miRNAs were found, which can control functions related to neural remodeling as well as angiogenic and neurogenic processes. Taking this into consideration, the use of exosomes could be part of a strategy to promote neuroplasticity, improve cognitive impairment and neural replacement in AD. In this review, we describe how exosomes are involved in AD pathology and discuss the therapeutic potential of MSC-derived exosomes mediated by miRNA and protein cargo.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by the progressive deposition of β-amyloid (Aβ) around neurons and the intracellular accumulation of neurofibrillary tangles (NFT) of hyperphosphorylated tau, mainly in areas implicated in memory and learning, such as the prefrontal cortex and hippocampus. In advanced stages of the disease, aggregates of Aβ are present in motor areas, cerebrospinal fluid, as well as in eyes and neuromuscular joints (Reiss et al., 2018).

Presently there is no effective treatment for AD hence, stem cell therapy has been proposed to be a promising therapeutic option for this neurological disorder. Cell therapies for brain restoration generally target multiple cells of the brain parenchyma such as endothelial cells, neural stem cells (also named neural progenitors) and oligodendrocyte precursor cells. The interaction between the administered cells and resident cells promote neuroplastic events such angiogenesis stimulation, neurogenesis and axonal remodeling, result in a neurological recovery (Xin et al., 2017a; Xiong et al., 2017).

Several studies have demonstrated the effectiveness of Mesenchymal Stem Cells (MSCs) treatment in several neurodegenerative diseases (Wei et al., 2013). These cells have typical stem cell characteristics like the potential to differentiate into multiple cell lineages under different physiological conditions, including the ability to selectively migrate towards damage sites (homing) and interact with brain parenchyma cells. This interaction stimulate the production of neurotrophins such as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (Li et al., 2002; Kurozumi et al., 2004; Kim et al., 2010; Matthay et al., 2017) which increase neuritic development, promote neurorestoration and neurological recovery (Xiong et al., 2017; Harting et al., 2018).

Among the main functions of MSCs are their ability to limit inflammation environments through the release of soluble factors such as HGF, prostaglandin E2, transforming growth factor β1, indoleamine 2,3 dioxygenase, interleukin 10 and nitric oxide. This immunomodulatory environment allows the expression of growth factors, high immunomodulatory protein secretion and the enhancement of endogenous cellular repair processes (Nguyen et al., 2013; Phinney and Pittenger, 2017).

A central hypothesis has been proposed, in which MSCs are implied to exert a dynamic homeostatic response that supports tissue preservation as well as function recovery (Harting et al., 2018). The main mechanism by which MSCs mediate this activity is not the cellular implant and its subsequent differentiation, but the paracrine activity of the secretome (Nakano et al., 2016; Yang Y. et al., 2017). This phenomenon was demonstrated in studies where conditioned medium of MSCs was administered and therapeutic effects similar to those already reported for MSCs were produced in different animal models of diseases (Timmers et al., 2007; Mitsialis and Kourembanas, 2016). A subsequent fractionation of this conditioned medium was performed and an active component of approximately 50–150 nm was found. Biophysical studies categorized these compounds as exosomes (Lai et al., 2010; Phinney and Pittenger, 2017). Consequently, it was established that one of the critical parameters that regulate the paracrine activity of MSC is the generation of exosomes (Drommelschmidt et al., 2017; Phinney and Pittenger, 2017). Therefore, exosomes may be a therapeutic option in the treatment of AD because they exert therapeutic effects like MSCs.

Biogenesis of Exosomes

Exosomes are small (30–150 nm diameter) membrane-enclosed vesicles of endosomal origin, released by a variety of cell types, capable of transferring biologically active macromolecules, such as proteins, lipids and RNA, to other cells (Bang and Thum, 2012). Exosomes are originated as intraluminal vesicles within the multivesicular bodies (MVB) by inward budding of the late endosomal membrane (Colombo et al., 2014). The Endosomal Sorting Complex Required for Transport (ESCRT) machinery is important in this process. ESCRT consist of approximately 20 proteins that assemble four different complexes; ESCRT-0, -I, -II, -III and the associated AAA ATPase vacuolar protein sorting 34 (Vps4) complex (Henne et al., 2013). ESCRT-0 recognizes and sequesters ubiquitylated proteins in the endosomal membrane, ESCRT-I and -II are responsible for membrane budding as well as recruiting of ESCRT-III that finally drive vesicle scission (Hurley and Hanson, 2010). The dissociation and recycling of the ESCRTs require the AAA ATPase Vps4 complex. Transport of MVB towards plasma membrane depends on interaction with the cytoskeleton, this interaction is mediated mainly by Rab GTPases and SNARE proteins, although precise mechanism of action in this process is not known (Ostrowski et al., 2009; Beer and Wehman, 2017). MVB subsequently fuse with the plasma membrane and release those intraluminal vesicles such as exosomes (Camacho et al., 2013; Abels and Breakefield, 2016). Some studies also suggest that MVB biogenesis can occur without ESCRTs. It has been shown that despite simultaneously silencing key subunits of all four ESCRTs, intraluminal vesicles are still formed in MVB, indicating the presence of a mechanism independent of ESCRT (Stuffers et al., 2009). Tetraspanins (Escola et al., 1998) and lipids (mainly ceramide; Trajkovic et al., 2008) could be essential players in exosome biogenesis due to the formation of microdomains that coalescence into larger domains that promote membrane budding.

As mentioned above, exosomes contain different proteins, lipids and nucleic acids (DNA, mRNA, microRNAs (miRNA), lncRNA), however, determining the exact composition and content of the exosomal content (cargo) produced by different cell types is hard to establish due to differences in the conditions which the cells are found. It should be mentioned that cellular homeostasis is an important factor that controls exosome cargo and secretion, therefore the exosomes will present characteristics that reflect its cellular origin (de Jong et al., 2012; Harting et al., 2018). Mechanisms for sorting cargo molecules into exosomes are still poorly understood. However, the ubiquitination is considered the main sorting signal for protein cargo entry into exosomes. Ubiquitinated proteins are recognized by receptors such as ESCRT subunits responsible for binding and directing cargo towards intraluminal vesicles (Piper and Katzmann, 2007). Usually these vesicles contain proteins that are involved in its biogenesis mechanisms, for example, ESCRT system components such as tetraspanins CD63, CD81 and CD9, as well as ALIX, TSG10, likewise proteins associated with their secretion as RAB27A, RAB11 and ARF6 (Wu et al., 2015; Abels and Breakefield, 2016). There are different pathways for miRNA sorting, which include: (I) neutral sphingomyelinase 2 pathway demonstrated by Kosaka et al. (2010), in where they found that overexpression of neutral sphingomyelinase 2 increased the amount of miRNA into exosomes, while its chemical inhibition reduced the number of miRNAs; (II) the miRNA motif and sumoylated heterogeneous nuclear ribonucleoproteins (hnRNPs) pathway reported by Villarroya-Beltri et al. (2013), identified a short sequence motifs in miRNAs (GGAG) in the portion 3′ that is recognized by exosomal sumoylated hnRNPs, this hnRNP-miRNA binding control the miRNA loading into exosomes; (III) the miRNA induced silencing complex (miRSC) pathway. Components of miRSC include miRNA, miRNA repressible mRNA, and proteins GW182 and AGO2; Guduric-Fuchs et al. (2012) discovered that knockout of AGO2 decreases the abundance of miRNA exported by exosomes. Besides AGO2, others components of miRSC like GW182 were found to be colocalized with MVB (Guduric-Fuchs et al., 2012). Despite this evidence of exosomal cargo sorting, the underlying mechanisms remain unclear.

Concerning lipid composition of the exosomal membrane, there are some lipids such as sphingomyelin, cholesterol, ganglioside GM3, phosphatidylserine and ceramide that form lipid raft domains that are more abundant in the exosomal membrane than in the cell of origin (Angeloni et al., 2016). In contrast, phosphatidylcholine and diacylglycerol are scarce in the membrane of exosomes compared to the cell membrane (Abels and Breakefield, 2016).

Exosomes as Intercellular Communication Mediators

There is evidence suggesting that exosomes are internalized into recipient cells (Mulcahy et al., 2014). However, elucidation of the mechanisms of exosome targeting and uptake by recipient cells remains an important challenge. Exosomes could bear combinations of ligands that would engage different cell-surface receptors simultaneously, therefore different mechanisms have been proposed by which a cell can interact and uptake these nanovesicles. This communication could be through membrane receptors and the subsequent exosome membrane fusion with the cell membrane to exchange proteins and cytosol components. An other mechanism is through endocytosis, among which are clathrin-mediated endocytosis, caveolin-mediated endocytosis (Svensson et al., 2013), phagocytosis mediated mainly by phosphatidylserine, and micropinocytosis. The uptake mechanism used may depend on proteins and glycoproteins found on the surface of both the nanovesicle and the target cell.

Different studies establish that exosomes are mediators of intercellular communication, since they reach biological fluids such as blood, cerebrospinal fluid and urine among others, and act as paracrine messengers through the transference of bioactive lipids, mRNAs, miRNA, lncRNAs, and can also transfer genomic DNA and mitochondrial DNA and different proteins (Kalra et al., 2012; Keerthikumar et al., 2016). This transference of bioactive molecules establishing cell-cell communication processes can in an epigenetic way, alter the activity of the cells both in physiological and pathological conditions (Xiong et al., 2017; Harting et al., 2018).

Interestingly, the evidence shows that exosomes are released more under pathological conditions (Cheng et al., 2017). In this way, the most studied pathogenic components that use exosomes as infection route are the prion proteins (Vella et al., 2008), responsible for transmissible neurodegenerative diseases such as bovine spongiform encephalopathy and α-synuclein (Emmanouilidou et al., 2010), involved in Parkinson’s disease pathology. Prion diseases are fatal neurodegenerative disorders associated with the conversion of the cellular prion protein into the scrapie prion protein, an abnormal conformational state that tends to form amyloid deposits in brain tissue leading to dementia (Vingtdeux et al., 2012). On the other hand, exosomes released from cells that have an overproduction of α-synuclein can transfer this protein to normal cells and promote the overproduction by alterations in the ESCRT system that result in an increased exocytosis of exosomes with α-synuclein (Spencer et al., 2016). In AD, it has been proposed that exosomes have a key pathological function in the progression of the disease, and are involved in Aβ and tau dissemination, since an accumulation of exosomes has been found in amyloid plaques (Rajendran et al., 2006) and hyperphosphorylated tau tangles (Saman et al., 2012, 2014; Levy, 2017).

ALZHEIMER’S DISEASE

AD is the most common neurodegenerative disease characterized by neuron loss and impairment of memory, cognition and functions of daily living. In many cases, death results from the loss of fine motor skills and incapacitation (Koelsch, 2017; Mroczko et al., 2018). The main pathological markers of AD are the accumulation of Aβ plaques and the formation of NFT, composed of hyperphosphorylated tau protein (Eitan et al., 2016). In early stages, these pathological changes are primarily localized within the medial temporal lobe and are spread through the neocortex (Braak and Braak, 1996).

Accumulation of Aβ in oligomers is one of the earliest events in the disease process, occurring 10–20 years prior to the onset of memory loss and other clinical symptoms (Reiman et al., 2012). Amyloid plaque formation are the result of Aβ peptides deposition that takes place in early endosomes, this process involves sequential hydrolysis of the amyloid precursor protein (APP) by β and γ-secretases (Rajendran et al., 2006). The β-site APP cleaving enzyme 1 (BACE1) is a transmembrane type I aspartyl protease that is located in endosomes as an immature precursor protein, and later in lysosomes and Golgi complex as a mature protein that catalyzes the initial amyloidogenic cleavage at β-site of APP while the membrane-associated 99 amino acid carboxyl-terminal fragment β remains (Munro et al., 2016; Yan et al., 2016). The γ-secretase has been identified as a multimeric protein complex containing presenilin 1, presenilin 2 associated with nicastrin, Aph-1 and Pen-2. The carboxyl-terminal fragment β is cleaved by γ-secretase releasing Aβ peptides (Sharples et al., 2008). The Aβ peptides released have pathophysiological impacts on synaptic function through inhibition of transmission of the synaptic signal leading neuronal death (Mroczko et al., 2018).

On the other hand, NFTs are formed by massive accumulations of abnormal insoluble polymers, referred to as paired helical filaments (Wischik et al., 1985, 1988). The main structural component of this filaments is tau, a microtubule-associated protein (Kosik et al., 1986). The physiological function of tau is to stabilize microtubules in the cell cytoskeleton, an activity regulated by its phosphorylation (Grundke-Iqbal et al., 1986). It has been suggested that abnormal phosphorylation is an early molecular event that may lead to a sequence of structural changes in the tau molecule, such as conformational changes like truncations (Luna-Muñoz et al., 2007) and is thought that hyperphosphorylation and its aggregation are related to the disassembling of neuronal microtubules, that consequently affect axonal transport and result in cell death (Stoothoff and Johnson, 2005). Hyperphosphorylation of tau primarily occurs at Ser-Pro or Thr-Pro motifs, suggesting that proline-directed kinases such as the MAPK, GSK3β and CDK5 are directly involved (Mandelkow et al., 1992; Baumann et al., 1993; Greenberg et al., 1994). Other kinases are also able to modify the tau molecule, including CAMK, PKA and PKC (Correas et al., 1992; Scott et al., 1993; Ghosh and Giese, 2015).

Dissemination of Aβ and tau has been suggested to be mediated through release of extracellular vesicles (EVs; Nath et al., 2012). EV are small membrane vesicles which result from the budding of the plasma membrane as microvesicles (also called ectosomes) or from the exocytosis of MVB as exosomes. EV is considered one of the distant extracellular communication agents due to its capacity to carry and deliver different types of components to target cells (Zhang and Yang, 2018). A relationship between EV and progression of AD has been proposed because most of the Aβ and tau oligomers are colocalized with late endosome/lysosome markers, mainly MVB (Nath et al., 2012; Joshi et al., 2015). During disease progression, both these histopathological hallmarks extend throughout the brain with characteristic patterns reaching limbic and association areas (Cho et al., 2016).

Role of Exosomes in Alzheimer’s Disease

Although the origin of the disease remains unknown, several investigations have postulated prion-like mechanisms in AD progression and dissemination, including direct cell communication through gap junctions, synaptic transmission and exacerbated paracrine signaling due to alterations of endosomal/lysosomal secretion system, in which exosomes play a fundamental role in the distribution of neuropathological components between neuronal cells (Gauthier et al., 2017; Xiao et al., 2017; Laulagnier et al., 2018).

Subcellular location of neuronal Aβ was identified using immunoelectron microscopy by Takahashi et al. (2002), they found that Aβ42 is localized predominantly within MVB of the neurons. Accumulation of Aβ inside neurons is prevented by autophagy, an event occurring in the endosomal/lysosomal system where Aβ within endosomes are destroyed by lysosomes (Mizushima and Komatsu, 2011). A key regulator of this system is phosphatidylinositol-3-phosphate (PI3P), a phospholipid synthesized mainly by class III PI3-kinase Vps34 (Jaber et al., 2016). Miranda et al. (2018) showed that disruption of neuronal Vps34 (a retromer complex component) function impairs autophagy, lysosomal degradation as well as lipid metabolism. This promotes the secretion of unique exosomes enriched with undigested lysosomal substrates, including Aβ, APP and the enzymes that process APP in an amyloidogenic way (Malm et al., 2016). In addition, this accumulation increases with aging and it is associated with abnormal synaptic morphology (Takahashi et al., 2002). Overall, inhibiting neutral sphingomyelinase 2, a key regulatory enzyme in ceramide synthesis and exosome biogenesis, reduced the number of exosomes in the brain and serum and further reduced Aβ plaque load in 5×FAD mice (Dinkins et al., 2016). These observations suggest that MVB is essential for APP metabolism and Aβ secretion (Takahashi et al., 2002; Joshi et al., 2015). Furthermore, other studies demonstrated that transference of damaged neuronal cell-derived exosomes with APP, γ/β secretases, Aβ peptides, APP-CTF, ubiquitins, modified ubiquitin ligases and tau protein to adjacent neurons can lead to AD propagation (Chen et al., 2017; Yuyama and Igarashi, 2017; Zheng et al., 2017; Miranda et al., 2018).

An interactome analysis demonstrated that inhibition of γ-secretase activity results in a significant increase of exosomes enriched with APP-CTF suggesting the association of γ-secretase in exosome membrane. Also, it was shown that exosomes tetraspanins CD9 and CD81 interact with the γ-secretase complex regulating their activity in a positive way. Using neutralizing antibodies against CD9 and CD81 result in the disruption of Aβ generation and lead to an accumulation of the APP-CTF (Wakabayashi et al., 2009). Likewise, tetraspanin 6 enrichment in exosomal membrane allows the accumulation of Aβ, CTF-APP and BACE1 in exosomes, and independently of ESCRT, increases biogenesis of exosomes and secretion of this type of cargo, as well as inhibits the degradation of these nanovesicles by the lysosomal system (Guix et al., 2017). Thereby, these studies suggest the involvement of the tetraspanin web protein in the up and down regulation of Aβ generation.

It has been reported that the endosomal localization of BACE1 is regulated by the ACG sequence and the retromer, a multiprotein complex required for the recycling of transmembrane proteins from the endosomes to the trans-Golgi network (Tan and Evin, 2012). Kizuka et al. (2015) showed that BACE1 is modified with bisecting N-acetylglucosamine, a sugar modification highly expressed in the brain of AD patients, by GnT-III. They reported that lack of this modification directs BACE1 to late/lysosomes where it is less colocalized with APP, however, the glycan modification is protective for lysosomal degradation.

Furthermore, the Aβ peptides already present in extracellular space can interact with the exosomal membrane through their glycosphingolipids and the cellular prion protein (PrPC), forming aggregates of Aβ (Rajendran et al., 2006; Zappulli et al., 2016; Yuyama and Igarashi, 2017; Zheng et al., 2017). This was demonstrated in the histological analysis performed in brains of AD patients were an enrichment of exosomal markers Alix and flotillin-1 was found around neuritic plaques; this suggested that exosomes function as nucleation centers for amyloid plaque formation (Xiao et al., 2017). A recent publication by Falker et al. (2016) showed that PrPC is highly enriched on exosomes membranes and distinct Aβ oligomers bind PrPC with high affinity via its flexible N-terminus. This bind drives Aβ fibrillation and may be involved in the extracellular deposition of Aβ. However, there is a debate about if PrPC is required for Aβ-mediated synaptotoxicity and suppression of long-term potentiation (Lauren et al., 2009; Kessels et al., 2010).

On the other hand, it has been proposed that the spread of tau can occur through neuronal synaptic connections, but the mechanism underlying this process remains unknown (Wang Y. et al., 2017). However, it also has been reported that monomers and oligomers of tau hyperphosphorylated are encapsulated within the exosomes (Shi et al., 2016), which are then transferred through synaptic contact with other neurons, and like the exosomes that interact with Aβ, can promote nucleation centers for hyperphosphorylated tau aggregation (Saman et al., 2012, 2014).

In addition to neural cell interaction, exosomes from damaged cells also interact with glial cells. Consequently, astrocytes not only fail to support neurons but also generate a toxic environment that is detrimental to neurons and astrocytes themselves through promoting secondary apoptosis of adjacent cells (Wang et al., 2012). Wang et al. (2012) found that the astrocytic-mediated apoptosis is associated with the secretion of PAR-4/ceramide containing exosomes in the adjacent cells even if they were not exposed to Aβ. It has been demonstrated that astrocytes tend to interact more with exosomes and accumulate large amounts of Aβ42 protofibers, subsequently, this storage results in endosomal/lysosomal system alterations which induce exosome secretion with a neurotoxic cargo (Nikitidou et al., 2017). Astrocyte-derived exosomes of patients with AD had up to 20-fold higher concentrations of β/γ-secretase and sAPPβ than neuron-derived exosomes (Goetzl et al., 2016). Moreover, Chiarini et al., 2017 presented evidence showing that tau and its hyperphosphorylated form are expressed by untransformed astrocytes in culture exposed to Aβ, the release is mediated by exosomes to the extracellular medium.

In addition, microglia also participates in the internalization of exosomes derived from damaged cells, Ikezu et al. (2016) found that microglia transduces tau aggregates into nearby neuronal cells via exosome secretion, tau aggregates propagate from cortical neurons to dentate granular cells and this propagation is sensitive to exosome inhibition or microglial depletion. In AD, Aβ phagocytosis by microglia is one of the principal mechanisms for a level decrease of these peptides. Exosome phagocytosis is a process mediated by phosphatidylserine; as well as in apoptotic cells, exosomal phosphatidylserine is found in the outer layer of the membrane, so it can be recognized by microglia phosphatidylserine receptor (Yuyama and Igarashi, 2017). However, in AD, microglia activity is markedly diminished, therefore, when Aβ interacts with exosomes, it initiates the formation of large aggregates in the form of plaques (Zheng et al., 2017).

Since AD has a long asymptomatic latency period, many investigators are searching for biomarkers that can detect the disease early on, particularly in its pre-symptomatic and early stages. Different studies show that deregulation in miRNA expression and its traffic via exosomes has repercussions on AD pathogenesis (Lugli et al., 2015). miRNAs are endogenous, short, noncoding RNAs of 18–25 nucleotides which act as important post-transcriptional regulators of gene expression by binding with their target mRNA (Liu C. G. et al., 2014). Currently there are about 2,650 different miRNAs identified in all human tissues and only 34–40 miRNA are abundant in the brain (Jaber et al., 2017), among them, there are different miRNAs that bind specifically to key genes that determine the expression of APP and β-secretase, such as miR-193b, miR-101 and miR-29c respectively, these miRNAs negatively influence the generation of Aβ (Lei et al., 2015; Chen et al., 2017). Nevertheless, it has been found that expression of these miRNAs decreased with AD progression (Liu C. G. et al., 2014). Lugli et al. (2015) performed an exosomal miRNAs analysis samples of people with AD and control people. They indicated that 20 miRNAs showed differential expression in AD, and miR-342-3p, miR-141-3p, miR-342-5p, miR-23b-3p, miR-24-3p, miR-125b-5p and miR-152-3p were selected as most predictive for AD group identity. Furthermore, miR-9, miR-125b, miR-191-5p, miR-181c and let-7g-5p are thought to be the best candidates for early biomarkers (Trotta et al., 2018).

As mentioned above, defects in protein transport are closely related with neurodegeneration. In this context, it has been reported that genes like SEC22B and SEC63 which participate in protein transport and regulation of cell motion are downregulated by miR-206 in the AD, the increase of this miRNA leads to a disequilibrium of proteostasis in the brain that could result in Aβ accumulation (Zhao et al., 2016b).

On the other hand, it has been shown that the miR-132/miR-212 cluster regulates tau expression. Smith et al. (2015) showed that miR-132/miR-212 deficiency in mice leads to increased tau expression, phosphorylation and aggregation, an effect associated with an autophagy dysfunction. Conversely, treatment of AD mice with miR-132/miR-212 restore, in part, memory dysfunction and tau metabolism.

Some miRNAs like miR-139 over express in AD, this overexpression impairs the hippocampus-dependent learning and memory formation by targeting the cannabinoid receptor type 2 (Tang et al., 2017), a membrane marker of activated microglial cells, which triggers pathophysiological events involved in synaptic plasticity and neuroprotection but is also implicated in diverse roles in regulating memory, depending on memory types and brain areas (Li and Kim, 2016).

However, due to the high degree of heterogeneity in miRNAs, further in-depth investigation is required to provide easily identifiable biomarkers of AD that can be isolated from blood or its components. It is also important to consider is the possibility of using miRNA approaches like the modulation of these miRNAs for the treatment of AD.

FOCUS ON MSC-DERIVED EXOSOMES AND THEIR ROLE IN NEUROPLASTICITY

MSCs have multipotent mesodermal differentiation potential, but more importantly, they have demonstrated the ability to promote tissue repair through the release of paracrine factors, mainly a variety of growth factors, immunomodulatory cytokines and other trophic mediators, which make them an attractive therapeutic strategy for applications in inflammatory and chronic-degenerative diseases (Donders et al., 2018). In general, administration of MSCs or conditioned media from MSCs induce structural and functional benefits that reduce apoptosis at the lesion site, module proinflammatory response, provide a permissive environment for axonal extension, enhance neurogenesis and ameliorate neurological deficits (Cantinieaux et al., 2013; Qu and Zhang, 2017; Harris et al., 2018).

The composition of exosomal cargo determines the therapeutic potential of exosomes, and the fact that these vesicles were produced by cells with a therapeutic activity already described (like MSCs), increases this potential. Besides, MSCs are the most efficient exosome producing cells (Hall et al., 2016). Based on these facts and the paracrine hypothesis which establishes that the beneficial effect of stem cell therapy is due to stimulation of resident cell by secretion of bioactive molecules and release of EV, the use of exosomes could offer several advantages over MSCs such as a superior safety profile. Since these vesicles do not replicate they are exempted from uncontrolled division, unlike MSC, which during its isolation and expansion there is a risk of genetic damage which can lead to proliferation issues and spontaneous differentiation promoting tumor formation. Furthermore, exosomes lack metabolism, so the environment where they are administered will have no impact, also, they have a nanometric size, which decreases the possibility of microvascular thrombotic events, they can be sterilized by filtration, can be stored for long periods without presenting functional loss, and above all, have similar effects to those that MSCs exert with no side effects (Nakano et al., 2016; Ophelders et al., 2016; Gomzikova and Rizvanov, 2017; Xiong et al., 2017).

Many studies have shown that exosomes derived from MSCs can reduce cognitive problems associated with various neurological disorders models such as Traumatic Brain Injury (TBI; Xiong et al., 2017), Parkinson’s disease and stroke (Yang Y. et al., 2017). It has been hypothesized that these vesicles act as paracrine activity effectors of MSCs by encapsulating and transferring many functional factors, including regulatory RNAs, proteins and lipids, however, exosome release is considered a cellular adaptation mechanism and its composition, biogenesis and secretion will depend on microenvironment with which cells interact (Xin et al., 2017a). An example of this cellular adaptation was reported by Harting et al. (2018) in a coculture of MSCs with ischemic tissue extracts, which demonstrated that MSCs can respond to an inflammatory stimulus by producing exosomes with a high anti-inflammatory capacity.

Recent studies show that proteins and regulatory RNAs within MSC-derived exosomes have synergistic effects in crucial processes such as metabolism, neuroinflammation, migration of cellular precursors and processes related to angiogenesis, neurogenesis and synaptogenesis, all activated after injuries (Nakano et al., 2016; Börger et al., 2017; Collino et al., 2017). In a study conducted by Li et al. (2017) in a TBI model, it was reported that dental pulp MSC-derived exosomes alter M1 microglia polarization and promote the transition to M2 phenotype. The M1/M2 transition inhibits the proinflammatory activity of M1 and increases M2 production of anti-inflammatory factors, which decreases neuroinflammation and promotes the functional recovery of rodents; however, the mechanisms that mediates these events remains unknown (Xin et al., 2013a; Doeppner et al., 2015; Li et al., 2017). Nakano et al. (2016) showed that neurological alterations caused by streptozotocin are restored by administration of MSC-derived exosomes, nevertheless, it was reported that there was no generation of new neurons, instead, these vesicles restore and protect the function of remaining neurons by increasing neuritic density and inhibiting oxidative stress damage, mainly lipid peroxidation of neuronal membranes.

In the last years, different studies demonstrated that MSC-derived exosomes promoted neurogenesis in different mice models of disease (Xin et al., 2013b; Doeppner et al., 2015; Zhang Y. et al., 2017). In these studies, treatment with exosomes increased the number of new-born neurons in neurogenic niches (the subventricular zone (SVZ) and dentate gyrus (DG)). However, the concrete cellular and molecular mechanism of this neurogenic process still unclear.

This demonstrates the multimodal therapeutic capabilities of the MSC-derived exosomes as MSC paracrine activity effectors, although the mechanisms remain unknown.

MSC-Derived Exosomes miRNAs

As mentioned above, exosomes can transfer different RNAs to adjacent cells. Among RNAs, miRNAs are the most widely studied (Cheng et al., 2018). miRNAs are a class of non-coding RNAs that functionally inhibit their respective messenger RNAs target by binding to the 3′ untranslated regions (3′ UTR) and are implicated in many biological processes such as embryonic development, proliferation, differentiation and apoptosis (Stevanato et al., 2016). It has been described that approximately 60% of genes are more than 1,000 miRNAs targets, and 70% of those miRNAs are expressed in the brain, where they regulate different neural and glial functions (Lei et al., 2015). Also, it was demonstrated that the proportion of miRNA is higher in exosomes than in their parent cells (Zhang et al., 2015). The number and type of miRNA within the exosomes is not a random process, instead, the cells selectively group the miRNAs, however, the process of packing RNAs into exosomes is poorly understood (Stevanato et al., 2016). Nevertheless, there are potential ways of sorting miRNAs into exosomes like the neural sphingomyelinase 2, the miRNA induced silencing complex and the miRNA motif sumoylation pathways, however, the underlying mechanisms remain unclear (Zhang et al., 2015).

Several in vitro and in vivo studies indicate that MSC exosomes transfer functional miRNAs to neural cells and promote neuritic remodeling and plasticity, as well as inhibit apoptosis, which subsequently promotes functional recovery (Xin et al., 2013b, 2017b; Cheng et al., 2018). Few studies have identified a single exosome cargo component that contributes to observed effects (Börger et al., 2017). For example, Xin et al. (2017b) demonstrated that exosomes enriched with miR-133b promote neurovascular plasticity and also reported that this miRNA increases secondary release of exosomes from astrocytes, which considerably enhances neuritic growth, however, they do not exclude the possibility that other cells are influenced by miR-133b. Baglio et al. (2015) analyzed MSC miRNA profiles of bone marrow and adipose tissue, among these miRNAs, there are some that are involved in MSC biology, such as miR-486 that regulates cellular senescence, or miR-143 with a key role in MSC immune response modulation, additionally, other miRNAs were identified, such as miR-191, miR-222, miR-21 and let-7a related to cell cycle progression, proliferation and angiogenesis modulation (Chen et al., 2010; Clark et al., 2014; Baglio et al., 2015).

On the other hand, it has been reported that exosomes also contain miR-98, miR-155 and miR-125a which have antiapoptotic activity (Ma et al., 2016; Cheng et al., 2018). Cheng et al. (2018), showed that in chronic inflammation and apoptotic conditions, miR-21 levels decrease considerably, however, MSCs in this condition secrete exosomes with high levels of miR21, which reduce apoptosis of cells that are in an environment of chronic inflammation. Furthermore, they demonstrated that miR-21 can bind to messenger RNA 3′ UTR of PTEN, main inhibitor of the PI3K/Akt survival pathway in apoptosis mediated by p53 and phosphatidylinositol. Therefore miR-21 possibly promotes cell survival by inhibiting PTEN during apoptosis, triggering the activation of Akt and Bcl-2 and the decrease of Bad, Bax and caspase-3, eventually inhibiting apoptosis.

The miRNA-miR-17-92 cluster, formed by miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a, has shown to be implicated in neuritic remodeling and neurogenesis as established by Xin et al. (2017a). This cluster, like miR21, targets PTEN, allowing the activation of Akt and mTOR, which phosphorylate GSK-3β, inhibiting its function. GSK-3β inactivation has been reported to stimulate axonal growth and central nervous system recovery (Eldar-Finkelman and Martinez, 2011; Xin et al., 2017a). Moreover, it has been described that MSC exosomes assist in neural differentiation by miR-124 delivering to neural precursor cells (NPCs). This miRNA suppresses Sox9 expression, implied in NPC multipotent capacity and maintenance, hence the effect of miR-124 on Sox9 promotes NPC differentiation (Lee et al., 2014; Yang J. et al., 2017).

Understanding miRNA-regulated molecular mechanisms and their impact on the brain can likely be translated into therapies with positive clinical impact for AD and other neurodegenerative disorders in the future.

MSC-Derived Exosomes Proteins

Similar to miRNAs, proteins from exosomal cargo are important effectors of these vesicles. Currently, more than 900 proteins have been identified within MSC-derived exosomes (Kalra et al., 2012; Keerthikumar et al., 2016). Exosomal proteins can act as signaling molecules, receptors, cell adhesion molecules among other functions. For example, the expression of proteins such as nestin, neuro-D, growth-associated protein 43, synaptophysins, VEGF, FGF promote events such as neural development, synaptogenesis and angiogenesis (Chopp and Li, 2002). Katsuda et al. (2013) indicated that MSC exosomes from adipose tissue contain neprilysin, an enzyme capable of degrading Aβ, and in co-culture with cells designed for Aβ exacerbated production, these exosomes significantly reduced levels of Aβ1–40 and 1–42.

In different neurodegenerative disease models, it has been reported that MSCs interact with NPC in neurogenic niches of SVZ of lateral ventricles and the hippocampus DG through exosomes (Lee et al., 2013; Zhang and Chopp, 2015; Xin et al., 2017b; Yang Y. et al., 2017). However, the mechanisms by which exosomes interact with NPC and modify their behavior to promote neurogenesis, among other neuroplastic events, have not yet been determined. Nevertheless, some authors have associated some components with the activation (see Table 1), of the chemokine ligand (motif cc) 2 (CCL2), that functions as a neuronal activity modulator. MSCs release CCL2 to stimulate proliferation, migration and differentiation of NPC to neural and glial cells (Liu et al., 2007; Lee et al., 2013).

TABLE 1. Polypeptides identified in exosomes derivate from Mesenchymal Stem Cells (MSC).
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Another identified component is Sirtuin1 (SIRT1), which regulates transcription factors and cofactor deacetylation involved in angiogenesis, inflammation, response to oxidative stress and in neural development, associated with NPC proliferation and differentiation (Hu et al., 2014). SIRT1 forms a complex with Hairy/enhancer of Split 1 (Hes1), a transcriptional repressor of Mash1, responsible for the activation of neuronal specific transcription program. Under oxidizing conditions, this SIRT1/Hes1 complex deacetylates Mash1 promoter and recruits other co-repressors such as TLE1, which block neuronal differentiation, whereas under reducing conditions the SIRT1/Hes1 complex is not formed, therefore Hes1 recruits transcriptional activators such as the CREB binding protein to the Mash1 promoter, resulting in a neural destiny of NPC (Libert et al., 2008).

McBride et al. (2017) found that MSC-derived exosomes transport Wnt3a proteins associated with the outer face of the exosomal membrane. This allows the activation of the Wnt/β catenin signaling pathway, the main canonical signaling process that regulates adult neurogenesis (Yin et al., 2007). It has been reported that this signaling increases in the hippocampus DG after the administration of MSC in TBI models and improves cognitive deficits, as a result of potentiation of neurogenesis. It has been described that this signaling increases in hippocampus DG after MSC administration in TBI models and improves cognitive deficits, associated with the potentiation of neurogenesis (Zhao et al., 2016a; McBride et al., 2017). Wnt3a and its active form β-catenin expression promote NPC expansion and differentiation into synaptically active neurons, whereas the absence of Wnt3a inhibits the differentiation of NPC to neurons (Yin et al., 2007).

Rodriguez-Grande et al. (2015) studied the effect of Pentraxin 3 (PTX3) protein on neurogenesis using a stroke model and reported that PTX3 is a key regulator of angiogenesis and neurogenesis, however, the molecular mechanisms involved have not been described yet. PTX3 is a protein with direct involvement in neuroinflammation in acute phases (Ummenthum et al., 2016). The inhibition of PTX3 reduces the number of capillaries in reperfusion areas after ischemia as well as the formation of new neurons (Rodriguez-Grande et al., 2015).

In the exosomal cargo, ephrins, are a pivotal regulator of the developmental process of axon guidance, cell migration, synapse formation and vascular formation but it is unknown the role they play in the adult organism (Wilkinson, 2001), to this account Holmberg et al. (2005) studied the role of A-class ephrins in the neural stem cell niche, and reported that ephrin-A2 (EFNA2) negatively regulates neural progenitor proliferation. Lack of expression EFNA2 and its receptor Eph7A result in active and ongoing neurogenesis, suggesting that neural cell replacement therapies may be achieved by modification of ephrin signaling pathways.

Dihydropyrimidinase-like 2 (DPYSL2) best known as collapsing response mediator protein 2 also is found in the exosomal cargo. DPYSL2 is a member of a family named for their roles in axonal growth cone collapse. Its main function is stabilizing microtubules, promoting neuritic outgrowth and modulating signaling processes (Pham et al., 2016). In the process of NPC senescence, the expression of DPYSL2 decreases with the age, consistent with the involvement in the neurodegeneration processes (Wang et al., 2016).

Prosaposin (PSAP) is another protein found in exosomes (Li et al., 2010). PSAP is suggested to be an essential neurotrophic factor since its secretion stimulates proliferation and maturation of immature neurons in the hippocampus DG, as well as provides protection against apoptosis. It was reported that deficiency of PSAP precedes massive neuronal loss in neurotoxic environments (Morishita et al., 2014; Nabeka et al., 2017).

It has been recently demonstrated that THBS1 is present in the secretome of MSC and exosomes (Maumus et al., 2017). Blake et al. (2008) show that thrombospondin-1 (THBS1) is a physiological ligand for ApoER2 like Reelin. This study demonstrated that the first alternative physiological ligand for ApoER2 and VLDLR is capable of inducing Dab1 phosphorylation, but no other key events of the Reelin signaling pathway. Blake et al. (2008) also showed that THBS1 increases the length of neuronal precursor chains and stabilizes the structure of established chains along the rostral migratory stream. These functions of THBS1 in neuronal migration could help replace neural cells in injured zones and ameliorate neurological deficits through the administration of exosomes.

An analysis of a bioinformatic database was performed in order to identify and classify exosomal cargo of MSC according to their biologic function and their interaction in the secretome. The 23 proteins described in Table 1 were classified by Protein Analysis Through Evolutionary Relationships (PANTHER) system (Mi et al., 2017) and were grouped according to their involvement in the different cellular biological processes. In this first approach, we found 12 different biological processes (Figure 1; a protein can participate in more than one cellular process). From these 12 biological processes, four main groups are mentioned as; (a) cellular processes with 17 members; (b) response to a stimulus with 12 members; (c) biological regulation with 11 members; and (d) development processes with nine members.
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FIGURE 1. Functional classification with PANTHER of the polypeptides found in exosomes. The UniProtKB IDs of proteins were submitted to the PANTHER database for their classification in Gene Ontology (GO) according to Biological. X-axis, categories of proteins. Y-axis, number of genes contained in each category.



In the cellular processes group, there are 13 proteins involved in cellular communication and four proteins with a role in the movement of cellular components. The main proteins implicated in cellular communication are members of CXC chemokine family such as CCL2 (UniProt code P13500) and CXCL2 (UniProt code P19875; The UniProt Consortium, 2018). A recent work in murine models of neurodegeneration has associated these two proteins in cellular migration processes and enhanced proliferation and differentiation of neural precursors (Hong et al., 2015; Wang F. et al., 2017). In addition, another member of this family, CXCR4 expressed by neurons (UniProt code P61073) has been linked to inflammatory processes by activating microglia expressing CCR2 (UniProt code P41597; Liu C. et al., 2014). One study showed that knockout of CCR2 in an AD transgenic mouse model decreases microglia activation and increases Aβ accumulation (Kiyota et al., 2013). This demonstrates the role of microglia in Aβ clearance and how its deficiency could speed up AD progression.

The second most important biological process was response to stimuli, mainly the regulation of protein phosphorylation, where the neurotrophic factors VEGF (UniProt code P15692), NGF (UniProt code P01138) and BDNF (UniProt code P23560) that modulate cell death cascades, increase production of proteins responsible for proliferation and maintenance of neurons. These factors also have roles in the outgrowth of dendrites and stabilizing synapses between neurons. In recent years, these neurotrophins have been considered as key regulators of adult neurogenesis and the changes in expression have been related to occurrence and development of cognitive impairments, even though the molecular mechanism is not completely elucidated (Ke and Zhang, 2013; Budni et al., 2015; Vilar and Mira, 2016). However, more data and support are needed to elucidate the mechanisms of neurotrophin imbalance and dysregulation in AD as well as possible therapeutic applications.

On the other hand, the main molecular functions identified for these molecules are related to catalytic activity, signal transduction and protein binding. In these cases, protein binding activity is the most representative molecular function for 12 proteins implied. In this group neurotrophins can also be found, due to their activity, which is mediated mainly by receptor phosphorylation which subsequently promotes the expression of proteins involved in the proliferation of the NPC, maintenance of the cell and ensuring neuronal survival (Bolijn and Lucassen, 2015).

This classification allowed us to generate a network of known and predicted protein-protein interaction using the STRING program (Szklarczyk et al., 2017). The interactome network represented in Figure 2 describes the interactome with a minimum required interaction score of 0.70 (high confidence) and highlights the biological processes in the regulation of axon extension (shown in red) with seven members in it and a false discovery rate (FDR) of 4.78e−09.
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FIGURE 2. Interactome of polypeptides found in common exosomes related with a beta and tau protein. UniProtKB accession numbers were submitted to the String program to identify the predicted functional network. Lines in color represent different pieces of evidence for each identified interaction: red line, fusion; green line, neighborhood; blue line, cooccurrence; purple line, experimental; yellow line, text mining; light blue line, database; black line, coexpression.



The second most important process for our analysis is axonogenesis with 10 members and an FDR of 8.91e−08, shown in blue. Interesting members related to axonogenesis are tau (MAPT UniProt code P10636) and cell division control protein 42 (CDC42 UniProt code P60953). It is known that tau is accumulated in the growth cone and its presence persists during the axonal elongation, however, understand the role of tau in axonogenesis is complicated because tau exists in different phosphorylation states and these states influence the subsequent localization of tau within neurons without implication of its role in the progression of AD (Zmuda and Rivas, 2000). CDC42 has roles in axon guidance and neurite formation particularly on growth cone through Robo signaling activation and actin filaments regulation (Matsuura et al., 2004). The CXCL12 and the neurotrophins BDNF and NGF are also associated with axonogenesis. Almost all proteins exert their function by acting as ligands (shown in green with an FDR 4.02e−08).

The proteins of interactome network are usually found in the extracellular space (shown in pink with an FDR 1.8e−06) where they can modulate the processes like the responses to stimuli previously described. The main pathway of this interactome network was the Rap1 signaling pathway (FDR 2.3e−05) which has been reported to regulate vesicle secretion, cytoskeletal dynamics, proliferation and cell adhesion, (Shibasaki et al., 2007; van Hooren et al., 2012; Zhang Y.-L. et al., 2017). Possibly this way of signaling supports the delivery of the exosomal cargo.

On the other hand, it is interesting that VEGF participates in all analyzed processes. It has been reported that this neurotrophic factor evokes elements of brain plasticity like neurogenesis and neural progenitor cells migration (Chen et al., 2005). According to the interaction diagram, VEGF has synergistic effects with some neurotrophins and with components that mediate axonal guidance such as CDC42 and THBS1 (UniProt code P07996). This leads us to think that possibly the synergy of the exosomal cargo promotes better therapeutic responses compared to those that a single isolated component could. It would be important to study the effects of the composition of the exosomal charge on the progression of AD in both interactions with Aβ and the tau protein, as well as the effects it could have on neuroplastic events, mainly neurogenesis and synaptogenesis.

CONCLUSION AND PERSPECTIVES

Despite the great advances in AD research, the molecular mechanisms underlying this devastating disease have not been fully unveiled. However, remarkable neuropathological studies have provided the largest contribution to the knowledge of the mechanisms involved in the pathological amyloidogenic processing of Aβ as well as hyperphosphorylated tau aggregation into paired helical filaments. Unfortunately, there remains a need to find an accurate diagnosis, in addition to generating really effective treatments; thus, it is necessary to use novel approaches to understand the molecular and cellular mechanisms of AD in order to identify new therapeutic strategies that allow to delay, reverse or, in the best case, to avoid the normal pathological processing of this disease.

The use of proteomic study technologies plus the advent of induced pluripotent stem cells and three-dimensional culture technologies, has made it possible to generate novel in vitro 3D neural cell culture models that replicate AD pathologies, allowing us to explore new perspectives on the origin of the disease and its progression, for example the influence of some proteins in the misfolding of Aβ and the tau protein and its resistance to degradation. These in vitro 3D neural cell culture models also could explore the biochemical composition and modulation of exosomes and their role in disease progression. These advances have revolutionized the potential to generate novel platforms that can be used to study the mechanisms of pathology or to develop novel diagnostic and therapeutic tools in a brain-like environment.

Currently, MSC therapy has emerged as a promising strategy for treating different neurodegenerative disorders via tissue repair, however, the risks of tumor formation, cellular rejection and thrombosis in MSCs transplantation remain unresolved. Currently, the cell-free therapy using MSC-derived exosomes might constitute an alternative because of their advantages over MSCs. There are different studies indicating that exosomes act as an important mediator of the information exchange between MSCs and NPC. The exchange of miRNA and proteins between cell to cell through exosomes can reduce the neuroinflammation, promote neurogenesis and angiogenesis rescue learning impairments and improve functional recovery. However, the concrete mechanisms involved in the positive effects induced by MSCs-derived exosomes in AD are still unclear. Given a variety of functions and multiple molecules in exosomal cargo, is necessary that other studies analyze all interaction and understand the relation between the intrinsic potential that is glimpsed in the combination of the use of exosome therapy and the participation of their cargo (miRNA and/or proteins) combined with the proteomic and bioinformatic analysis of those pathways that participate in this therapeutic modulation.

The bioinformatic analysis performed, allowed us to focus on possible candidates with an important role in neurogenesis and neuroplasticity or even identify some potential pathways implicated in AD’s patient’s progress. This would allow us to use exosomes with different therapeutic approaches, for example, the modification of exosomes with some classes of proteins or miRNAs, with effects on tissue repair, maintenance of cellular homeostasis or impairing the disease progression.
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Different dietary ratios of n−6/n−3 long-chain polyunsaturated fatty acids (LC-PUFAs) may alter brain lipid profile, neural activity, and brain cognitive function. To determine whether ovarian hormones influence the effect of diet on the brain, ovariectomized and sham-operated mice continuously treated with placebo or estradiol were fed for 3 months with diets containing low or high n−6/n−3 LC-PUFA ratios. The fatty acid (FA) profile and expression of key neuronal proteins were analyzed in the cerebral cortex, with intact female mice on standard diet serving as internal controls of brain lipidome composition. Diets containing different concentrations of LC-PUFAs greatly modified total FAs, sphingolipids, and gangliosides in the cerebral cortex. Some of these changes were dependent on ovarian hormones, as they were not detected in ovariectomized animals, and in the case of complex lipids, the effect of ovariectomy was partially or totally reversed by continuous administration of estradiol. However, even though differential dietary LC-PUFA content modified the expression of neuronal proteins such as synapsin and its phosphorylation level, PSD-95, amyloid precursor protein (APP), or glial proteins such as glial fibrillary acidic protein (GFAP), an effect also dependent on the presence of the ovary, chronic estradiol treatment was unable to revert the dietary effects on brain cortex synaptic proteins. These results suggest that, in addition to stable estradiol levels, other ovarian hormones such as progesterone and/or cyclic ovarian secretory activity could play a physiological role in the modulation of dietary LC-PUFAs on the cerebral cortex, which may have clinical implications for post-menopausal women on diets enriched with different proportions of n−3 and n−6 LC-PUFAs.

Keywords: cerebral cortex lipidome, long-chain polyunsaturated fatty acids (LC-PUFAs), docosahexaenoic acid (DHA), sphingolipids, ovarian hormones, synaptic proteins

INTRODUCTION

Phospholipids are major components of neural cell membranes, playing critical roles in synaptic transmission and neuronal signaling through interactions with specific membrane proteins (Bazan, 2014). The brain's complement of phospholipids and other complex lipids contains large amounts of long-chain polyunsaturated fatty acids (LC-PUFAs) such as arachidonic acid (ARA; 20:4n−6) and docosahexaenoic acid (DHA; 22:6n−3), but low levels of other omega-3 LC-PUFAs, especially eicosapentaenoic acid (EPA; 20:5n−3) (Brenna and Diau, 2007; Chen et al., 2009). While saturated and monounsaturated fatty acids can be synthesized de novo within the brain, LC-PUFAs are mainly supplied by the blood and are synthesized from two dietary precursors: linoleic acid (LNA; 18:2n−6) and α-linoleic acid (ALA; 18:3n−3) (Carrié et al., 2000; Williard et al., 2001; Bazinet and Layé, 2014). Even though the specific mechanisms involved in phospholipid signaling are not completely understood, several pro-resolving lipid mediators (SPMs) have been identified, including 17S-hydroxy-DHA (17S-DHA), neuroprotectin D1 (NPD-1), resolvin D5 (RvD5), 14S-HDHA and maresin 1 (MaR1) (Orr et al., 2013; Serhan, 2014). LC-PUFAs and SPMs participate in a plethora of signaling processes, such as cell survival and neuroinflammation, neurotransmission, and cognitive function (Bannenberg and Serhan, 2010; Serhan and Chang, 2013). One of the best-characterized SPMs is NPD-1, which is synthesized in response to brain injury and may have therapeutic potential in a wide range of neurological conditions (Bazan et al., 2011a,b, 2013).

In rodents, daily intake of omega-3 LC-PUFAs (n−3 LC-PUFAs) is necessary for neural development and maintenance of synaptic circuitry (Brenna and Diau, 2007; Dyall and Michael-Titus, 2008; Bazan et al., 2011a,b). In addition, experimental and clinical data support that their dietary inclusion has positive effects on numerous pathological conditions (Gorjão et al., 2009; Mozaffarian and Wu, 2012; Russell and Bürgin–Maunder, 2012). Diets enriched in n−3 LC-PUFAs have been associated with a lower incidence of dementia and neurological disorders (Mazza et al., 2007), while diets containing low percentage of DHA may be linked to cognitive impairment (Ikemoto et al., 2001; Catalan et al., 2002). Interestingly, the ratio of n−3 to n−6 LC- PUFA in the diet appears to be a critical factor for the effect on the brain lipidome (Bourre et al., 1984; Jumpsen et al., 1997; Carrié et al., 2000). On the other hand, women have significantly lower blood levels of docosapentaenoic acid (DPA; 22:5-3) and EPA, but significantly higher levels of DHA than men (Metherel et al., 2009). In studies with female mice, it has been reported that the effect of diet on the brain lipidome may be partially dependent on circulating levels of gonadal hormones (Díaz et al., 2016). Furthermore, experimental evidence has indicated that estrogen may modulate neuronal signaling through interactions with specific estrogen receptors in neural membrane microdomains, such as lipid rafts (Herrera et al., 2011; Marín et al., 2013).

The aim of this study was to investigate the putative synergistic interaction between estradiol and differential dietary fatty acid (FA) supplementation, and observe how this combination may affect the long-term lipid and protein profile in the brain. A multifactorial design was established to investigate the effects of diets containing two different ratios of n−3 and n−6 LC-PUFAs, specifically EPA and DHA, and their potential interaction with reproductive status in placebo and estradiol-treated ovariectomized mice. At the end point, analysis of the cerebral cortex showed that both diets modified the brain lipidome when compared to standard diet, and may influence neural function by modifying the content of several proteins involved in intracellular signaling and synaptic transmission. In addition, some of these effects were sensitive to the presence or absence of the ovaries and, at least partially, to circulating levels of estradiol.

MATERIALS AND METHODS

Animals and Husbandry

Female C57BL/6J mice (Mus musculus) were purchased from Charles River Laboratories, and housed under constant temperature (22 ± 2°C) and humidity (50 ± 5%) and a 12:12 h light-dark cycle in specific pathogen–free conditions. Mice (10 per cage) were housed in cages fitted with microbarrier filter tops, and allowed access to food (A03/R03, SAFE-Panlab) and tap water ad libitum. One month after birth, the standard laboratory food was gradually replaced in all animals with the experimental diets (see below) at a rate of 25% per week; all mice were fed with 100% experimental diet from the age of 2 months until the time of sacrifice. For lipid analysis, a group of intact females fed with standard laboratory food was used as a control. La Laguna University Animal Care and Use Committee approved the protocol for this study.

Ovariectomy and Hormone Treatments

In preliminary experiments it was found that ovariectomized mice implanted with 0.05 mg estradiol pellets (Innovative Research of America, Sarasota, Florida) for 90 days showed plasma estradiol levels of 7.2 ± 4.54 pg/ml (mean ± SEM) as determined by RIA (Architect System, ref #B7K720, Abbot, Germany). Since these values are within the range of those found in cycling animals of the same age at proestrus (20.9 ± 6.03 pg/ml) and estrus (1.8 ± 4.54 pg/ml), this dose of estradiol was chosen for the dietary experiments. Thus, female mice were anesthetized with inhaled isoflurane (2 ± 0.5%) after analgesic injection (buprenorphine hydrochloride, Buprex), and then bilaterally ovariectomized or sham-operated at 90 ± 1 days-of-age through a 1 cm dorsal incision that was closed with surgical clips. The day after ovariectomy mice received a 3 mm pellet containing a 90-day timed-release 0.05 mg 17β-estradiol or placebo. The pellet was subcutaneously implanted in the subscapular region by using a trocar according to manufacturer's instructions. Animals still showing inflammation around the implantation area 13 days after receiving the pellet were discarded. Mice were then housed according to the different diets and hormonal treatments until the end-point 90 days later, as shown in Table 1.


Table 1. Design of experimental groups.
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Diets

Two specific experimental diets were used in these experiments. The high n−6/n−3 ratio diet (DI) containing safflower oil, which had undetectable levels of EPA (20:5n−3) and DHA (22:6n−3), had abundant oleic acid (18:1n−9) and linoleic acid (18:2n−6), but was poor in α-linolenic acid (18:3n−3). The low n−6/n−3 ratio diet (DII) had the same basic composition, but was supplemented with extra EPA and DHA in a proportion of 7 g/kg of diet, added in the form of fish oil as a lipid source to give a particularly high DHA content. These diets were designed in the Instituto de Nutrición y Tecnología de los Alimentos at the University of Granada, Spain, and produced by Mucedola (Mucedola srl, Milano, Italy). Both diets and the standard laboratory food (SF) were subsequently lab-analyzed to determine the final percentage and absolute quantity (g/kg) of each FA (Table 2). Summarizing the main diet differences: (a) DI had a n−6/n−3 ratio 13–14 times higher than that of SF and 59 times higher than that of DII; (b) DII had a n−6/n−3 ratio 4–5 times lower than that of SF; (c) DI did not have traces of either DHA or EPA, while DII contained relevant amounts of both LC-PUFAs (Table 2). For simplicity, high and low n−6/n−3 LC-PUFA ratio diets are referred to in the text and graphics as DI and DII, respectively. Mice were fed these diets ad libitum for 90 days until the time of sacrifice.


Table 2. Main fatty acid composition of experimental diets (Mean ± SD, g/kg fresh weight).
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Tissue Processing and Sample Preparation

Mice were sacrificed using CO2 90 days after ovariectomy or sham operation, and their brains were collected. Cerebral cortex tissue for western blot analysis was homogenized in 3 volumes of ice-cold lysis buffer containing 20 mM HEPES, 100 mM NaCl, 100 mM NaF, 1 mM Na3VO4, 5 mM EDTA, 1% Triton X100 plus protease inhibitor cocktail (Roche Diagnostic) and 1 μM Okadaic acid (Calbiochem). Homogenates were centrifuged at 16,000 × g for 20 min at 4°C, and supernatants were stored at −80°C. Protein concentration was measured using BioRad DC Protein Assay (BioRad) following the manufacturer's protocol. Buffer containing 10% sodium dodecyl sulfate (SDS), 0.5 mM dithiothreitol, 325 mM Tris HCl, pH 6.8, 87% glycerol and bromophenol blue was added to samples before loading into polyacrylamide gels for electrophoresis. For all samples Western blot determinations were repeated 3–4 times. For lipid analysis, tissues were homogenized at a concentration of 5 mg/ml in PBS with 0.01% 3,5-Di-tert-4-butylhydroxytoluene (HBT) as an antioxidant.

Western Blot Analysis

Cerebral cortex tissue extracts were resolved by SDS-PAGE and transferred onto nitrocellulose (Whatman) or PVDF (Millipore) membranes, and subsequently blocked by incubation in 10% non-fat milk for 1 h at room temperature. Membranes were incubated overnight at 4°C with appropriate primary antibodies (Table 3), then washed in 0.1% Tween–PBS and incubated with secondary horseradish peroxide-conjugated antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Antibody binding was detected with SuperSignalTM (Thermo-Fisher Scientific), using β-actin as internal loading control. Densitometry analysis was performed using a GS-800 Calibrated Densitometer (Bio-Rad).


Table 3. Antibodies used in western blot analysis.
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Lipid Analysis

Lipid extraction from dietary samples and cerebral tissue was performed using a modification of the Folch's method (Folch et al., 1957). Dietary FA profiles (g FA/kg diet fresh weight) were obtained by means of acid-catalyzed transmethylation of the lipid fractions followed by GC-MS analysis (Fabelo et al., 2014). Similarly, the cerebral cortex lipid fractions were subjected to further analysis of FA and complex lipids as previously described (Cingolani et al., 2014). Sphingolipids were analyzed by HPLC-MS (Garanto et al., 2013) by using 0.2 nmol of C17-sphinganine, N–dodecanoylsphingosine, N–dodecanoylglucosylsphingosine, and N–dodecanoyl sphingosylphosphorylcholine as internal standards. Sphingolipids were annotated as <lipid subclass> <total fatty acyl chain length>: <total number of unsaturated bonds>. If the sphingoid base residue was dihydrosphingosine, the lipid class contained a <DH> prefix. Since our chromatographic separation did not discriminate between dh-glucosylceramides (GlcdhCer) and dh-galactosylceramides (GaldhCer), their mixture was represented as monohesoxylceramides (MHC). In all cases, the final tissue data was indicated as pmol/mg of protein, except in the case of total FA, which were calculated as pmol equivalents per mg of protein with respect to C12 ceramide. For statistical analysis, all lipids were shown as percentage of variation relative to its content in brain tissue from animals fed with SF.

Statistical Analysis

For lipidomic outcomes, we performed a 2 × 3 factorial analysis with an extra control group. General ANOVA was performed, followed by linear contrasts to answer the questions posed during the design phase of the study. Regardless, no more than 6 contrasts were performed. In this way, 12 response variables were tested in addition to the “multi-testing effect,” whose accurate quantification is unfeasible. A reasonable approach to take this into account is to consider only those effects or interactions in which the p-value of the test is <0.01. However, when any interaction was found to be significant in several of the analyzed lipids, it is discussed, even if the p-value of the test is slightly higher than 0.01. In addition, the 95% confidence interval was calculated for all effects and interactions of interest.

In the case of changes in cerebral cortex protein expression levels, since the effect of diet under each reproductive status was monitored in different electrophoresis gels, it was not feasible to evaluate possible effects of each hormone condition. However, we were still able to evaluate the interaction of the hormonal condition with the effect of the diet. Thus, for each reproductive status and within the same gel, we calculated the percentage of variation induced by DII vs. DI diets. Then, in order to estimate effects and interactions between the different factors, we ran a saturated regression model which includes the dichotomous variable diet and the polytomous variable hormone condition with three levels (Armitage et al., 2004). The latter entered the model as two dummy variables, the first with a value of “1” in ovariectomized animals receiving placebo pellets, and the second with value “1” in ovariectomized mice treated with estradiol. Intact, sham-operated controls had a value of “0” in each dummy variable. This model provides us with confidence intervals and tests for the three effects of the diet conditioned to the hormonal status and the interaction between the two factors, adding up to the 5 comparisons “a priori” expected in the experimental design. Although there are four animals per group, the 2 × 3 factorial design includes 6 × 4 = 24 animals, which allows us to estimate the intragroup population variance with 6 × 3 = 18 degrees of freedom (df). In this way, any contrast that compares two means follows a t-Student distribution with 18 df. This provides a higher statistical power than the simple comparison of two groups with 4 animals per group.

For all tests, actual p-values are given for each comparison and the significance of the main effects detected by the analysis. The statistical software used was Stata 14 (StataCorp LLC, College Station, Texas) for inference factorial analysis and GraphPad Prisma 7 (GraphPad Software, Inc., San Diego, California) for graphic representations.

RESULTS

The Cerebral Cortex Lipidome Is Affected by Dietary Differences in the Ratio of n−3 and n−6 LC-PUFAs

In intact, sham-operated females (CO), both experimental diets (DI and DII) induced a dramatic rise in total brain cortex FAs (Figure 1 and Table 4A), compared with animals fed with SF (DI: p = 0.0001; DII: p = 0.015) and the effect of DI was even higher than that of DII (p = 0.004). The effect of diet was not significantly affected by reproductive status (p = 0.821), and no significant interaction was detected (p = 0.451). Thus, cerebral cortex levels of total FAs were altered by changes in the ratios of dietary n−3 and n−6 LC-PUFAs, apparently regardless of the presence of ovaries and circulating levels of estradiol. With regard to the LC-PUFAs analyzed, each was significantly altered by both experimental diets compared to their levels in animals fed with SF (p < 0.01 or p < 0.001). In the case of C20:4n−6 (arachidonic acid, ARA) almost no modifications were seen (Figure 1 and Table 4B), in parallel with the dietary content of its precursor, C18:2n−6 (linoleic acid), which had the lowest levels in mice fed with SF, and the highest in those fed with DI (Table 2). In contrast, levels of C22:4n−6 (adrenic acid; ADA) and C22:5n−6 (DPA) were elevated in animals fed with DI (high n−6/n−3 ratio) when compared to mice fed with SF or DII (with lower n−6/n−3 ratio), as shown in Figure 1, Table 4C (p = 0.0091) and Table 4D (p < 0.0001). Regarding the levels of C22:6n−3 (DHA), they were reduced in animals fed with DI (high n−6/n−3 ratio) compared to mice fed with either SF or DII (low n−6/n−3 ratio), as shown in Figure 1 and Table 4E (p < 0.0001). However, no significant differences were found between the levels of DHA in animals fed with SF and those fed with DII, in agreement with the high amount of its precursor, C18:3n−3 (α-linolenic acid) in both. Despite its high concentration in diet DII, we were unable to detect any trace of 20:5n−3 (EPA), the most direct DHA biosynthetic precursor. Interestingly, the ratio between C22:6n−3 (DHA) and C22:5n−6 (DPA) was found to be significantly reduced in animals fed with DI and elevated in those fed with DII as shown in Figure 1 and Table 4F (p < 0.0001, and p = 0.0001), in correlation with their higher n−6/n−3 and lowest n−6/n−3 ratios, respectively.
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FIGURE 1. Differential effects of dietary LC-PUFAs on the relative cerebral cortex fatty acid content in female mice under different reproductive conditions. Fatty acid (FA) composition of each diet is shown in Table 1. The FAs from brain cortex were obtained and analyzed as described in section Materials and Methods. White bars represent the relative FA content from cerebral cortex of intact animals fed with standard food (SF). Gray and black bars represent the data from animals fed with DI or DII n−6/n−3 LC-PUFA diets, respectively. Vertical axis represents the percentage of variation induced by each diet relative to SF. Data are represented as mean ± SEM of 4 animals per group, except those fed with SF (n = 3). Horizontal axis indicates the different reproductive status: CO, intact, sham-operated; OVX, ovariectomized, placebo-treated; OVX-E, ovariectomized, estradiol-treated. Only some representative p-values for the main effects of diet (D), hormone status (H) and their interaction (D × H) were indicated in each graph and the remaining data were detailed in Table 4.




Table 4. Linear contrasts of the differential effects of dietary n−6/n−3 ratio on cerebral cortex fatty acid content under different reproductive conditions.
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In addition to the effect of dietary composition on brain FA content, we studied its possible dependence on reproductive status. As shown in Figure 1, no clear effect was found in either ovariectomized or estradiol-treated mice, and only in the case of C22:4n−6 (ADA) was a nearly significant interaction detected (p = 0.052). In addition, when comparing the differential effect of DI and DII in control (CO) vs. ovariectomized (OVX) mice, a truly significant difference was found (Table 4C: p = 0.0194). Since the effect of diet was quite similar under all reproductive conditions for the rest of FAs analyzed, we grouped the data from CO, OVX, and OVX-E mice to emphasize the effect and ratio of DI and DII in the case of C22:5n−6 (DPA) and C22:6n−3 (DHA) (Tables 4E,F). It was found that, irrespective of reproductive condition, the effect of each diet on cortical levels of these LC-PUFAs correlated comparatively more with the total amount of FAs or relatively with the amount of linoleic acid in the diet (Table 2).

Results from the analysis of complex lipids are shown in Figure 2 and Table 5; for all lipids analyzed, the global effect of diet was highly significant (p ≤ 0.001–0.0001). Thus, control animals fed alternative diets had increased cerebral cortex complex lipids compared to those fed SF, although the effect was significantly, quantitatively higher in mice fed with DI (p ≤ 0.0001) than those fed with DII (p ≤ 0.02–0.003). On the other hand, though no significant effect of hormone status was observed, certain interactions between diet and reproductive condition (D × H) were detected (Figure 2), a finding that justified further comparisons of the differences between the effects of both diets under each reproductive condition (Table 5; p-values and 95% confidence intervals). In all cases, the differences between the DI and DII effects observed in control animals were also significant in ovariectomized, estradiol-treated mice, and were even more evident when data from CO and OVX-E groups were combined. In contrast, the effects of DI and DII were similar in ovariectomized, placebo-treated females and no significant differences were detected for any of the different lipids analyzed. Furthermore, when comparing the dietary effect observed in CO animals (intact ovaries) plus OVX-E animals (continuous estradiol treatment) with that of OVX mice, a reasonable level of significance was found in all cases (Tables 5A–F, p ≤ 0.025).
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FIGURE 2. Differential effects of dietary LC-PUFAs on the relative complex lipid content in the cerebral cortex of female mice under different reproductive conditions. Some sphingolipids and complex lipids were obtained and analyzed as described in section Materials and Methods. White bars represent the relative lipid content from cerebral cortex of intact animals fed with standard laboratory food (SF). Gray and black bars represent the same data from animals fed with DI or DII n−6/n−3 LC-PUFA diets, respectively. Vertical axis represents the percentage of variation induced by each diet relative to SF. Data are represented as mean ± SEM of 4 animals per group, except for those fed with SF (n = 3). Horizontal axis indicates the different reproductive status: CO, intact, sham-operated; OVX, ovariectomized, placebo-treated; OVX-E, ovariectomized, estradiol-treated The data were analyzed as previously described, and only some representative p-values for the main effects of diet (D), hormone status (H) and their interaction (D × H) were indicated in each graph, the remaining data were detailed in Table 5.




Table 5. Linear contrasts of the differential effects of dietary n−6/n−3 ratio on cerebral cortex lipid content under different reproductive conditions.
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As an indication of the levels of estradiol, the dry uterine weight was determined at the endpoint. Intact females showed similar uterine weights, with independence of being fed with DI or DII (DI: 16.00 ± 2.40 mg; DII: 18.40 ± 2.00 mg). Also, OVX animals treated with estradiol showed similar uterine weights with the two diets (DI: 38.40 ± 8.00 mg; DII: 34.40 ± 3.20 mg). In contrast, OVX mice treated with placebo and fed with DI had uterine weights significantly higher than those fed with DII (DI: 8.00 ± 1.20 mg; DII: 4.00 ± 0.40 mg; p < 0.001).

In summary, these findings suggest interaction of diet and ovarian hormones on the levels of complex lipids in the mouse cerebral cortex, even though the presence or absence of ovaries and normal circulating estradiol levels do not appear to significantly modify the main effect of each diet.

The Expression of Synaptic Proteins in the Cerebral Cortex Are Affected by Dietary Differences in the Ratio of n−3 and n−6 LC-PUFAs

Brain lipids constitute a basic component of neural organization and play a critical role in the interactions of membrane proteins that are involved in cell signaling and synaptic functions (Bazan, 2014), processes that are also regulated by circulating levels of reproductive hormones and locally-synthesized steroids (Varea et al., 2009; Arevalo et al., 2015). Thus, it was interesting to explore whether differences in dietary n−6/n−3 LC-PUFA ratios affect expression and/or phosphorylation of synaptic proteins and key neuronal markers. Statistical analyses of observed changes for each protein were performed as follows: (a) the effect of differences in dietary content of LC-PUFAs in control animals; (b) the global interaction between the effect of diet and reproductive status; and (c) the specific differences between the effect of diet in controls and those observed in OVX or OVX-E mice.

CO mice fed a low n−6/n−3 ratio diet (DII) showed higher levels of both synapsin (p = 0.023) and PSD-95 (p = 0.006) than those fed with a high n−6/n−3 ratio diet (DI) (Figure 3 and Tables 6A, D). In both cases, a global interaction between diet and reproductive status was observed (p = 0.013 and p = 0.001, respectively). Significant differences were also found in the effect of diet on the levels of synapsin (Table 6A: p = 0.001 and p = 0.009) and PSD-95 (Table 6D: p = 0.0004 and p = 0.004) when intact (CO) mice were compared with ovariectomized (OVX) or ovariectomized, estradiol-treated animals (OVX-E), respectively. These findings suggest that the presence of ovaries may be necessary for the effect of dietary lipid composition on the expression of these synaptic proteins, and that continuous treatment with estradiol alone was not able to compensate for ovariectomy. In contrast, levels of p-synapsin were reduced in animals fed with a low n−6/n−3 ratio diet (DII) compared to those fed with a high n−6/n−3 ratio diet (DI), regardless of reproductive status (Figure 3 and Table 6B: p = 0.015). These differences in p-synapsin were additionally confirmed by a supplementary Western blots from the three diets (DI, DII and SF), and using PDK1 and Actin as internal controls (Supplementary Figure 1). No significant effects were found in the case of synaptophysin (Figure 3 and Table 6C), P120 or β-catenin (Tables 6E,F, respectively). The slight effect observed in synaptophysin in the case of OVX-E animals fed DII when compared to CO mice was not considered significant as it was quantitatively small, and the 95% confidence intervals did not allow further accurate interpretation of the results. Neither significant effects of diet nor reproductive status were found in the case of several neuronal markers such as BACE, PHF1, Tau1, and Tau5 (data not shown). However, CO mice fed with low n−6/n−3 ratio diet (DII) showed higher levels of APP and GFAP than those fed with high n−6/n−3 ratio diet (DI) (Figure 4 and Table 7; p = 0.003 and p < 0.0012, respectively). These effects were partially affected by reproductive status, as certain global interaction was detected, albeit of a small magnitude. Significant differences were also detected in the effect of diet on both APP and GFAP between controls and ovariectomized animals (Tables 7A,B; p = 0.018 and p = 0.029, respectively), which was partially compensated by continuous estradiol treatment.
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FIGURE 3. Differential effects of dietary LC-PUFAs on the expression of synaptic proteins (synapsin, synaptophysin, and PSD95) in the cerebral cortex of female mice under different reproductive conditions. (A) Represents the Western blots, and (B) represents means ± SEM of densitometric quantification (4 mice per group). Western blots were quantified and normalized with respect to the loading control, actin. The normalized data corresponding to intact, sham-operated mice from the DI diet was arbitrarily considered 100 relative units. Vertical axis represents the percentage of variation induced by DII vs. DI n−6/n−3 LC-PUFA ratio diet. Horizontal axis indicates the different reproductive status as follows: CO, intact, sham-operated; OVX, ovariectomized, placebo-treated; OVX-E, ovariectomized, estradiol-treated. The data were statistically analyzed as previously described, and for simplicity, only the main effects of diet are given in the figure, as well as the interaction between diet and reproductive status. Other details of the analysis including the differences between the effect of diet in controls and ovariectomized mice treated with either placebo or estradiol were presented in Table 6.




Table 6. Linear contrasts of the differential effects of dietary n−6/n−3 ratio on the expression of synaptic proteins in the cerebral cortex of female mice under different reproductive conditions.
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FIGURE 4. Differential effects of dietary LC-PUFAs on the expression of APP and GFAP in the cerebral cortex of female mice under different reproductive conditions. (A) Represent the western blots, and (B) represent the densitometric data as means ± SEM of relative densitometric quantification (4 mice per group). Vertical axis represents the percentage of variation induced by DII vs. DI n−6/n−3 LC-PUFA ratio diet. Horizontal axis indicates the different reproductive status as follows: CO, intact, sham-operated; OVX, ovariectomized, placebo-treated; OVX-E, ovariectomized, estradiol-treated. Western blots were quantified and normalized with respect to the loading control, β-Actin. The normalized data corresponding to intact, sham-operated mice from the DI diet was arbitrarily considered 100 relative units. The data were statistically analyzed as previously described, and only some relevant data are included in this Figure whereas the remaining data was presented in Table 7.




Table 7. Linear contrasts of the differential effects of dietary n−6/n−3 ratio on the expression of APP and the glial marker GFAP, in the cerebral cortex of female mice under different reproductive conditions.
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DISCUSSION

Experimental evidence has suggested that the ratio between n−6 and n−3 LC-PUFAs is a critical factor for their developmental and neuroprotective activity (Miller et al., 2016; Dyall, 2017). Therefore, the present study tested the effects of two experimental diets, DI and DII, whose major difference in composition was the global ratio of n−6 and n−3 LC-PUFAs. In addition, the two diets contained higher total levels of FA content (DI: 158%; DII: 147%) compared to the standard diet (SF), which explains the dramatic increases of total FAs observed in the cerebral cortex of mice fed with both experimental diets.

As expected, DI had increased percentages of n−6 FAs including C22:4n−6 (ADA) and C22:5n−6 (DPA), and reduced levels of C22:6n−3 (DHA). In addition, both diets caused minor elevation in C20:4n−6 (ARA) levels in the cerebral cortex, though the effect of DI was slightly higher, in agreement with the dietary content of its precursor, linoleic acid. Since ARA is a critical intermediate in the biosynthesis of thromboxanes, prostaglandins, and leukotrienes, which play an essential role in the inflammatory/anti-inflammatory response (Stables and Gilroy, 2011), some regulatory mechanisms to maintain balanced levels may exist. On the other hand, levels of DHA were higher in the cortex of mice fed with DII than in those fed with DI, in good correlation with the absence of DHA and the extremely low levels of its precursor, C18:3n−3 (ALA) in the composition of DI. Interestingly, the levels of DHA in animals fed with DII were similar to those fed with SF, despite the absence of DHA in the standard diet. However, the fact that the SF diet contains twice as much of the DHA precursor indicates that ALA-derived DHA may be sufficient to maintain brain DHA levels and preserve its function, as it has been suggested (Anderson et al., 2005; André et al., 2005). Furthermore, this interpretation is in agreement with evidence from animal models that brain DHA levels are similar when fed with diets with ALA as the only PUFA compared to those fed with DHA or ALA+DHA (reviewed in Barcelo-Coblijn and Murphy, 2009). Regarding other LC-PUFA intermediates in DHA biosynthesis, such as eicosatetranoic acid (ETA, C20:4n−3) or EPA (C20:5n−3), we did not find detectable amounts of either in brain samples, in agreement with previous reports (Miller et al., 2016; Harauma et al., 2017).

In summary, the most relevant finding regarding the effect of DI and DII on LC-PUFAs was a dramatic reduction in the ratio between C22:6n−3 and C22:5n−6 in animals fed with DI, and a marked increase in those fed with DII. However, this effect does not seem to be due to DHA enrichment in DII, but rather to the differential dietary levels of LNA (DI) and ALA (DII), in agreement with other reports (Domenichiello et al., 2016). Interestingly, no significant effects of reproductive status were detected for the dietary effects on cerebral cortex LC-PUFA levels, since the p-values obtained from the factorial analysis did not support relevant interactions between diet and gonadal conditions.

Our findings also show that the two experimental diets induced profound and highly significant elevations in the levels of all complex lipids analyzed, though for all of them the effect was stronger in animals fed a diet with the highest n−6/n−3 LC-PUFA ratio. Interestingly, the effects of DI and DII on cortical ceramide levels observed in control mice were not detected in ovariectomized mice. Furthermore, the differential effect in all complex lipids of each diet was reverted in ovariectomized animals receiving continuous estradiol treatment. These results suggest a synergistic action between dietary PUFAs and ovarian hormones on the cerebral cortex lipidome, which would be in agreement with other reports using hippocampal tissue from female mice and multivariate statistical approaches (Díaz et al., 2016).

The influence of ovarian hormones on the dietary effects on cortical ceramides is highly relevant given the important function of these lipids in a wide range of cell processes including growth, differentiation, apoptosis, and oncogenesis (Kashara and Sanai, 2000; Simons and Toomre, 2000; Anderson and Jacobson, 2002; Sengupta et al., 2007; Pruett et al., 2008). Increase in ceramide concentration in cell membranes affects not only the structural organization and dynamic properties of lipid rafts (Cremesti et al., 2002) but also myelin formation and stability (Pan et al., 2005; Susuki et al., 2007), neural differentiation (Wang and Yu, 2013; Wang et al., 2014), synapse formation (Hering et al., 2003; Mendez-Otero and Santiago, 2003), synaptic plasticity and transmission, neurotoxicity, and neurodegeneration (Hering et al., 2003; Besshoh et al., 2005; Ferrer, 2009; Fabelo et al., 2014; Attiori Essis et al., 2015; Sonnino and Prinetti, 2016; Marín et al., 2017). In addition to experimental evidence in rodents, a number of postmortem studies support the role of age-dependent or genetic alterations of ceramide and sphingolipid metabolism in several neurological disorders, including Alzheimer's (AD) and Parkinson's diseases (He et al., 2010; Fabelo et al., 2011; Gegg et al., 2012; Bouti et al., 2016; Olsen and Færgeman, 2017). However, despite the importance of ceramide and sphingolipids for brain function, the effect of dietary interventions on their levels in the cerebral cortex has not been previously explored.

In addition, neuronal lipid microdomains are also targets for estrogen hormones that act via classical estrogen receptors or membrane-associated receptors to trigger a variety of signaling pathways (Marín et al., 2003, 2005, 2007; Guerra et al., 2004). Activation of these pathways is involved in the regulation of brain development, neuronal survival and synaptic plasticity, which are the basis for the neuroprotective role of estrogens (Marín et al., 2005; Herrera et al., 2011; Arevalo et al., 2015). Therefore, dietary and estrogen-induced modification of brain sphingolipid composition may be expected to alter the expression of specific signaling and synaptic proteins. Thus, the second aim of this work was to determine whether circulating ovarian hormones could interact with the effects of dietary lipid composition, altering expression of neuronal proteins in the mouse cerebral cortex. We analyzed the levels of key neuronal proteins such as P120, PSD-95, β-catenin, synaptophysin, and synapsin. Though no significant effects were detected on the expression of P120, β-catenin, or synaptophysin, both PSD-95 and synapsin were found to be sensitive to the different dietary n−6/n−3 ratios. In addition, the effect of diet was blocked by ovariectomy, suggesting a potential synergy between diet and reproductive hormones at both presynaptic and postsynaptic levels.

Synapsins are a family of presynaptic proteins that interact with synaptic vesicles through phosphorylation-dependent processes (Chi et al., 2003; Cousin et al., 2003; Menegon et al., 2006; Sun et al., 2006; Giachello et al., 2010; Messa et al., 2010). In this work, a diet with a low n−6/n−3 LC-PUFA ratio (with relatively high levels of DHA and EPA) induced higher expression of synapsin, but lower levels of p-synapsin (Ser-9) than a diet with a higher n−6/n−3 ratio (lacking supplemental DHA and EPA). Interestingly, regarding total synapsin, it was found that ovariectomy blocked the dietary effect, and that continuous estradiol-treatment neither reverted nor prevented the effect of ovariectomy, suggesting that, in addition to estradiol, other ovarian secretions might be involved. In this respect, estrogen-progesterone interactions in the modulation of synaptic plasticity and the expression of both pre-and post-synaptic proteins in several brain regions of monkeys and rodents have been reported (Choi et al., 2003; Foy et al., 2008; Williams et al., 2011; Baudry et al., 2013). On the contrary, the profound dietary effect observed for p-synapsin was not influenced by ovariectomy. It should be pointed out that synapsin phosphorylation is a short-term regulated event at the level of presynaptic terminals which depends on action potential firing, activation dynamics of highly localized voltage-dependent calcium channels, and a complex interplay between several Ca++-dependent protein kinases (Chi et al., 2003; Menegon et al., 2006; Sun et al., 2006; Giachello et al., 2010). Thus, protein-lipid interactions at the level of presynaptic membranes can be expected to depend on dietary lipid composition and being additionally influenced by ovarian function. However, rapid modulation of short-term presynaptic phenomena, such as those involved in p-synapsin phosphorylation and its potential dependence on ovarian hormone levels, must be difficult to be observed under our experimental approach.

PSD-95 is an integral component of the postsynaptic density that participates in neurotransmission (Cho et al., 1992; Kim and Sheng, 2004; Berry and Nedivi, 2017), synaptic plasticity and learning (Migaude et al., 1998; EI-Husseini et al., 2000; Schnell et al., 2002; Ehrlich and Malonow, 2004; Ehrlich et al., 2007). In intact female mice, we found that a diet with a low n−6/n−3 LC-PUFA ratio (enriched in DHA and EPA) induced higher expression levels of PSD-95 in the cerebral cortex than a diet with a higher n−6/n−3 ratio (lacking DHA or EPA enrichment). This is in agreement with previous reports of reduced PSD-95 expression in aged mice fed with DHA-deficient diets (Sidhu et al., 2016). This effect was not observed in ovariectomized animals, indicating that circulating ovarian hormones might interact with brain dietary inputs for regulation of the synaptic proteome. However, administration of estradiol alone was unable to either revert or prevent the effect of ovariectomy. Even though we cannot reach clear conclusions from these findings, they suggest that, in addition to estradiol, oscillations in other cyclic ovarian secretions may play a physiological role in the modulation of brain cortex synaptic proteins by dietary differences in n−6/n−3 ratios. In this respect, as mentioned above, there are several reports supporting the potential effect of estrogen-progesterone interactions on synaptic plasticity and post-synaptic proteins (Foy et al., 2008; Baudry et al., 2013; for review see Williams et al., 2011).

The second group of proteins analyzed were those involved in some neurodegenerative pathologies like AD and other taupathies, such as APP, Tau, BACE or GFAP (for review see Laird et al., 2005; LaFerla and Green, 2012; Rosenberg et al., 2016). Our data indicate that only APP and GFAP were differentially expressed in the cerebral cortex of female mice fed with either DI or DII. In both cases, ovariectomy blocked the differential effect of DII, even though only a slight estradiol-induced reversion was observed. It is tantalizing to suggest that the increase of APP expression induced by DII over DI might be a positive response to certain stress, influencing the balance of neuronal-glia interactions. It will be interesting to further studying the effects of these dietary and reproductive manipulations in specific mouse models of neurodegenerative disorders.

The results of the current work indicate that different dietary n−6/n−3 LC-PUFA ratios are able to remodel the lipidome in the cerebral cortex of female mice, and that these effects are partially influenced by the circulating levels of ovarian hormones. A variety of results from animal models of neurodegenerative diseases have suggested that dietary interventions may be useful therapeutic tools against several neurodegenerative disorders (Lim et al., 2005; Green et al., 2007; Bazan et al., 2011a,b; Bazan, 2014). However, the potential for these therapeutic approaches in human health and disease is still unclear, and the current dietary recommendations have been considered specific to particular age groups and physiological conditions (Zárate et al., 2017). The interactions between the effect of dietary lipid composition and reproductive status shown here indicate the importance the specific n−6/n−3 composition in therapeutic diets, which must also be well-balanced in regards to the hormonal context and physiological situations of age-associated impairment of reproductive function, such as menopause.
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Epidemiological reports and studies using rodent models indicate that early exposure to nutrient and/or hormonal challenges can reprogram metabolism at adulthood. Hypothalamic arcuate nucleus (ARC) integrates peripheral and central signals to adequately regulate energy homeostasis. microRNAs (miRNAs) participate in the control of gene expression of large regulatory networks including many signaling pathways involved in epigenetics regulations. Here, we have characterized and compared the miRNA population of ARC of adult male rats continuously exposed to a balanced metabolic environment to the one of adult male rats exposed to an unbalanced high-fat/high-carbohydrate/moderate-protein metabolic environment during the perinatal period and/or at adulthood that consequently displayed hyperinsulinemia and/or hyperleptinemia. We identified more than 400 miRNA species in ARC of adult male rats. By comparing the miRNA content of six biological replicates in each of the four perinatal/adult environments/rat groups, we identified the 10 miRNAs specified by clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 as miRNAs of systematic and uncommonly high variation of expression. This uncommon variation of expression may underlie high individual differences in aging disease susceptibilities. By comparing the miRNA content of the adult ARC between the rat groups, we showed that the miRNA population was not affected by the unbalanced adult environment while, in contrast, the expression of 11 miRNAs was repeatedly impacted by the perinatal unbalanced environment. Our data revealed a miRNA response of adult ARC to early metabolic environmental challenge.

Keywords: aging, brain, Illumina sequencing, metabolic environment, metabolic programming, miRNA expression, miRNome

INTRODUCTION

The arcuate nucleus (ARC) of the hypothalamus is central for the regulation of the energy balance through adequate neuro/endocrine responses (Timper and Brüning, 2017). The ARC receives information from blood via multiple specialized transporters of nutrients and hormones. Glucose, fatty acids, amino acids, insulin, and ghrelin indicate immediate fuel availability while leptin is indicative of long-term energy store. The ARC also receives information from the cerebrospinal fluid that releases products filtered and/or produced by the choroid plexus. In addition, the ARC receives information from the brainstem that integrates signals from blood through neurons of the postrema area, an area harboring fenestrated capillaries (Rodríguez et al., 2010), and from the gastrointestinal tract through the vagus nerve (Sobrino Crespo et al., 2017). The control of food intake and energy expenditure by the ARC mainly involves two populations of neurons, the orexigenic Agouti-related peptide/Neuropeptide Y (AgRP/NPY) neurons and anorexigenic pro-opiomelanocortin/cocaine-amphetamine-related transcript (POMC/CART) neurons. The ultimate molecular mechanisms whereby the ARC integrates these signals and conveys them to other hypothalamic and non-hypothalamic areas need further investigations, in particular in cases of diabetes and/or obesity.

Epidemiological analyses identified adult unbalanced metabolic environments as one causal factor of metabolic diseases such as obesity and type 2 diabetes. In addition retrospective epidemiological analyses strongly suggested that unbalanced metabolic environments during early-life may potentiate these diseases later at adulthood (Hanson and Gluckman, 2014). Numerous studies conducted in mouse or rat demonstrated, by means of inappropriate diets, the impact of adult and/or perinatal unbalanced metabolic environments on the development of high levels of circulating leptin, insulin, glucose, and/or lipids, contributing then to overweight/obesity and/or insulin resistance/type 2 diabetes at adulthood (Ainge et al., 2011). How unbalanced metabolic environments in early life and/or at adulthood alter mechanisms controlling the energy homeostasis in the central nervous system are currently active research fields.

microRNAs (miRNAs) are small RNAs of 20–24 nucleotides modulating the expression of networks of tens/hundreds of targeted genes (Bartel, 2009; Ha and Kim, 2014). miRNAs and targeted mRNAs form imperfect duplexes that decrease mRNA translation efficiency and/or stability, reducing then the levels of the corresponding proteins. Each miRNA is predicted to control the expression of several hundreds of protein-coding genes because of the short size of miRNA:mRNA heteroduplexes and large amount of putative targets in mRNA transcriptomes. Bioinformatics analyses also predicted that targeted mRNAs might be controlled by multiple miRNAs. In human, mouse and rat genomes, miRNAs are encoded by several hundreds of genes (miR genes). A large fraction of the miR genes is expressed in brain generating highly complex miRNA populations (miRNomes). Different miRNAs have been related to peripheral controls of metabolisms (Vienberg et al., 2017). miRNA involvement in such functions at the ARC level has started to be explored and the possibility that miRNAs of ARC participate in the central control of energy homeostasis has yet to be characterized (Amar et al., 2012; Baroin-Tourancheau et al., 2014; Doubi-Kadmiri et al., 2016). Here, we have identified miRNA expression responses of ARC of adult male rats that had been submitted to perinatal and/or adult metabolic environmental challenges and consequently displayed differences in circulating levels of nutrients and hormones.

MATERIALS AND METHODS

Animals

All animals were maintained under a 12/12 Light/Dark cycle (lights on at 8 a.m.) with stable temperature (22 ± 1°C). Virgin females Wistar of 4 weeks and males Wistar of 8 weeks from CERJ Janvier, France, have been habituated to our facilities for 4 weeks before breeding. Standard balanced diet (C-diet) (18, 23, and 59% of the energy content derived from lipids, proteins, and carbohydrates, respectively, Safe, France) and water were provided ad libitum. From day 1 of pregnancy and until weaning, dams were either maintained on the standard diet or shifted to an unbalanced diet (HF-diet) (46, 16, and 38% of the energy content derived from lipids, proteins, and carbohydrates, respectively, Safe, France) (Figure 1). At birth, litters were sized to 10 pups to prevent lactation under- or over-nutrition. Upon weaning, animals were fed the C-diet. At the age of 4.5 months, and for the next 10 weeks, they were either maintained under the C-diet or shifted to the HF-diet. At 7 months adults were submitted to an overnight fasting of 14–16-h before being anesthesied with isoflurane, weighted and killed by decapitation. Brains were removed, frozen in isopentane at −40°C for 2 min and stored at −80°C. Bloods were collected in the presence of 50 μl/ml of 160 U/ml heparin. All procedures were conducted according to the guidelines of laboratory animal care and were approved by the local governmental commission for animal research: Ethic Committee for animal experimentation of Paris Center and South # 59 (France), with authorization # 91-467.
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FIGURE 1. Experimental scheme. Wistar female rats were fed a balanced C-diet (18, 23, and 59% of the energy content derived from lipids, proteins and carbohydrates, respectively) or unbalanced HF-diet (46, 16, and 38% of the energy content derived from lipids, proteins, and carbohydrates, respectively) during the whole perinatal period, from day 1 of gestation up till postnatal week 4. Pups were weaned on the C-diet. Adults of 4.5 months were either maintained on the C-diet or shifted to the HF-diet for 10 weeks. Animals were euthanazied at the age of 7-months after a 14–16-h overnight fasting. Groups were named according to their respective perinatal and adult diets, i.e., C-C, C-HF, HF-C, and HF-HF.



Insulin and Leptin Measurements

Insulin and leptin plasma levels were measured using Elisa according to the manufacturer's protocol (Millipore). Twenty-five microliters of plasma were used for each point.

ARC Dissection, RNA Extraction, and Purification of Short RNAs

ARC is ventrally adjacent to the 3rd ventricle. A 2–3 mm section was cut from brains, 1 mm rostral to the optic chiasma, and ARC was punched with relation to the ventral part of the 3rd ventricle. ARC-containing punches (ARC punches) were stored individually in Ceramic Bead tubes (Ozyme) at −80°C. The paraventricular nucleus (PVN) that was used as a non-POMC expressing tissue is located dorsally and laterally to the 3rd ventricle. A 1 mm section was cut from brains immediately rostral to the optic chiasma. The PVN was punched with relation to the dorsal part of the 3rd ventricle. PVN-containing punches (PVN punches) were stored as described above.

On purpose, ARC- or PVN-containing Ceramic Bead tubes were added QIAzol lysis reagent (Qiagen) (700 μl) and immediately homogeneized using a PreCellys homogenizer (PreCellys 24/Cryolys) for 20 s at room temperature. After addition of chloroform (150 μl), homogenates were centrifugated 15 min at 13,200 rpm to separate the organic and aqueous phases. The latter was recovered and nucleic acids, precipitated by adding one volume of isopropanol. Pellets were centrifuged, rinsed twice with ethanol 70%, and resuspended in RNase-free H2O (20 μl). The yield of total RNA was consistently around 1–2 μg.

To check the quality of the hypothalamic nucleus dissection, we took advantage of the presence of a neuronal population specifically producing POMC transcripts in the ARC when compared to the surrounding hypothalamic nuclei including the PVN. We determined the level of POMC transcripts relatively to that of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcripts using DNA-free RNAs and RT-qPCRs (Figure 2). Three independent hypothalamic PVNs of adult males were taken as POMC-non-expressing controls. Taking the ratio of POMC to GAPDH transcripts of one ARC of group C-C as the reference ratio, all ARCs but one displayed ratios at least ten-fold higher than ratios characterizing PVNs (low amounts of POMC mRNAs identified in PVNs were due to mRNA axonal transport from ARC to PVN). The low POMC-expressing ARC was discarded and 24 ARCs (6 ARCs/group) were conserved for expression analyses of miRNA populations.
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FIGURE 2. ARC molecular characterization. The ARC harbors a neuronal population specifically expressing POMC transcripts when compared to the surrounding hypothalamic nuclei including the PVN. GAPDH and POMC expression were analyzed by RT-qPCR. POMC expression was normalized to GAPDH expression in each ARC and PVN. Ratio in one ARC of Group C-C (blue bar) was taken as the reference ratio. Ratios are shown using a log10 scale. All ARCs displayed POMC to GAPDH ratios at least a hundred-fold higher than those characterizing the PVNs except one ARC of Group HF-C (hatched bar) that was excluded from further analyses. Twenty-four ARCs (six ARCs/group) were conserved for analyses of miRNA populations.



Two-thirds of total RNAs were added an equal volume of formamide, heated at 70°C for 3 min, and loaded on a denaturing urea (8 M) polyacrylamide (17%) gel for size-fractionation. In all cases, the high quality of RNAs was checked by a lack of any smear and the fact that the tRNAs, 5S RNA and 5.8S RNA migrated as discrete bands. Small RNAs of 18–36 nucleotides were eluted from the corresponding slices by overnight incubation in NaCl 0.4 M (0.8 ml) at 4°C under gentle shaking. Eluats were precipitated by adding 2.5 volumes of ethanol in the presence of glycogen (10 ng), rinsed twice with ethanol 70%, and resuspended in RNase-free H2O (10 μl).

cDNA Library Construction

Individual cDNA libraries were built following an Illumina-like protocol in which 3′- and 5′-adapters were sequentially ligated at the 3′- and 5′-ends of small RNAs, respectively, to allow for their reverse transcription (RT) and amplification by polymerase chain reaction (PCR) as previously described (Doubi-Kadmiri et al., 2016). The 3′-Adaptor was first adenylated by using 25 pmoles of oligonucleotides, 2 × Quick Ligation reaction buffer (New England Biolabs), and 1,600 U of T4 DNA ligase (New England Biolabs), in a volume of 50 μl and by overnight incubation at 37°C. The adenylated and non-adenylated adaptors were size-fractioned on a denaturing urea (8 M) polyacrylamide (20%) gel. The adenylated adaptor was eluted as described above. [0.25 μM] adenylated 3′-adaptor (0.5 μl) was then added to small RNAs (5 μl) in 0.2 ml Thermo-Tubes (Thermo Scientific). To prevent secondary structures, mixes were heated for 3 min at 70°C, then kept on ice while adding [50%] PEG 8000 (2.4 μl), [200 U/μL] truncated T4 RNA ligase 2 (0.4 μl), and 10X truncated T4 RNA ligase 2 buffer (all provided by New England Biolabs) (1.0 μl). Mixes were incubated for 90 min at 25°C. After the addition of [1 μM] 5′-adaptor (0.5 μl) and a new 70°C/ice cycle, mixes were added with [20 U/μl] T4 RNA ligase 1 (0.75 μl) (New England Biolabs) and [10 μM] ATP (1 μl) and incubated for 90 min at 25°C. In a third step, mixes were added with [100 μM] RT-primer (0.5 μl), submitted to a 70°C/ice cycle, then added with [0.1 M] DTT (1 μl), [10 μM each] dNTP (1 μl), 10X buffer (4 μl), and [200 U/μl] of Superscript III reverse transcriptase (0.65 μl) (all from Life Technologies, ThermoFischer Scientific) and incubated for 90 min at 50°C. Finally, mixes were added with [100 μM] 3′-PCR-primer (0.6 μl), [100 μM] 5′-PCR-primer (0.3 μl), and 2X Master Mix Phusion enzyme (15 μl) (New England Biolabs). Reaction mixes were split into two tubes to enhance thermic exchange, denaturated for 1 min at 98°C, and submitted to 16 cycles of 20 s at 98°C, 30 s at 55°C, 25 s at 72°C. PCR products were size-fractionated on a 6% polyacrylamide gel so that ~100-bp cDNAs could be separated from the 75-bp byproducts corresponding to primer dimers. We used a set of 3′-PCR-primers with whole complementarity to the 3′-adaptor but a bulge of two nucleotides at position 22 that were showed not to introduce any bias in control cDNA libraries built from RNAs of one ARC. cDNA libraries built from biological replicates were barcoded with the same 3′-PCR-primer and sequenced in different lanes of an Illumina's genome analyzer GAIIX (Baroin-Tourancheau et al., 2016).

miRNA Expression Profiling

Sequencing quality was ascertained using the FASTQC program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). cDNA libraries were demultiplexed using our scripts on the basis of the first 11 nucleotides of the 3′ adaptor and reads were trimmed from the 3′ adaptor sequence. Sequencing reads <15 nucleotides which could not be mapped on the genome were discarded. Duplicate reads >15 nucleotides were collapsed into unique sequences and analyzed with the sRNAbench tool on the sRNAtoolbox server (http://bioinfo5.ugr.es/srnatoolbox) to build individual miRNA expression profiles (Rueda et al., 2015). This server used the miRBase database version 21 (http://www.mirbase.org) to identify miRNA sequences (Griffiths-Jones et al., 2008). miRNA expression profiles were normalized using the DESeq procedure (Anders and Huber, 2010).

Statistical Measures

Individual group statistics were calculated using Mann and Whitney tests and corrected for multiple testing when necessary according to the false discovery rate method described by Benjamini and Hochberg (1995).

RESULTS

Metabolic Responses to Early and/or Adult Environmental Challenges

All male and female rats have been mated while fed a balanced control diet (C-diet). Then, pregnant females were fed either the same C-diet or shifted to an unbalanced diet rich in fat and carbohydrates and moderate in protein (HF-diet) from the first day of gestation until pup weaning (see Figure 1). Pups were fed the C-diet until the age of 4.5 months. For the next 10 weeks, animals were either maintained under the C-diet or shifted to the HF-diet. Animal groups were named according to their respective perinatal (1st capital letter) and adult (2nd capital letter) diets. For each group, i.e., C-C, C-HF, HF-C, and HF-HF, we used six male rats obtained from three different litters in order to avoid breeding and/or housing bias.

Animal groups fed the C-diet at adulthood (C-C and HF-C) displayed similar body weight gains (p = 0.31) and slight difference in plasma leptin levels (C-C: 8 ± 1 ng/ml; HF-C: 5 ± 1 ng/ml, p = 0.06) (Figure 3). Both groups displayed similar levels of glycaemia (p = 0.36) but significant difference in plasma insulin levels (C-C: 1.4 ± 0.5 ng/ml; HF-C: 7.6 ± 2.8 ng/ml, p = 0.03).


[image: image]

FIGURE 3. Body weight gains and plasma parameters. For each animal, the gain of body weight was calculated relatively to the body weight at the age of 4.5 months at which animals had been either maintained on the C-diet or shifted to the HF-diet. n = 6/group. Statistics were performed using Mann and Whitney tests. Data are given as mean ± SEM. *p < 0.05; ***p < 0.001. Challenging the perinatal and/or adult diet resulted in differences in circulating nutrients and hormones involved in the lipid and carbohydrate metabolisms.



Animal groups fed the HF-diet at adulthood (C-HF and HF-HF) displayed similar body weight gains (p = 0.32) and plasma leptin levels (p = 0.29). Those body weight gains and plasma leptin levels were significantly increased when compared to those of groups fed the C-diet (p < 1.0E-3 and 0.03, respectively). Plasma insulin levels were similar in groups C-HF and HF-HF (p = 0.39). This contrasted with a significant difference in glycaemia (C-HF: 123 ± 5.9 ng/ml; HF-HF: 143 ± 8.7 ng/ml; p = 0.03). Plasma insulin levels of groups C-HF and HF-HF were similar to that of group HF-C.

Challenging the perinatal and/or adult diet produced, as expected, four groups of adult rats differing in circulating nutrients and hormones involved in lipid and carbohydrate metabolisms.

miRNA Expression Displays High Intra-Group Homogeneity

Molecular characterization of ARCs was performed in order to check the quality of the dissection (see Figure 2) and small RNAs (16–36 nucleotides) were used for the construction of individual cDNA libraries (Supplemental Table S1) (see section Materials and Methods). A miRNA expression profile was built for each ARC (Supplemental Table S2) (see section Materials and Methods). In each group, the six profiles were then normalized (Supplemental Table S3). Using a mean normalized expression threshold of 10 reads, we characterized complex populations of 380–446 miRNAs in groups C-C, C-HF, HF-C, and HF-HF. In each group we analyzed miRNA expression variation between the six profiles. For each miRNA, we plotted the maximal to minimal ratio (MAX/MIN) against the standard deviation to mean ratio (coefficient of variation; CV) (Table 1, Figure 4).


Table 1. miRNA expression profiles.
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FIGURE 4. miRNA expression displays high intra-group homogeneity. We characterized complex populations of some 400 miRNAs. In each group and for each miRNA, we analyzed the variation of expression between the six profiles by calculating the maximal to minimal ratio (MAX/MIN) and the standard deviation to mean ratio (coefficient of variation; CV). For each group, scatter plots of MAX/MINs against CVs are drawn. Note that X- and Y-axes used a log2 scale. Red lines identify the threshold value of mean + 2 STD in group C-C (i.e., 8.3). More than 94% of the miRNAs displayed close MAX/MINs and/or CVs in each group indicative of extensive intra-group homogeneity of miRNA expression.



In group C-C taken as the reference, a large fraction of the miRNAs displayed close MAX/MINs (mean ± STD-values = 2.6 ± 2.9) and CVs (0.28 ± 0.18). Indeed more than 96% of the miRNAs had MAX/MINs lower than the value of mean + 2 STD (i.e., 8.3) taken as a threshold value for identifying hypervariable miRNAs (see Table 1). Among the 15 (3.6%) miRNAs displaying MAX/MINs larger than this value, 8 were produced from three miR gene clusters, namely the miR-96/182/183 cluster and the two evolutionary-related clusters miR-141/200c and miR-200a/200b/429 (Table 2). Noticeably these 8 miRNAs as well as the other 2 miRNAs produced from the three miR gene clusters displayed co-variation of expression in each profile (Figure 5).


Table 2. miRNAs specified by clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 display hypervariable expression.
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FIGURE 5. The specific case of the miRNAs specified by clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429. Ten miRNAs are produced by clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429. In each group, in each of the six profiles, and for each miRNA, we calculated the expression relative to the mean by dividing individual miRNA read counts by the mean miRNA read count. The expression of the 10 miRNAs co-varies in each profile.



In groups C-HF, HF-C, and HF-HF, more than 94% of miRNAs also displayed close MAX/MINs and CVs with 5.5, 5.6, and 1.3% of the miRNAs having MAX/MINs larger than the threshold value of 8.3, respectively. In these groups, miRNAs produced from clusters miR-96/182/183, miR-141/200c, miR-200a/200b/429 also appeared as hypervariable miRNAs (see Table 2). In groups C-HF, HF-C, and HF-HF as in group C-C, the expression of the 10 miRNAs expressed by these clusters co-varies in each profile (see Figure 5).

The extensive intra-group homogeneity of miRNA expression profiles of each group is an important feature for sound inter-group differential expression analyses.

miRNA Expression Profiles Are Impacted by Perinatal Metabolic Environments

We then compared miRNA expressions between groups C-C and C-HF, HF-C, or HF-HF (Supplemental Table S4). The 24 expression profiles were normalized together, p-values were calculated and corrected for false discovery rates (see section Materials and Methods). The padj-value of 1.0E-2 was retained as the first threshold significant value.

miRNAs did not display any expression difference between groups C-C and C-HF: all padj-values were higher than 0.07 (Figure 6).


[image: image]

FIGURE 6. miRNA response to metabolic challenge. We compared miRNA expressions between groups C-C and C-HF, HF-C, or HF-HF. For each comparison, the volcano plot displays padj-values plotted against expression fold-changes. X- and Y-axes are drawn using log2 and log10 scales, respectively. Values higher than 1 on the X-axis denote up-regulated miRNAs in groups C-HF, HF-C, or HF-HF, and values lower than 1, down-regulated miRNAs. Red lines identify the threshold padj-value of 1.0E-2. (Upper Plot) C-HF vs. C-C comparison. All padj-values were higher than 7.0E-2. miRNAs did not display any expression difference. (Middle Plot) HF-C vs. C-C comparison. Eighteen miRNAs displayed significant difference of expression. (Lower Plot) HF-HF vs. C-C comparison. Sixty miRNAs displayed significant difference of expression. The expression of several miRNAs was impacted by the perinatal only, or perinatal and adult, unbalanced environment.



In contrast, 18 out of 433 miRNAs (4%) displayed significant difference of expression between groups C-C and HF-C (padj-value = < 1.0E-2) (see Figure 6) (Table 3). Fold-changes of expression (FCEs) ranged from 0.4 to 2 except in the case of miR-3585-5p that displayed a FCE of 4.8. FCEs are expected to occur with similar levels and associated padj-values in cases where miRNAs are specified by tightly linked genes transcribed as one RNA unit. This is the case for 1 of the 18 miRNAs. miR-3585-5p and -547-3p maturate from the same precursor and miR-547-3p did display similar FCE (3.3) and padj-value (5.0E-2).


Table 3. miRNA and partner-miRNA expression in groups HF-C vs. C-C.
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miRNAs maturate from imperfect duplexes of some 22 basepairs, themselves arisen from RNA imperfect hairpins of some 70 nucleotides. miRNA maturation involves the incorporation of one duplex strand/miRNA into a RNA-induced silencing complex (RISC). For almost all duplexes, each strand can be incorporated within a RISC. Depending on the duplex, incorporation can display similar or highly different efficiencies between the two strands designed as miRNA-3p and miRNA-5p according to the hairpin arm from which they arise. We reasoned that FCEs of miRNA-3p and miRNA-5p derived from the same duplex are expected to vary similarly for all or almost all duplexes and used this feature to validate FCEs observed between groups C-C and HF-C.

Thirteen of the eighteen miRNAs differentially expressed between groups C-C and HF-C maturated in parallel with the second duplex strand (hereafter named Partner-miRNA) (see Table 3). Those 13 miRNAs and Partner-miRNAs displayed highly correlated FCEs (R2 = 0.92) (Figure 7). In six cases, i.e., miR-323-3p, −3585-3p, −433-5p, −485-5p, −543-3p, and −770-5p, Partner-miRNAs, 323-5p, −3585-5p, −433-3p, −485-3p, −543-5p, and −770-3p, also displayed very close padj-values (<5.0E-2). Therefore 13 miRNAs, i.e., the two strands specified by genes miR-323, −3585, −433, −485, −543, and −770 as well as the miR-547-3p strand appeared impacted by the perinatal unbalanced environment. All these miRNAs except miR-543-5p also displayed significant changes of expression (padj-value =< 5.2E-02) between groups C-C and HF-HF (Table 4). miRNA FCEs between profiles of groups C-C and HF-C highly correlated with miRNA FCEs between profiles of groups C-C and HF-HF (R2 = 0.98) (Figure 8). Based on these criteria, 11 miRNAs, i.e., the two strands specified by the genes miR-323, −3585, −433, −485, and −770 as well as the 3p strand defined by the gene miR-547 defined a subset of miRNAs repeatedly impacted by the perinatal unbalanced environment.
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FIGURE 7. miRNA and partner-miRNA differential expression in groups HF-C vs. C-C. Thirteen miRNAs differentially expressed between groups C-C and HF-C maturated in parallel with the second strand of their RNA duplex precursor (Partner-miRNA). Ratios of HF-C to C-C expressions (Fold-Change of Expression; FCE) are expected to occur with similar levels for a miRNA and its Partner-miRNA. FCEs of miRNA-Partners were plotted against FCEs of miRNAs. Both FCEs displayed high correlation (R2 = 0.92).




Table 4. miRNA expression in groups HF-C and HF-HF.
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FIGURE 8. miRNA differential expression in groups HF-C or HF-HF vs. C-C. miRNAs and Partner-miRNAs specified by the genes miR-323,−3585,−433,−485, and−770 as well as the miRNA miR-547-3p appeared significantly impacted by the sole perinatal unbalanced environment (padj-value < 5.2E-02; see Table 3). For each of these miRNAs, the Fold-Change of Expression (FCE) in Groups HF-HF vs. C-C was plotted against the FCE in Groups HF-C vs. C-C. Both FCEs displayed high correlation (R2 = 0.98) indicating that the 11 miRNAs defined a subset of miRNAs repeatedly impacted by the perinatal unbalanced environment.



Finally, when comparing profiles of groups C-C and HF-HF, 49 additional miRNAs displayed significant difference of expression (padj-value = < 1.0E-2) (Table 5). Thirty-four of these miRNAs maturated in parallel with the second duplex strand (see Table 5). Those 34 miRNAs and Partner-miRNAs displayed low correlated FCEs (R2 = 0.15) (Figure 9). In nine cases, i.e., miR-127-3p, −139-3p, −140-5p, 145-5p, 27a-3p, 29a-3p, −344-b1-3p, 369-5p, and −409a-5p, miRNAs and Partner-miRNAs displayed close FCEs and padj-values (= < 5.0E-2). For miR-145-5p, −27a-3p, −29a-3p, −344b-3p, −369-5p, and −409a-5p that lay within miR gene clusters potentially transcribed as single RNA units, we noted that associated miRNAs displayed similar FCEs and padj-values.


Table 5. miRNA and partner-miRNA expression in groups HF-HF vs. C-C.
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FIGURE 9. miRNA and partner-miRNA differential expression in groups HF-HF vs. C-C. Thirty-four miRNAs specifically differentially expressed between groups C-C and HF-HF maturated in parallel with the second strand of their RNA duplex precursor (Partner-miRNA). Ratios of expressions (Fold-Change of Expression; FCE) of Partner-miRNAs were plotted against FCEs of miRNAs. Both FCEs displayed low correlation (R2 = 0.15).



Comparisons of the expression profiles of groups C-C, HF-C, C-HF, and HF-HF showed that the expression of 29 miRNAs/Partner-miRNAs of the ARC of adult rats was impacted by the perinatal unbalanced environment. For 18 miRNAs/Partner-miRNAs, this impact relied on consecutive perinatal and adult exposures to an unbalanced metabolic environment.

DISCUSSION

Here, we extensively characterized miRNA populations in ARC of adult male rats of four metabolic statuses resulting from early and/or adult, balanced and/or unbalanced metabolic environments. We show that the ARC of adults holds a population of about 400 miRNA species that is as complex as the one of the first weeks of life (Doubi-Kadmiri et al., 2016). More than 94% of the miRNAs displayed homogeneous expression in the four groups C-C, C-HF, HF-C, and HF-HF. For 29 of those miRNAs, the perinatal environment impacts the expression.

The Specific Case of Clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429

In each metabolic status, a dozen of miRNAs exhibited hyper-variable expression. Among those miRNAs were all the 10 miRNAs produced from miR gene clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429. The 10 miRNAs co-varied in each profile demonstrating that the expression variability was due to true biological variations of expression rather than to experimental changes. Co-variation of miRNA expression also demonstrated that the transcription and maturation of clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 are co-regulated in ARC.

miRNAs interact with targeted mRNAs primarily through nucleotides 2–7 (the seed region). In some cases, miRNA:mRNA interactions involve additional nucleotides. miRNA-5ps specified by the three clusters displayed low sequence identity and have four seed regions. miRNA-3ps specified by the three clusters displayed extensive sequence identity all along although the seed region of miR-141-3p and −200a-3p differs by one nucleotide at position 4 with that of miR-200b-3p, −200c-3p, and −429-3p. Large differences in the level of the seed regions of the miRNAs specified by the three clusters are expected to promote different levels of proteins encoded by targeted mRNAs. This may underlie differences in adult functions of ARC and, later, in individual susceptibilities to aging effects.

miRNAs specified by clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 have been identified as miRNAs of functional importance in sensory organs. Punctual mutation or deletion in cluster miR-96/182/183 produces ear or retina disorders while loss of function of the miR-200 family leads to defects in the terminal differentiation of olfactory precursors (Choi et al., 2008; Kuhn et al., 2011; Lumayag et al., 2013). Whether expression of those miRNAs in sensory organs also varies between individuals deserves investigation.

Adult Unbalanced Metabolic Environment Has No Impact on miRNA Expression in ARC

miRNAs of the ARC of rats exposed to the unbalanced metabolic environment at the sole adulthood period display similar expression as those of rats exposed to the balanced environment. This absence of effect is observed although rats exposed to the unbalanced environment had two- and three-fold more circulating leptin and insulin, respectively, than rats exposed to the balanced environment. Levels of circulating fat are also probably highly different. Indeed, adult rats subjected to similar balanced or unbalanced metabolic environment have been reported to exhibit a seven-fold difference in plasma triglycerides (Auberval et al., 2014). This demonstrates that the transcription of the miRNA precursors of adult ARC is not affected by differences of such orders in circulating fat, leptin and insulin, even though leptin and insulin signaling pathways are known to include the activation of several transcription factors. Our work also suggests that miRNAs of adult ARC are not crucial for setting up carbohydrate and lipid peripheral metabolisms appropriate to balanced or unbalanced metabolic environment.

Early Unbalanced Metabolic Environment Affects miRNA Expression in Adult ARC

Eleven miRNAs of ARC of adult rats that have been exposed to the unbalanced metabolic environment during the perinatal period regularly displayed expression changes (Figure 10A). The five miRNAs miR-323-3p, −3585-3p, −433-5p, −485-5p, and −770-5p, the five Partner-miRNAs, 323-5p, −3585-5p, −433-3p, −485-3p, and−770-3p and the closely linked miRNA miR-547-3p defined a subset of miRNAs repeatedly impacted by the perinatal unbalanced environment.
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FIGURE 10. miRNA response of adult ARC to metabolic environment. Summary (A) miRNA response to early metabolic challenge. Fold-Changes of Expression (FCE) were observed in Groups HF-C vs. C-C (gray bars) and Groups HF-HF vs. C-C (black bars); (B) Additional miRNA response to consecutive adult metabolic challenge observed in Groups HF-HF relatively to C-C. FCEs are shown using a log2 scale.



Additionally, 18 miRNAs displayed expression differences in ARC of rats consecutively exposed to an unbalanced environment during the perinatal and adult periods, i.e., the nine miRNAs miRs-127-3p, −139-3p, −140-5p, −145-5p, −27a-3p, −29a-3p, −344b-3p, −369-5p, and −409a-5p, and nine Partner-miRNAs miRs-127-5p, −139-5p, −140-3p, −145-3p, −27a-5p, −29a-5p, −344b-5p, −369-3p, and −409a-3p (Figure 10B). Consecutive exposure to an unbalanced environment during the perinatal and adult periods led to slightly higher levels of circulating glucose (see Figure 3). Glucose controls the expression of a glucose-responsive transcription factor (ChREBP) that regulates fatty acid synthesis and glycolysis in liver and adipose tissue. The role of ChREBP in the hypothalamus is still unknown.

We previously reported a significant (p < 5.0E-2) expression difference of miR-125a-3p, −200a-3p, and −409-5p in the hypothalamus of male adult rats fed a HF-diet for their last 4 weeks of life (this study used the same C- and HF-diets than the ones used here) in relation to differences in their postnatal environment (Benoit et al., 2013). Rats that had received a daily injection of a pegylated rat leptin antagonist (pRLA) from day 2 to day 13, displayed a slight enhancement of expression of the three miRNAs at the age of 4 months when compared to rats injected saline (FCEs ranged from 1.2 to 1.5).

In our study, miR-125a-3p displayed similar expression between the four groups (padj-values > 1.2E-01 in all comparisons; see Supplemental Table S5). In contrast, miR-200a-3p and −409-5p displayed trends to expression differences (padj-values > 1.0E-2 but < 5.0E-2) between groups C-C or C-HF on one hand and groups HF-C or HF-HF on the other hand. Along with miR-200a-3p, the miRNAs miR-200a-5p, −200b-3p, −200b-5p, and −429 that are specified by the same gene cluster displayed similar FCEs (ranging from 2.0 to 3.4) and padj-values. Of note, the miRNAs miR-429, −182, −183-3p, −183-5p, and −96-5p which expression co-varied with that of with miR-200a-3p in all expression profiles (see above) also displayed similar FCEs (ranging from 2.8 to 6.2) and padj-values (>1.0E-2 but <5.0E-2). Similarly, along with miR-409a-5p, the miRNAs miR-409a-3p, −412-3p, and −412-5p that are specified by the same gene cluster displayed similar FCEs (ranging from 0.3 to 0.7) and padj-values when comparing group HF-C or HF-HF vs. group C-C.

Unbalanced perinatal metabolic environment and daily postnatal injection of pRLA have therefore different consequences on miR-125a-3p (constant expression vs. up-regulation, respectively) and −409-5p expression (down- vs. up-regulation, respectively). This may be due to differences in the experimental protocol itself, origin of miRNAs (the ARC vs. the whole hypothalamus) or age of animal (7 vs. 4 months). In contrast, miR-200a-3p expression, and potentially the expression of all miRNAs specified by the three clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429, tend to be up-regulated with similar FCEs in both experimental conditions.

We also reported up-regulation of miR-200a-3p,−200b-3p, and−409 in the hypothalamus of Lep°b/Lep°b mice deficient in leptin production when compared to Lep°b/Lep+ or Lep+/Lep+ mice (Crépin et al., 2014). In this study we also showed that daily intra-peritoneal injections of leptin significantly reduced hypothalamic expression of the three miRNAs in Lep°b/Lep°b but not in Lep°b/Lep+ mice. On the other hand, intra-cerebroventricular (ICV) infusion of anti-miR-200a-3p to Lep°b/Lep°b mice restored the hypothalamic expression of Irs-2 and Lepr, and up-regulated the hypothalamic expression of Zfpm2, Insr, Pomc, and Npy. Pomc and miR-200a-3p expressions did not display any correlation or anti-correlation in groups C-C, C-HF, HF-C, and HF-HF of our study (R2 = 0.09). The increase of Pomc expression in infused mouse hypothalami may be due to the use of over-physiological quantities of anti-miR-200a-3p. Alternatively Pomc expression may be under different controls in mouse and rat.

Altogether our new and previous findings point to a trend to the long-term overexpression of clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 in the ARC of adult rats and mice having experienced low levels of leptin/leptin signaling during the perinatal period.

Long-term consumption of a HFD-diet has been shown to induce microglia activation in hypothalamus of rats and mice (Thaler et al., 2012). Indeed the expression of several pro-inflammatory genes was increased by approximately 50% in the hypothalamus of adult male rats subjected to a HFD-diet of 4–20 weeks relatively to control rats fed a standard diet. Changes of microglial accumulation and cell size were limited to the ARC/Median eminence area. miR-146a and miR-155 appeared to play specific roles in brain inflammatory responses (Cardoso et al., 2016). miR-146a and miR-155 displayed similar expression between groups C-C and C-HF of our study (see Supplemental Table 4; padj-values > 3.0E-01). This suggests that adult HF-diet per se, at least the one we used, promotes low or no brain inflammatory response. miR-146a and −155 however displayed trends of up-regulation in groups HF-C and HF-HF when compared to group C-C (FCEs: 1.7–2.0; padj-values < 7.0E-02). The perinatal HF-diet may therefore induce long-term inflammation of ARC.

CONCLUSION

miRNAs participate in the control of many signaling pathways, many of which are involved in epigenetics regulations. Our findings reveal that miRNA expression in ARC at adulthood can change as a consequence of the quality of the early metabolic environment. Which among high fat, high carbohydrate, and/or moderate protein content in early life is responsible for miRNA differential expression in adult ARC needs to be determined. miRNA expression changes were modest with fold-changes lower than two except for a few miRNAs. In vivo identification of the mRNAs targeted by the differentially expressed miRNAs and characterization of the impact of miRNA expression differences on the synthesis of the mRNA-encoded proteins will determine whether and how these changes alter ARC functions.
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Environmental Enrichment Improves Cognitive Deficits, AD Hallmarks and Epigenetic Alterations Presented in 5xFAD Mouse Model
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Cumulative evidence shows that modifications in lifestyle factors constitute an effective strategy to modulate molecular events related to neurodegenerative diseases, confirming the relevant role of epigenetics. Accordingly, Environmental Enrichment (EE) represents an approach to ameliorate cognitive decline and neuroprotection in Alzheimer’s disease (AD). AD is characterized by specific neuropathological hallmarks, such as β-amyloid plaques and Neurofibrillary Tangles, which severely affect the areas of the brain responsible for learning and memory. We evaluated EE neuroprotective influence on 5xFAD mice. We found a better cognitive performance on EE vs. Control (Ct) 5xFAD mice, until being similar to Wild-Type (Wt) mice group. Neurodegenerative markers as β-CTF and tau hyperphosphorylation, reduced protein levels whiles APPα, postsynaptic density 95 (PSD95) and synaptophysin (SYN) protein levels increased protein levels in the hippocampus of 5xFAD-EE mice group. Furthermore, a reduction in gene expression of Il-6, Gfap, Hmox1 and Aox1 was determined. However, no changes were found in the gene expression of neurotrophins, such as Brain-derived neurotrophic factor (Bdnf), Nerve growth factor (Ngf), Tumor growth factor (Tgf) and Nerve growth factor inducible (Vgf) in mice with EE. Specifically, we found a reduced DNA-methylation level (5-mC) and an increased hydroxymethylation level (5-hmC), as well as an increased histone H3 and H4 acetylation level. Likewise, we found changes in the hippocampal gene expression of some chromatin-modifying enzyme, such as Dnmt3a/b, Hdac1, and Tet2. Extensive molecular analysis revealed a correlation between neuronal function and changes in epigenetic marks after EE that explain the cognitive improvement in 5xFAD.

Keywords: behavior, cognition, environmental enrichment, epigenetics, APP, Tau, oxidative stress, inflammation

INTRODUCTION

Emerging evidence indicates that the aberrant transcriptional regulation of memory-related genes reflects epigenetic landscape modifications because of changes in environmental factors (Puckett and Lubin, 2011; Duncan et al., 2014; Maloney and Lahiri, 2016). On the other hand, the main driving force of senescence process is the differential regulation of gene expression by epigenetic mechanisms (López-Otín et al., 2013). Moreover, a distinctive and critical influence of diet, Environmental Enrichment (EE) or exercise have emerged as strategies that correlate preventing cognitive decline and improving quality of life (Ricci et al., 2018).

Alzheimer disease (AD) and other dementias are strongly associated with aging (Delgado-Morales et al., 2017). AD involves degeneration of certain regions of the brain, which results in memory loss and declining in cognition, functions and behavior. The neuropathological hallmarks comprise the accumulation and deposition of β-amyloid in the senile plaques, and hyperphosphorylated tau (p-Tau) protein, a microtubule assembly protein formation of Neurofibrillary Tangles (NFTs; Bloom, 2014). Additionally, there are other key pathological changes such as oxidative stress, neuroinflammation and neuronal loss (Agostinho et al., 2010).

Epigenetic could act as the primary mechanism contributing to the pathogenesis of AD, with a critical role in the interaction between the genome and the environment (Spiegel et al., 2014; McCreary and Metz, 2016). In particular, modifications in DNA methylation (5-mC) and hydroxymethylation (5-hmC) are seen in the brain tissues of AD mouse model (Chouliaras et al., 2010; Lunnon et al., 2014; Griñán-Ferré et al., 2016c). Furthermore, deregulation of histone acetylation has been implicated in various neurodegenerative disorders such as AD (Bahari-Javan et al., 2012). Likewise, alterations in microRNA (miRNA) expression were found in the hippocampus of both demented patients (Lau et al., 2013) and AD mouse models (Barak et al., 2013; Cosín-Tomás et al., 2014). Specifically, dysregulation in miR-101 (Long and Lahiri, 2011), miR-153 (Long et al., 2012) and miR-339-5 (Long et al., 2014), downregulates the APP expression in mouse in vitro and in vivo models and AD patients. In fact, several miRNAs have been proposed as biomarkers for AD (Yılmaz et al., 2016).

EE is an excellent experimental paradigm able to induce oxidative stress reduction (Pusic et al., 2016), a curbing in inflammation (Jurgens and Johnson, 2012) and epigenetic changes (Irier et al., 2014). EE is based on housing conditions that provide a combination of social interactions, cognitive, sensory and motor stimulation (Rosenzweig and Bennett, 1996; van Praag et al., 2000; Mora et al., 2007). In fact, it has been widely described the influence of the environment on behavior and cognition (Nathianantharajah and Hannan, 2006). For instance, a number of studies have demonstrated that rodent AD models maintained under EE conditions show better cognitive performance correlated with beneficial changes in the brain (Griñán-Ferré et al., 2016a,b; Hüttenrauch et al., 2016). Nevertheless, the mechanisms by which EE alters brain structure and function are not well understood. Since Hebb’s first EE experiments, the two main mechanisms described were that EE promoted changes at the anatomical and electrophysiological level (Irvine et al., 2006; Eckert and Abraham, 2010). An alternative mechanism was that EE promoted neural plasticity through increasing levels of growth factors such as brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF), among others, in the brain (Ickes et al., 2000; Angelucci et al., 2009). There is also evidence that EE attenuates both oxidative stress (Herring et al., 2010; Cechetti et al., 2012) and inflammatory process (McQuaid et al., 2013).

Recent studies have demonstrated that EE promotes changes in DNA methylation states at the global level or at specific loci while changing the expression of DNA MethylTransferases (DNMTs; Madrigano et al., 2011; Barrès et al., 2012; Griñán-Ferré et al., 2016b). Other global changes in histone acetylation H3/H4 have been seen in AD mouse model (Fischer et al., 2007; Griñán-Ferré et al., 2016c; Vierci et al., 2016). Besides, it has been reported changes in DNA methylation of Bdnf promoter in rat hippocampus, caused increases in gene expression after EE (Gomez-Pinilla et al., 2011).

5xFAD represents an important transgenic murine model of AD, which develops early and aggressive hallmarks of amyloid burden and cognitive loss (Oakley et al., 2006; Devi and Ohno, 2010; Girard et al., 2013). Additional AD pathologies exhibited by the 5xFAD model include age-dependent synaptic degeneration (Wang et al., 2016), mitochondrial dysfunction (Devi and Ohno, 2012), increase in oxidative stress (Griñán-Ferré et al., 2016c), and microglial activation (Landel et al., 2014). On the other hand, epigenetic alterations in the 5xFAD model were also described (Anderson et al., 2015). Remarkably, recent studies revealed a correlation among cognitive deficits, Aβ pathology and epigenetic alterations (Griñán-Ferré et al., 2016c), demonstrating the key role of epigenetics in this mouse model.

The present work aimed to confirm the association between EE and cognitive improvement in 5xFAD mice and the molecular changes observed. Besides, we went deep to highlight the putative correlation between epigenetic alterations and the mechanisms underlying the neurodegenerative process in AD.

MATERIALS AND METHODS

Animals and Housing Conditions

Female Wild-Type (Wt-Ct, n = 24) and 5xFAD (n = 24) mice were used to carry out cognitive. Animals had free access to food and water and were kept under standard temperature conditions (22 ± 2°C) and 12 h:12 h light-dark cycles (300 lux/0 lux).

The animals were maintained until 4-month-old with standard conditions, and afterward were separated into treatment groups at up to 6-month-old. Twelve Wt and 5xFAD were employed for the EE group during 8 weeks (Wt-EE and 5xFAD-EE), and 12 were maintained under standard conditions as Control mice (Wt-Ct and 5xFAD-Ct). In the present study, we utilized the novel objects paradigm to accomplish EE conditions. Therefore, plastic tubes (20 cm long and 2.5 cm in diameter) were placed in EE cages, in addition to plastic dolls or toys, which were added, extracted, or changed each week (Figure 1).
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FIGURE 1. Housing conditions and experimental design. Exemplary pictures of standard (Control, Ct) and enriched (Environmental Enrichment, EE) housing conditions (A). Mice were housed in groups of 5–6. Enriched cages were equipped with tunnels, houses, and toys. At 4-month-old 5xFAD were randomly allocated to either Ct or EE conditions for 8 weeks. With 6-month-old, mice were tested in behavioral and memory tests followed by euthanasia and tissue collection (B).



This study was carried out in accordance with the recommendations of European Community Council Directive 86/609/EEC and the procedures established by the Department d’Agricultura, Ramaderia i Pesca of the Generalitat de Catalunya, Spain. Every effort was made to minimize animal suffering and to reduce the number of animals.

Behavioral Tests

Elevated Plus Maze

The Elevated Plus Maze (EPM) was performed as previously described (Griñán-Ferré et al., 2016a). Forty-eight mice (n = 12 per group) were placed on the central platform, facing an open arm, and allowed to explore the apparatus for 5 min. After the 5-min test, each mouse was returned to their home cages, and the EPM apparatus was cleaned with 70% ethyl alcohol and allowed to dry between tests. Behavior was scored with SMART ver. 3.0 software and each trial were recorded for later analysis. Parameters recorded included time spent on open arms, time spent on closed arms, time spent in the center zone, rearings, defecation and urination.

Open Field Test

The Open Field Test (OFT) was performed as previously described (Griñán-Ferré et al., 2016a). Forty-eight mice (n = 12 per group) were individually placed at the center and allowed to explore the white polywood box (50 × 50 × 25 cm) for 5 min. Behavior was scored with SMART® ver.3.0 software and each trial was recorded for later analysis. The parameters scored included center-staying duration, rearings, defecations and the distance traveled.

Novel Object Recognition Test

The Novel Object Recognition Test (NORT) protocol employed was a modification of Ennaceur and Delacour (1988) and Ennaceur and Meliani (1992). In brief, 48 mice (n = 12 per group) were placed in a 90°, two-arm, 25-cm-long, 20-cm-high, 5-cm-wide black maze. Before performing the test, mice were individually habituated to the apparatus for 10 min during 3 days. On day 4, the animals were submitted to a 10-min acquisition trial (first trial), during which they were placed in the maze in the presence of two identical, novel objects at the end of each arm. After a delay (2 h and 24 h), the animal was exposed to two objects one old object and one novel object. The time that mice explored the Novel object (TN) and Time that mice explored the Old object (TO) were measured. A Discrimination Index (DI) was defined as (TN − TO)/(TN + TO). In order to avoid object preference biases, objects were counterbalanced.

T-Maze Spontaneous Alternation

T-Maze spontaneous alternation from 48 samples (n = 12 per group) was tested as previously described (Fragkouli et al., 2005). The protocol we followed consisted of one forced and 10 consecutive free-choice trials on the same day. Briefly, on the first trial, mice were individually placed on the central stem of the T-maze allowing to explore the central stem and one of the goal arms of the maze. After entering the goal arm, exit from the arm was blocked, and mice were left to explore the arm for 30 s. Animals were then retrieved, and the testing cycle started again 10 min later with another free-choice trial. The percentage of alternation (number of turns in each goal arm) and total trial duration are recorded and calculated.

Immunodetection Experiments

Brain Processing

Mice were euthanized by cervical dislocation one day after the behavioral test finished. Brains were immediately removed from the skull. The hippocampus was then isolated and frozen in powdered dry ice. They were maintained at −80°C for further use. Tissue samples were homogenized in lysis buffer containing phosphatase and protease inhibitors (Cocktail II, Sigma). Total protein levels were obtained and protein concentration was determined by the method of Bradford.

Protein Levels Determination by Western Blotting

For Western Blotting (WB), aliquots of 15 μg of hippocampal protein were used. Protein samples from 12 samples (n = 4 per group) were separated by SDS-PAGE (8%–12%) and transferred onto PVDF membranes (Millipore). Afterwards, membranes were blocked in 5% non-fat milk in 0.1% Tween20 TBS (TBS-T) for 1 h at room temperature, followed by overnight incubation at 4°C with the primary antibodies listed in Supplementary Table S1.

Afterward, membranes were washed and incubated with secondary antibodies for 1 h at room temperature. Immunoreactive proteins were viewed with a chemiluminescence-based detection kit, following the manufacturer’s protocol (ECL Kit; Millipore) and digital images were acquired using a ChemiDoc XRS+ System (BioRad). Semi-quantitative analyses were carried out using ImageLab software (BioRad) and results were expressed in Arbitrary Units (AU), considering control protein levels as 100%. Immunodetection of GAPDH, or β-Actin routinely monitored protein loading.

Determination of Oxidative Stress in Hippocampus

Hydrogen peroxide from 12 samples (n = 4 per group) was measured as an indicator of oxidative stress, and it was quantified using the Hydrogen Peroxide Assay Kit (Sigma-Aldrich, St. Louis, MI) according to the manufacturer’s instructions.

Global DNA Methylation and Hydroxymethylation Quantification

Isolation of genomic DNA from 12 samples (n = 4 per group) was conducted using the FitAmpTM Blood and Cultured Cell DNA Extraction Kit according to the manufacturer’s instructions. Then, Methylflash Methylated DNA Quantification Kit (Epigentek, Farmingdale, NY, USA) and MethylFlash HydroxyMethylated DNA Quantification Kit were used in order to detect methylated and hydroxymethylated DNA. Briefly, these kits are based on specific antibody detection of 5-mC and 5-hmC residues, which trigger an ELISA-like reaction that allows colorimetric quantification by reading absorbance at 450 nm using a Microplate Photometer.

Global Histone Acetylation H3 and H4 Quantification

Histone extracts from 12 samples (n = 4 per group) were prepared by using a total histone extraction kit (Epigentek) according to the manufacturer’s protocol. Detection of global histone H3/H4 acetylation status was performed using the EpiQuik™ global histone H3/H4 acetylation assay kit (Cat. P-4008-96/P-4009-96, Epigentek Group Inc., NY, USA), following the manufacturer’s recommendations. Briefly, histone proteins (1–2 μg) were added to the strip wells. Acetylated histone H3/H4 was detected with a high-affinity antibody, and the ratios and amounts of acetylated histone H3/H4 were displayed with a horseradish peroxidase-conjugated secondary anti-body color development system. The color was measured by reading absorbance at 450 nm using a Microplate Photometer.

RNA Extraction and Gene Expression Determination

Total RNA isolation from 12 samples (n = 4 per group) was carried out by means of TRIzol® reagent following the manufacturer’s instructions. The yield, purity, and quality of RNA were determined spectrophotometrically with a NanoDrop™ ND-1000 (Thermo Scientific) apparatus and an Agilent 2100B Bioanalyzer (Agilent Technologies). RNAs with 260/280 ratios and RIN higher than 1.9 and 7.5, respectively, were selected. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was performed as follows: 2 μg of messenger RNA (mRNA) was reverse-transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time quantitative PCR (qPCR) was employed to quantify the mRNA expression of a set of chromatin-modifying enzyme genes, oxidative stress genes, inflammatory genes, neurotrophin genes. Normalization of expression levels was performed with actin for SYBER Green and TATA-binding protein (Tbp) for TaqMan. Primers and TaqMan probes are listed in Supplementary Table S2.

SYBR® Green real-time PCR was performed in a Step One Plus Detection System (Applied-Biosystems) employing SYBR® Green PCR Master Mix (Applied-Biosystems). Each reaction mixture contained 7.5 μL of complementary DNA (cDNA; which concentration was 2 μg), 0.75 μL of each primer (which concentration was 100 nM), and 7.5 μL of SYBR® Green PCR Master Mix (2×).

TaqMan-based real-time PCR (Applied Biosystems) was also performed in a Step One Plus Detection System (Applied-Biosystems). Each 20 μL of TaqMan reaction contained 9 μL of cDNA (25 ng), 1 μL 20× probe of TaqMan Gene Expression Assays and 10 μL of 2× TaqMan Universal PCR Master Mix.

Data were analyzed utilizing the comparative Cycle threshold (Ct) method (ΔΔCt), where the housekeeping gene level was used to normalize differences in sample loading and preparation. Normalization of expression levels was performed with actin for SYBR® Green-based real-time PCR results and TATA-binding protein (Tbp) for TaqMan-based real-time PCR. Each sample was analyzed in duplicate, and the results represent the n-fold difference of the transcript levels among different groups.

Data Analysis

The statistical analysis was conducted using GraphPad Prism ver. 6 statistical software. Data are expressed as the mean ± Standard Error of the Mean (SEM) of at least four samples per group. Means were compared with one-way analysis of variance (ANOVA), followed by Tukey post hoc test. Statistical significance was considered when a p-values were <0.05. The statistical outliers were determined with Grubbs’ test and subsequently removed from the analysis.

RESULTS

Effect of EE, in Locomotor Activity and Motivational in 5xFAD Mice

5xFAD-EE group restored the locomotor activity in comparison with Wt-Ct group (Figure 2A). Time spent in the center zone was higher in 5xFAD-EE, although did not reach significance (Figure 2B) as compared with controls. Furthermore, a significant increase in vertical activity, quantified by the number of rearings, in comparison with the 5xFAD-Ct was found (Figure 2C). Results obtained in the OFT exhibited changes in fear behavior and motor activity. Additional parameters measured in the EPM are presented in Supplementary Table S3.
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FIGURE 2. Results of Open Field Test (OFT) in female mice at 4-month-old wild-type (Wt)-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Distance traveled (A), percentage of time spent in Center zone (B) and Rearings (C). Results of Elevated Plus Maze (EPM) in female mice at 4-month-old Wt-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Time spent in Open Arms (D). Time spent in Closed Arms (E). Time spent in Center (F) and Rearings (G). Values represented are mean ± Standard error of the mean (SEM); *p < 0.05; **p < 0.01; ***p < 0.001.



The specific anxiety value obtained in the EPM, time spent in opened arms, showed a significant increase in 5xFAD-EE compared to 5xFAD-Ct (Figure 2D); time spent in closed arms by 5xFAD-EE mice group was slightly lower than other groups (Figure 2E). Furthermore, time spent in the center was lower in 5xFAD-EE, although did not reach significance (Figure 2F) as compared with controls. Finally, accordingly with OFT results, a significant increase in 5xFAD-EE vertical activity compared to 5xFAD-Ct was found (Figure 2G). Results obtained in the EPM demonstrated changes in fear-anxiety-like behavior. Additional parameters measured in the EPM are presented in Supplementary Table S4.

EE Reduced Cognitive Deficits Presented by 5xFAD Mice

NORT analysis showed, as described (Griñán-Ferré et al., 2016c) an impaired short- and long-memory in 5xFAD mice in comparison with age mated Wt (Supplementary Figure S1). However, EE intervention did not modify memory capabilities in Wt mice (Supplementary Figure S1). By contrast, NORT analysis demonstrated that 5xFAD-EE mice exhibited significantly reduced cognitive deficits in both short- and long-term memory (Figures 3A,B), obtaining highest DI than 5xFAD-Ct. Moreover, we found significant differences in spontaneous alternation between Wt-Ct and 5xFAD-Ct (Figure 3C) and between 5xFAD-EE and 5xFAD-Ct (Figure 3C), but not for Wt-EE (Supplementary Figure S1). The absence of changes in cognitive parameters in Wt mice, conducted us to evaluate only epigenetic marks in this strain (Supplementary Figure S2).
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FIGURE 3. Results of Discrimination Index (DI) of Novel Object Recognition Test (NORT) in female mice at 4-month-old Wt-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Summary from short-term memory (A), and from summary long-term memory (B). Results of Spontaneous Alternation T-Maze in female mice at 4-month-old Wt-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Percentage successful spontaneous alternations in a T-Maze (C). Polygonal graph presented complete parameters obtained by OF, EPM, NORT and T-Maze (D). Values represented are mean ± Standard error of the mean (SEM); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Finally, the polygonal graph depicts differences between 5xFAD mice with EE and control mice group by graphing several OF parameters, EPM parameters, DI of NORT and spontaneous alternation of T-Maze (Figure 3D), demonstrating that EE intervention improved cognitive performance in 5xFAD mouse model in comparison with Control, approaching it to Wt.

Hippocampal Global Changes in DNA Methylation and Hydroxymethylation and Its Machinery After EE

To depict a landscape on global methylation affectation by EE we evaluate methylation and hydroxymethylation. 5-methylcytosine levels were significantly reduced in 5xFAD-EE in comparison with control mice (Figure 4A). In parallel, 5-hmC levels were increased in 5xFAD-EE. Because changes in methylation were determined, DNMTs family and Translocation family (TETs), members of DNA hydroxylase family gene expression, were studied; significant increases in Dnmt3a and Dnmt3b were found in the 5xFAD-EE mice group (Figure 4B). Results showed significant increases in Tet2, but not in Tet1 in the 5xFAD-EE mice group in comparison with control group (Figure 4B). Similar changes in methylation and hydroxymethylation were also determined in Wt-EE mice in comparison with Wt-Ct, accompanied by variations in gene expression levels in enzymes (Supplementary Figure S2).
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FIGURE 4. Global 5-methylated and 5-hydroxymethylated cytosine levels in hippocampus (A). Methyltransferases and Hydroxylases gene expression for Dnmt1, Dnmt3a, Dnmt3b, Tet1 and Tet2 (B). Gene expression levels were determined by real-time PCR. Mean ± Standard Values are mean (SEM) from five independent experiments performed in duplicate are represented; *p < 0.05; **p < 0.01; ***p < 0.001.



Hippocampal Global Changes in Histone Acetylation Levels and Chromatin-Modifying Enzymes After EE

Histone acetylation is another epigenetic marker that can modify gene expression. Acetylated H3 and H4 protein levels were significantly increased in 5xFAD-EE compared to 5xFAD-Ct (Figure 5A). Increased gene expression in Hdac1 but no changes of Hdac2 were found in 5xFAD-EE in comparison with control mice group (Figure 5B).
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FIGURE 5. Global histone H3/H4 acetylation levels in hippocampus (A). Deacetylases gene expression related to memory for Hdac1 and Hdac2 (B). For Gene expression levels were determined by real-time PCR. Mean ± Standard error of the mean (SEM) from five independent experiments performed in duplicate are represented; *p < 0.05; **p < 0.01.



Reduction in Oxidative Stress and Inflammation Markers in 5xFAD Mice

Increases in oxidative stress as well as neuroinflammation are hallmarks of AD. Beneficial effects of EE depicted on a significant reduction in Hmox1 and Aox1 between 5xFAD-EE group compared to 5xFAD-Ct (Figure 6A). Likewise, a significant increase in Hmox1 gene expression (Figure 6A) and SOD1 protein levels (Figures 6B,C) between 5xFAD-Ct in comparison with Wt-Ct was found. Moreover, a slight but not significant decrease in Cox2 gene expression in the 5xFAD-EE was observed when compared to the control group (Figure 6A). Finally, analysis of hydrogen peroxide levels in homogenates of hippocampus tissue showed a significant decrease in ROS levels in 5xFAD-EE compared to 5xFAD-Ct (Figure 6D). Interestingly, the highest ROS levels were observed in 5xFAD-Ct.
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FIGURE 6. Representative gene expression of antioxidant enzymes for Hmox1, Aox1, Cox2 (A). Representative Western blot for SOD1 protein levels (B) and quantification (C). Representative Oxidative stress measured as hydrogen peroxide concentration in homogenates of hippocampus tissue (D). Proinflammatory markers Il-6, Tnf-α and Gfap gene expression (E). GFAP protein levels (F) and quantification (G). Mean ± Standard error of the mean (SEM) from five independent experiments performed in duplicate are represented; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



On the other hand, EE induced a significant reduction in Il-6 and Tnf-α gene expression compared to control groups (Figure 6E). Decreased GFAP protein levels were found in 5xFAD-EE compared to control groups (Figures 6F,G). In addition, Wt-Ct and 5xFAD-EE presented a slight, although not significant, diminution in Gfap gene expression compared to 5xFAD-Ct (Figure 6E).

Increased Synaptic Marker Protein Levels but Not in Neurotrophins Gene Expression After EE

Synaptic damage and neurotrophin expression alteration have been described in 5xFAD. A significant increase in postsynaptic density 95 (PSD95) protein levels was found in 5xFAD-EE compared to 5xFAD-Ct reaching Wt-Ct levels (Figures 7A,B). Albeit did not reach significance, EE increased synaptophysin (SYN) protein levels (Figures 7C,D). However, no significant differences were observed in Bdnf, Ngf, Tgf, and Vgf gene expression after EE or among 5xFAD and control mice groups (Figure 7E).
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FIGURE 7. Neuroplasticity markers in female mice at 4-month-old Wt-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Representative Western blot for postsynaptic density 95 (PSD95) protein levels protein levels (A) and quantification (B), synaptophysin (SYN; C) and quantification (D). Values in bar graphs are adjusted to 100% for protein levels of control (Wt-Ct). Representative gene expression for Brain-derived neurotrophic factor (BDNF), Nerve growth factor (NGF), Tgf and Vgf (E). Gene expression levels were determined by real-time PCR. Values are mean ± Standard error of the mean (SEM); *p < 0.05.



EE Changed Alzheimer’s Disease Markers in 5xFAD Mice

As mentioned, 5xFAD mice is an established AD model with changes in amyloid cascade and tauopathy. Prevention by EE of these two AD hallmarks was studied. To this end, we evaluate tau hyperphosphorylation and APP processing in 5xFAD under EE. Western blot analysis revealed that EE produced a significant decrease in both p-Tau Ser396 in 5xFAD reaching WT-Ct levels (Figures 8A,B). Additionally, a tendency to increase in sAPPα protein levels was found in 5xFAD-EE reaching Wt-Ct levels (Figures 8C,D), whereas β-CTF (the fragment delivered by β-secretase) was diminished after EE intervention (Figures 8E,F).
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FIGURE 8. Alzheimer’s disease markers in female mice at 4-month-old Wt-Ct and 5xFAD-Ct mice groups and 5xFAD mice group after 8 weeks with EE. Representative Western blot for pTau ser396 protein levels (A) and quantifications (B), protein levels of sAPPα and β-CTF (C,E) and quantifications (D,F). Values in bar graphs are adjusted to 100% for protein levels of control Wild-Type (Wt-Ct); *p < 0.05.



DISCUSSION

The present study aimed to evaluate, whether an EE intervention is effective in 5xFAD mouse model, modifying behavioral, cognitive and molecular AD hallmarks present in this transgenic mouse model. To this end, changes in oxidative stress, inflammation, tau hyperphosphorylation, and APP processing markers were determined. Besides, some epigenetic markers were studied to elucidate a possible epigenetic mechanism linking EE, molecular changes and better cognition status. The enrichment was started at the age of 4-month-old, when cognitive deficit appear in 5xFAD mice (Girard et al., 2013), and was continued until the age of 6-month-old.

Alterations in epigenetics contribute to gene expression deregulation, resulting in the development of different pathologies in mouse models and human beings, including unhealthy aging and AD (Hook et al., 2018; Griñán-Ferré et al., 2018). In previous reports, changes in cognition and molecular pathways were found after exercise or EE in a mouse model for senescence and early-AD. Modification of those parameters related to neurodegeneration was correlated with epigenetic modifications (Cosín-Tomás et al., 2014; Griñán-Ferré et al., 2016b). There are a number of works describing epigenetic alterations induced by EE and controlling several molecular pathways such as neuroplasticity and neuroinflammation (Williamson et al., 2012; Yang et al., 2012).

Our group described epigenetic modifications in 5xFAD (Griñán-Ferré et al., 2016c) and demonstrated that behavioral, biochemical and molecular changes in this AD mice model correlated with epigenetic changes. Although many studies related to beneficial effects of EE have been described in 5xFAD mice (Hüttenrauch et al., 2016; Ziegler-Waldkirch et al., 2018), this is, to our knowledge, the first time that EE has been connected to epigenetic mechanisms intervention with beneficial effects on cognition in 5xFAD mice.

EE for 8 weeks was enough to induce better cognitive performance in 5xFAD, including an improvement in spatial and recognition memory (Griñán-Ferré et al., 2016b; Hüttenrauch et al., 2016), in concordance to other works in different transgenic strain and with exercise (García-Mesa et al., 2016), that is other enrichment paradigm. In fact, the action of EE depends on the type of EE, experimental design with different duration of exposure, the severity of AD mouse model phenotype, age, and gender, among others. Besides, behavioral task analysis showed more active and less anxiety-like behavior gated to 5xFAD mice under EE.

As mentioned above, 5-mC is a stable epigenetic mark that alters the neuronal function to promote changes in gene expression through environment interactions such as behavior, stress, hormones, and EE that can participate in memory function (Keil and Lein, 2016). DNA methylation and hydroxymethylation constitute epigenetic markers that can alter neuronal function influencing gene expression. Accordingly, cognitive and behavioral changes after EE in Wt and 5xFAD were reflected in epigenetic marks 5-mC and 5-hmC changes.

Recent data suggest an aberrant 5-mC formation is linked to neurodegeneration and apoptotic neuronal death (Chestnut et al., 2011; Hernandez et al., 2011). Likewise, altered expression levels and pathological activity DNMT have been observed in aging and neurodegenerative disorders (Johnson et al., 2012). After EE, 5-mC levels were reduced in 5xFAD, but, conversely, Dnmt3a/b gene expressions were increased, whereas Dnmt1 gene expression was not modified. In fact, DNA methylation changes by DNMT activity are necessary for memory formation and storage (Day and Sweatt, 2010). For instance, it was reported that elimination of DNMT1 in mice brain causes a hypomethylation in cortical and hippocampal neurons, resulting in the neurodegenerative process with deficits learning and memory (Hutnick et al., 2009). In addition, Oliveira et al. (2012) found in aged mice that increased gene expression of Dnmt3a2 was associated with cognitive decline prevention, accordingly with results obtained in 5xFAD-EE.

5-hmC, an oxidative product of DNA demethylation is another epigenetic mark catalyzed by the TET family that exists at high levels within the brain (Irier et al., 2014). In our study, EE exposure increased 5-hmC levels and Tet2 gene expression in 5xFAD mice. Indeed, these results are consistent with those reported recently by Irier et al. (2014) in mice. Besides, it has been described that loss of TET2 induces DNA hypermethylation in a similar way to oxidative stress, reducing global 5-hmC (Zhang et al., 2017). In contrast, no changes in Tet1 expression were found after EE, although in other experimental study were described (Irier et al., 2014); different timing and duration of the EE and also for the strain and age can explain differences.

Histone acetylation is one of the epigenetic modifications, which play a vital role in the etiopathogenesis of AD (Lu et al., 2015). Overall, HDAC inhibition increases histone acetylation H3/H4 and rescued learning and memory deficits in AD animal models, showing neuroprotective effects (Lu et al., 2015; Neidl et al., 2016). Here, we indeed reported a significant increase in H3 and H4 acetylation levels after EE in 5xFAD. Besides, the participation of histone acetylases and HDACs in AD is controversial. For example, it has been reported that HDAC2, but not HDAC1 or HDAC3, is up-regulated in AD mouse models (Broide et al., 2007), but other reported differential changes in HDAC family levels, for example, the SAMP8 mouse model (Griñán-Ferré et al., 2016b). In contrast with this last report, an increase of Hdac1 expression in the 5xFAD-EE whereas no changes in Hdac2 expression were found.

Thus, it can be hypothesized that epigenetic changes induced by EE should lead to a relaxed chromatin structure, allowing gene expression increase and protein synthesis essential for learning and memory (Kim and Kaang, 2017). These results suggest the role of EE in epigenetic modifications restoring learning and memory in an AD mouse model.

Besides cognitive and behavioral improvement induced by EE in 5xFAD mice, molecular and biochemical pathways related to AD pathogenic mechanism had been studied. Oxidative stress is accepted to have a key role in Aβ-induced neurotoxicity (Cheignon et al., 2018). The oxidative stress occurs when the balance between antioxidant enzymes and ROS are disrupted (Birben et al., 2012; Poljsak et al., 2013). Up-regulation of antioxidant enzymes might confer protection against oxidative insults (Chen et al., 2011). Specifically, changes in SOD1 expression and HMOX1 (Sugawara et al., 2002; Guo et al., 2010) were found, in response to a wide variety of oxidative stress stimuli. EE reduced H2O2 levels indicating oxidative stress diminution, and accompanied by lower SOD1 protein levels. Moreover, we observed a reduction in gene expression of the antioxidant enzymes Hmox1 and Aox1.

Likewise, there is evidence that neuroinflammation plays a role in aging and the pathophysiology of AD (Liu et al., 2015; Raj et al., 2017). Significant differences in proinflammatory chemokines secreted by astrocytes have been proved between AD patients and normal aged people (Liu et al., 2015). A reduction in gene expression for Il-6 and Tnf-α in 5xFAD-EE mice suggested a reduction in the inflammatory process in 5xFAD (Gurel et al., 2018). The lower inflammation after EE was also reinforced by a diminution in astroglial activation after EE demonstrated a significant decrease in Gfap gene expression and protein levels (Brahmachari et al., 2006). Evidence concerning food containing natural antioxidant and anti-inflammatory compounds open the avenue to potentiate a lifestyle based on diet, exercise and a healthy environment to underlying neurophysiological mechanisms in AD or neurodegenerative diseases, as a non-pharmacological strategy to face the cognitive impairment (Businaro et al., 2018; Francis and Stevenson, 2018).

As aforementioned, EE induced experience-dependent synaptic plasticity (Nithianantharajah et al., 2004), increased synapse and spine density (Jung and Herms, 2014) and memory consolidation through increased expression of synaptic proteins (Hu et al., 2010) and growth factors (Ickes et al., 2000). Accordingly, several reports in which an EE intervention showed improvements on hippocampal-dependent task (Jurgens and Johnson, 2012; Stein et al., 2016; Cortese et al., 2018) increased levels of both proteins PSD95 (postsynaptic) and SYN (presynaptic) in the hippocampus were found in 5xFAD-EE, indicating a neuroprotective role of EE intervention.

In our study, we were unable to determine any effect on gene expression of neurotrophic factors (NTFs) such as Bdnf, Ngf, Tgf and Vgf in 5xFAD with EE. Previous reports highlighted the influence of EE on molecular mediators of synaptic plasticity in AD mice models is inconsistent. While several studies found an increase in NTFs (Tong et al., 2001; Angelucci et al., 2009; Jha et al., 2016), others did not found differences in some of them (Hüttenrauch et al., 2016). There are several NTFs that are involved in neuroprotective effects of EE, and it is probable that experimental conditions such as type and duration of EE modifies growing factors. By last, about AD hallmarks, EE diminished p-Tau (Ser396) in the hippocampus of the 5xFAD.

In conclusion, our results confirm previous data were supporting the beneficial effects of EE in AD mouse models. Concretely, improvements in cognitive performance associated with changes in oxidative stress, inflammation, synaptic plasticity, and AD hallmarks were found in 5xFAD mice. Remarkably, those changes paralleled with epigenetic mechanisms in 5xFAD, as described previously in the non-transgenic model of cognitive impairment and senescence (Griñán-Ferré et al., 2016a,b), disentangling a link between epigenetics, lifestyle and neurodegeneration.

It has been proposed that epigenetic mechanisms can modify the onset, latency period and progression of neurodegenerative diseases and this work give support to this claim that has emerged in the last decade (Tsankova et al., 2007). Strengthening the mechanistic understanding of neurodegeneration and its correlation with epigenetics, as is demonstrated in the 5xFAD model, will likely provide new insights pointing out the importance for the healthy lifestyle in the individuals at risk for AD. Results obtained in animal models must be validated in human beings but, noteworthy confirmation for epigenetic alterations in AD patients (Narayan and Dragunow, 2017) and the goodness of an improved lifestyle (diet, exercise, etc; Chouliaras et al., 2010; Ricci et al., 2018) is day by day more robust, evidencing the interrelation between neurodegeneration and epigenetics.
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Studies conducted in rodents subjected to chronic stress and some observations in humans after psychosocial stress, have allowed to establish a link between stress and the susceptibility to many complex diseases, including mood disorders. The studies in rodents have revealed that chronic exposure to stress negatively affects synaptic plasticity by triggering changes in the production of trophic factors, subunit levels of glutamate ionotropic receptors, neuron morphology, and neurogenesis in the adult hippocampus. These modifications may account for the impairment in learning and memory processes observed in chronically stressed animals. It is plausible then, that stress modifies the interplay between signal transduction cascades and gene expression regulation in the hippocampus, therefore leading to altered neuroplasticity and functioning of neural circuits. Considering that miRNAs play an important role in post-transcriptional-regulation of gene expression and participate in several hippocampus-dependent functions; we evaluated the consequences of chronic stress on the expression of miRNAs in dorsal (anterior) portion of the hippocampus, which participates in memory formation in rodents. Here, we show that male rats exposed to daily restraint stress (2.5 h/day) during 7 and 14 days display a differential profile of miRNA levels in dorsal hippocampus and remarkably, we found that some of these miRNAs belong to the miR-379-410 cluster. We confirmed a rise in miR-92a and miR-485 levels after 14 days of stress by qPCR, an effect that was not mimicked by chronic administration of corticosterone (14 days). Our in silico study identified the top-10 biological functions influenced by miR-92a, nine of which were shared with miR-485: Nervous system development and function, Tissue development, Behavior, Embryonic development, Organ development, Organismal development, Organismal survival, Tissue morphology, and Organ morphology. Furthermore, our in silico study provided a landscape of potential miRNA-92a and miR-485 targets, along with relevant canonical pathways related to axonal guidance signaling and cAMP signaling, which may influence the functioning of several neuroplastic substrates in dorsal hippocampus. Additionally, the combined effect of miR-92a and miR-485 on transcription factors, along with histone-modifying enzymes, may have a functional relevance by producing changes in gene regulatory networks that modify the neuroplastic capacity of the adult dorsal hippocampus under stress.

Keywords: restraint stress, dorsal hippocampus, miRNA, neuroplasticity, mood disorder

INTRODUCTION

Neuroplasticity is considered a continuous process that permits short- to long-term brain remodeling in response to an experience and changing environment (McEwen and Gianaros, 2010). This process involves several mechanisms, ranging from synaptic remodeling to functional modification of synapses and neural circuitries (McEwen and Gianaros, 2010). In general, any acute threat to an individual, either physical or emotional in nature, triggers the activation of the stress system, including the sympathetic nervous system and the hypothalamic–pituitary–adrenal (HPA) axis and release of adrenal glucocorticoids, which are all responses that allow the organism to adapt (Chrousos and Harris, 1998; McEwen and Gianaros, 2010). Nonetheless, prolonged stress response may lead to a maladaptive response by favoring the onset or exacerbation of several stress-related disorders, including major depressive disorder (MDD) (Pittenger and Duman, 2008; Fernandez-Guasti et al., 2012). Depressed subjects show hippocampal volume reduction (Malykhin and Coupland, 2015) and cognitive deficits associated with altered hippocampal and prefrontal cortex functioning, along with a reduced complexity of dendritic trees; nonetheless, little is known about the mechanisms involved (Pittenger and Duman, 2008). One hypothesis considers that exposure to stressors alters neuroplasticity processes required for the maintenance and reestablishment of neuro-circuitry functioning (Pittenger and Duman, 2008).

Studies conducted in rodents under chronic stress models that recapitulate several symptoms of MDD have revealed changes in several forms of hippocampal neuroplasticity (Kim et al., 2015). Chronically stressed rodents show several cyto-architecture modifications in the hippocampus, including dendritic arbor simplification (Pinto et al., 2015) and dendritic spine loss in CA1 pyramidal neurons (Castaneda et al., 2015; Garcia-Rojo et al., 2017), changes that have been linked to reduced expression of the brain derived neurotrophic factor (BDNF) (Smith et al., 1995). Furthermore, chronic stress impairs hippocampus-dependent memory (Conrad et al., 1996), which can be associated with changes in the two forms of synaptic efficacy; i.e., long-term potentiation (LTP) and long-term depression (LTD) (Kim et al., 2015). All of these stress-induced neuroplasticity modifications in rodents can explain the impairment of learning and memory associated with hippocampal functioning (Conrad et al., 1996), which may be related to stress-related changes in gene expression.

Significant research has unveiled that microRNAs (miRNAs) mediate post-transcriptional gene silencing, playing a crucial role in brain development, synaptic plasticity, and neuropathology (Aksoy-Aksel et al., 2014). Emerging evidence recently reviewed has shown that miRNA expression can be differentially modulated by the extent of stress exposure (Hollins and Cairns, 2016). For instance, acute stress triggers variations in a higher number of miRNAs compared to subchronic stress in the prefrontal cortex of mice (Rinaldi et al., 2010). Moreover, evidences have also shown that acute stress produces the opposite effect when contrasted to chronic stress (Meerson et al., 2010). Some studies have evaluated the effect of chronic stress on the expression of miRNAs in the hippocampus. For instance, chronic restraint stress in male rats increases the expression of miR-138 (Castaneda et al., 2015). At least in vitro, this miRNA reduces the size of dendritic spines in cultured hippocampal neurons (Siegel et al., 2009), an effect that may be linked to the reduction in spine density observed in CA1 pyramidal neurons of chronically stressed rats (Castaneda et al., 2015). Chronic unpredictable mild stress (CUMS) triggers a rise in miR-182 levels at the hippocampus in rats and its overexpression exacerbates stress-induced depression-like behavior, a modification associated with a reduction in the levels of BDNF and cAMP responsive element binding protein 1 (CREB1) transcription factor (Li et al., 2016). Another study using microarray chip analyses and subsequent confirmation by RT-qPCR revealed that 35 days of CUMS mainly up-regulates a few miRNAs (miR-382-3p, miR-183-5p, miR-3573-5p, miR-202-3p, miR-493-3p) in male rats (Zhou et al., 2017). The miRNA target prediction and functional analysis conducted in this study revealed enrichment in numerous gene ontology terms and signaling related with depressive disorder (Zhou et al., 2017). However, in this study, authors used left hippocampal tissues after behavioral testing (Zhou et al., 2017) that may produce some biases in the study.

To date there is no study evaluating whether stress exposure chronicity (defined as days of stress exposure) determines a profile of miRNA expression, especially in dorsal hippocampus, an area that has a pivotal role in learning and memory in rodents (Fanselow and Dong, 2010). This portion of the hippocampus has called our attention because it is particularly sensitive to chronic stress, displaying an impairment of LTP induction (Miller et al., 2018) and reduction of dendritic spine density (Castaneda et al., 2015; Garcia-Rojo et al., 2017), reductions in NR1 and NR2A NMDA receptor subunit levels (Pacheco et al., 2017) and BDNF expression (Bravo et al., 2009); changes that altogether, indicate dorsal hippocampus dysfunction. Considering all these antecedents, we hypothesized that stress chronicity exposure determines a particular profile of miRNA expression in dorsal hippocampus that may influence several aspects of neuroplasticity in this structure.

By microarray analyses, the present study evaluates the effect of stress chronicity exposure on: physiological stress-related markers and miRNA expression profile in rat dorsal hippocampus, and by gene prediction and functional annotation analysis, we propose how these miRNAs may influence neuroplasticity mechanisms in the hippocampus.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats maintained at the Faculty of Chemical and Pharmaceutical Sciences, Universidad de Chile, were used in this study. Efforts were made to reduce both the number of animals used and their suffering. The rats were handled in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals (NIH Publication, eighth Edition, 2011) under an experimental protocol approved by the Ethical Committee of the Faculty of Chemical and Pharmaceutical Sciences, Universidad de Chile (CBE2011-7-4), and the Science and Technology National Commission (CONICYT). Two-month-old Sprague Dawley rats (320–350 g) were given free access to water and pelleted food and were maintained at 22°C with humidity of 55% and photoperiod cycle of 12 h (lights on from 7:00 am to 7:00 pm).

Chronic Stress Procedure and Tissue Collection

Prior to the experimental procedures, rats were handled once per day for a 1-week period, during the light phase of the photoperiod cycle. In the case of the stress experimental group, the rats were housed in a group of three to four rats and maintained in the experimental room. The stress procedure was conducted between 9:00 am and 12:00, as previously reported (Pacheco et al., 2017). In brief, the rats were introduced in transparent acrylic tubes (25 cm × 8 cm) during 2.5 h during 7 days (n = 9) or 14 days (n = 17). During the restraint, animals were placed in a cage in groups of three to four rats and the fecal pellet output during the stress session was evaluated. After this procedure, the stressed group of animals was placed in the home cage with new bedding. On the other hand, and considering that animal isolation may trigger a stress response, control animals (n = 16) were kept in the groups of three to four rats in the animal room located away from the experimental room. In order to determine the fecal output in control group, the bedding was changed each morning and after 2.5 h, the cage was inspected for fecal output quantification every day during 14 consecutive days. Hence, the estimation of fecal output corresponds to the mean value for a control group.

Rats were decapitated rapidly 24 h after the last stress exposure (between 9:00 am and 12:00 am) and trunk blood was collected for corticosterone (CORT) determination in serum, as previously described (Pacheco et al., 2017) (Figure 1). The dorsal hippocampi relative to bregma −3.10 to −4.44 mm coordinates (Paxinos, 1982) were rapidly dissected at 4°C and frozen under liquid N2 and kept at −80°C until processing for RNA isolation and protein extract. Adrenal glands were rapidly dissected and weighed (Figure 1). We conducted two experimental series groups in which the first series was used for the microarrays, and the second one to: (i) validate the miRNAs, (ii) quantify some mRNAs by qPCR, and (iii) quantify protein levels by western blot analysis.
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FIGURE 1. Experimental design. Adult male rats were weighed every day in the morning. One group was stressed during 14 days (Stress-14d) and after 7 days other was stressed during 7 days (Stress-7d). Fecal output during the restraint stress procedure (2.5 h/day) was registered. Twenty four hours after the last treatment, animals were decapitated and a blood sample was taken to determine serum corticosterone levels. Adrenal glands were removed and weighed, and the dorsal hippocampi were dissected and rapidly frozen in liquid N2.



Corticosterone Administration

Hormone administration was conducted as previously described (Ulloa et al., 2010). In brief, rats were injected s.c. once per day with a 30 mg/kg/day dose of CORT (Sigma-Aldrich, St. Louis, MO, United States) suspended in propylene glycol (CORT group, n = 5) every day for 14 days and control animals (n = 5) were injected with a similar volume of vehicle. Rats were decapitated 24 h after the last CORT administration and a blood sample was collected for hormone determination as we have previously described (Pacheco et al., 2017).

RNA Isolation

Purified RNAs from dorsal hippocampi of the rat were isolated as we have previously described (Castaneda et al., 2015) by using the RNeasy Mini Kit (1QIAGEN, Hilden, Germany), that allows the separation of RNAs according to their size (RNAs < 200 nt and >200 nt). RNA concentration and purity were determined at OD260/280 and samples with an absorbance ratio between 1.8 and 2.0 were chosen. RNA integrity was evaluated by nondenaturing agarose gel electrophoresis.

Chip-Based miRNA Expression Analysis and Target Genes Network Analysis

Analysis of miRNA expression was conducted using Affymetrix GeneChipTM Version 3 miRNA arrays (680 mature rat and 486 rat pre-miRNA probe sets), following the Affymetrix hybridization protocols. Purified RNAs (<200 nt) were labeled using the Affymetrix FlashTagTM Biotin HSR kit, according to the manufacturer’s protocol. Each sample was then hybridized under standardized conditions (16 h at 48°C) in a hybridization oven (Affymetrix) and array slides were stained with streptavidin/phycoerythrin and washed according to the manufacturer’s protocol. Finally, arrays were scanned using the Affymetrix GCS 3000 7G and GeneChip® Operating Software (AGCC; Version 3.2). The microarray data are available in the Gene Expression Omnibus repository at the National Center for Biotechnology Information with the accession number GSE117046.2

To further analyze the microarray datasets, two tools were utilized: (1) Differential Expression Analysis using LIMMA-Bioconductor with R software3 and (2) the Analysis in Partek® Genomics SuiteTM (Partek, Inc., St. Louis, MO, United States). For both tools, a single log scale normalized expression measure was obtained for each probe set after background correction and normalization between samples. In order to evaluate the quality of the microarray data and to identify any unusual data in the array slides, several plots (Box plots, density plots, MA plots) were generated for both raw and normalized data. For the method based in R software, the statistical significance P-value of the log ratio for each probe was determined by a modification of the standard t-test by using an empirical Bayesian approach. For Partek, ANOVA was used to identify differentially expressed probes. Probes that had P < 0.05 were considered to be differentially expressed between experimental groups and controls. Among the significant probes, only rat miRNA probes were kept. To further refine the selection of significant genes, common significant genes found with the two biostatistical tools were used for downstream analysis. Heat maps were generated using BioConductor package HeatPlus. Dendrograms of samples (columns) and genes (row) were generated by hierarchical clustering. Color scale was from threefold lower (log2-fold = −1.585) than the mean (blue) to threefold higher (log2-fold = 1.585) than the mean (red).

Validated miRNAs were further analyzed for their mRNA targets using the Ingenuity Pathway Analysis (IPA) tool (version 21249400) (Ingenuity Systems, Redwood City, CA, United States), as previously described (Kadmiel et al., 2016). The IPA tool allows to access both experimentally validated and predicted mRNA targets from TargetScan and TarBase. Enrichment or overlapping was determined by IPA using Fisher’s exact test (P < 0.05). The target genes were further analyzed with IPA core analysis module for functional enrichment of target genes to understand their putative impact in several biological functions and canonical pathways.

Determination of miRNA and mRNAs Levels in Dorsal Hippocampus by RT-qPCR

Validation of miRNAs

RNA < 200 nt (100 ng) was polyadenylated and, at the same time, reverse transcribed using the miScript II RT kit (see footnote 1, QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. This reaction was carried out for 1 h at 37°C and the enzyme was then inactivated by heating at 95°C for 5 min. The qPCR experiments were conducted as previously described on a Stratagene Mx3000p thermocycler (Stratagene, Agilent), using a denaturation step (95°C for 15 min), followed by 40 cycles of 94°C for 15 s, 55°C for 15 s and 70°C for 15 s (Castaneda et al., 2015). Each reaction was carried out in duplicate in a final volume of 25 μL and contained 12.5 μL miScript SYBR Green PCR, 2.5 μL of universal primer (see footnote 1, QIAGEN, Hilden, Germany), 2.5 μL of specific Primer Assay (QIAGEN, Hilden, Germany) and 200 pg of cDNA. A melting curve analysis was conducted afterward by heating the samples at 1°C per second from 70 to 95°C in order to detect PCR products. Designed primers were obtained from QIAGEN (Hilden, Germany). Primer sequences were 5′-UAUUGCACUUGUCCCGGCCUG-3′ for miR-92 and 5′-AGAGGCUGGCCGUGAUGAAUUC-3′ for miR-485, with an amplification efficiency of 89.5 and 86.8%, respectively. The relative abundance of these miRNAs was normalized to the levels of small nucleolar RNA SNO95, using standard primers (see footnote 1, QIAGEN, Hilden, Germany, cat # MS00033726, efficiency 97.3%), as we previously described (Castaneda et al., 2015). Relative miRNA levels were calculated based on the 2−ΔΔCT, normalized to that of the SNO95 gene cDNA, and then relativized to control unstressed animals (Castaneda et al., 2015). All RT and qPCR reactions included water and RNA without the RT reaction as controls.

Determination of mRNA Levels in Dorsal Hippocampus

RNAs > 200 nt were reverse transcribed into cDNA by using Superscript II (Invitrogen, Carlsbad, CA, United States), following the manufacturer’s instructions, but in the presence of RNAsin® (40 U, Promega Corporation, Madison, United States) as RNAase inhibitor. The qPCR was conducted in duplicate with 10 μL Brilliant II Ultra-fast SYBR Green QPCR Master Mix (Agilent Technologies), a suitable dilution of cDNA and 0.12 μM of primers from Integrated DNA Technologies (Coralville, IA, United States) and designed with Primer-Blast, NCBI. To determine CREB mRNA levels, we used a forward primer 5′-GAGAACAGAGTGGCAGTGCT and a reverse primer 5′-GGTCCTTAAGTGCTTTTAGCTCC (XM_017596652.1) that generate an amplicon of 70 bp. Additionally, we determined β-actin housekeeping gene mRNA levels by using the following forward primer 5′-TTGTCCCTGTATGCCTCTGGTC-3′ and reverse primer 5′-ACCGCTCATTGCCGATAGTG-3′ (NM_031144.3), which generate an amplicon of 346 bp. The efficiency of each primer set was obtained with several inputs of cDNA, and specificity was validated through melting curve analyses. Relative mRNA levels were calculated based on the 2−ΔΔCT and normalized to that of β-actin mRNA.

Determination of CREB Protein Levels in Dorsal Hippocampus

Dorsal hippocampi were homogenized as we previously described (Pacheco et al., 2017), in the presence of 0.32 M sucrose, 1 mM calcium-magnesium chelators (EDTA/EGTA), protease inhibitor (CompleteTM EDTA-free, Sigma-Aldrich), and phosphatase inhibitor (PhosStopTM, Sigma Aldrich) buffered with 10 mM HEPES at pH 7.4. Samples were then centrifuged at low speed (430 ×g for 10 min at 4°C) to obtain a pellet (fraction enriched in nuclei) and a supernatant, which corresponds to a fraction of homogenate without nuclei. These fractions were mixed with loading buffer and then boiled during 10 min as described previously (Pacheco et al., 2017). Proteins (30 μg) were resolved on 10% SDS–PAGE and then blotted onto 0.2 μm PVDF membranes (2 h at 350 mA). Membranes were then incubated during 1 h at room temperature in 1% non-fat milk dissolved in PBS with 0.1% Tween-20 (PBS-T) and incubated overnight with a 1:500 dilution of CREB rabbit monoclonal antibody (catalog No 9197, Cell Signaling Technology). The blots were rinsed with PBS-T three times (each during 5 min) and then incubated at room temperature for 2 h with peroxidase-conjugated anti-rabbit secondary antibody (1:10,000, Thermo Scientific, Waltham, MA, United States). Membranes were then incubated with enhanced chemiluminescence Detection Kit for peroxidase (catalog No 20-500-120 Biological Industries, Israel Beit Haemek Ltd.) and signals were detected with a chemiluminescence imager (Syngene, United Kingdom). Blots were then treated with ReBlotPlus Mild Antibody Stripping Solution (Sigma-Aldrich, St. Louis, MO, United States) during 10 min and after were washed with PBS. Blots containing homogenate samples were blocked in 3% non-fat milk in PBS-T during 1 h and then incubated overnight with β-actin antibody in blocking solution (1:5000, Catalog No A5316, Sigma-Aldrich). Blots containing nuclear fraction were blocked in the presence of 1% BSA in PBS during 1 h and then incubated with antibody for Lamin B1 (LB1, monoclonal, 1:300, Catalog No sc-365962, Santa Cruz). Levels of β-actin and LB1 were used as loading controls for the homogenate fraction without nuclei and for the nuclear fraction, respectively. After capturing the images, band intensity was determined with the UN SCAN IT software (4RR ID: SCR_013725). Data represent the relative intensity ratio between CREB and respective loading controls (CREB/β-actin and CREB/LB1).

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (GraphPad Software Inc., San Diego, CA, United States). Data represent the mean ± SEM. Considering that data did not show normality test distribution (D’Agostino-Pearson omnibus and Shapiro–Wilk test), the data were analyzed either by the non-parametric Kruskal–Wallis test, followed by Dunn’s post hoc test (for comparison between three groups) or the Mann–Whitney U test (to compare two experimental groups).

RESULTS

Effectiveness of Repeated Restraint Stress Through Evaluation of Physiological Markers

The effectiveness of repeated stress was confirmed by using several physiological parameters, and the data represent pooled animals that were used for miRNA array, RT-qPCR analyses and western-blot analysis. Figure 2A shows body weight gain at the experimental end-point. Kruskal–Wallis analysis revealed differences between groups (P < 0.0001) and Dunn’s posthoc test revealed that controls increased their initial weight by 35%; in contrast to stressed animals during 7 (Stress-7d) and 14 days (Stress-14d), that gained approximately 17% (P < 0.001) and 18% (P < 0.001), respectively. We also determined fecal output every day during the stress procedure as a readout of stress effectiveness (Nakade et al., 2007), and estimated the mean per stress session. We found significant differences between groups (Kruskal–Wallis, P = 0.0002) and Dunn’s post hoc test indicated a rise in the number of fecal pellets voided in both stress groups (both P < 0.001), compared to unstressed animals (Figure 2B). Furthermore, we determined that the weight of adrenal glands did not show differences among groups (Kruskal–Wallis, P > 0.1); nonetheless, we did observe an increase in Stress-14d when compared to controls (Mann–Whitney test, Figure 2C, #P < 0.05). Blood samples for CORT determination were obtained 24 h after the last stress session and in basal conditions (blood sampled between 9:30 and 11:00 a.m.). Kruskal–Wallis analysis revealed significant differences between groups (P = 0.005) and Dunn’s post hoc test showed that both the Stress-7d and -14d groups had high baseline CORT levels compared to the control group (P < 0.05 and P < 0.01, respectively; Figure 2D). Altogether, these data indicate that restraint stress triggers the activation of the HPA axis and that the rats did not adapt when exposed daily to the homotypic stressor.
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FIGURE 2. Effect of restraint stress on body weight gain, fecal pellet output, adrenal gland weight, and baseline corticosterone levels. (A) Variation of body weight gain was evaluated at the end point of treatment. All rats were weighed daily and one group was stressed during 14 consecutive days. The graph represents the change in body weight as a percentage of the initial weight. (B) Fecal output was determined every day in control (2.5 h) and stressed animals during the stress session. Data represent the mean value/day. (C) Adrenal gland weight of control and stressed animals. (D) Serum corticosterone levels in control and stressed animals. Blood was sampled between 9:30 and 11:00 a.m. All data represent mean ± SEM of Control, n = 16 and animals subjected to restraint stress during 7 (Stress-7d, n = 9) and 14 days (Stress-14d, n = 17). Dunn’s post hoc test: ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05, Mann–Whitney test two-tail, #P < 0.05.



The miRNAs Are Up- and Down-Regulated in Dorsal Hippocampi of Stressed Animals

Dorsal hippocampi obtained 24 h after the last stress session were used for microarray analyses to detect the miRNA expression profile. A two-way hierarchical clustering analysis of controls and stressed animals showed significant variations of 103 miRNAs (P-value < 0.05) (Figure 3). This analysis segregated animals in two main clusters: one branch included control animals and the other one, stressed animals (during 7 and 14 days). We noticed that the miRNA profile of stressed animals during 7 days was very different from that of the controls, but more similar to the profile corresponding to animals stressed during 14 days (Figure 3). We used two bioinformatic tools in order to refine the search for significant miRNAs. Limma analysis revealed that after 7 days of stress, only 92 miRNAs changed their levels; on the other hand, Partek analysis detected changes in 78 miRNAs. To make the analysis more robust, we only selected those miRNAs that merged common to both analyses, thus detecting 71 miRNAs (Supplementary Table S1). Interestingly, our analysis revealed variations in the levels of 51 mature miRNAs and 20 precursor miRNAs (stem-loop). Most stem-loops (15 out of 20) increased their levels, and only a few were accompanied by changes in the levels of its respective mature form (miR-3594-3p; miR-598-5p). Similarly, many mature miRNAs increased their levels (54 out of 71) after 7 days of stress. Limma analysis also showed that after 14 days of stress, 64 precursors and miRNAs vary significantly, 55 of which were also found under Partek analysis (Supplementary Table S2). We found that 17 of these correspond to stem-loop (8 increased and 9 were reduced) and that the remnant are mature forms (12 increased and 26 were decreased). We also detected that variations in stem-loop miRNAs levels were correlated with significant variations in their mature forms (miR-24-1-5p, miR-296-5p, and miR-328a-3p). Interestingly, we detected variations in the levels of several miRNAs that belong to the miR-370-410 cluster at both stress periods.
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FIGURE 3. Hierarchical cluster analysis of microRNAs (miRNAs) with significantly altered expression in rat dorsal hippocampus, representing the time evolution of stress treatment. Hierarchical clustering was performed on all samples of miRNAs differentially expressed between control dorsal hippocampi samples with fold changes greater than 2 (red) or less than –2 (blue). The top bar indicates experimental group [red: control (n = 3); orange: stressed animals during 7 days (Stress-7d, n = 3); yellow: stressed animals during14 days (Stress-14d, n = 4). Each row identifies one miRNA (not listed).



These data indicate that a lower number of miRNAs changed their levels after 14 days of stress, in comparison to 7 days of stress. Thus, it is possible that stress triggers changes in the expression, processing and/or turnover of particular miRNAs. We segregated 10 miRNAs according to their maximal variation respective to control. These top-10 miRNAs are shown in Figure 4A, which indicates that the magnitude of reduction in their levels (log2 FC) was lower than that of increase. It is noteworthy that at both stress periods, the miRNAs that reduced their levels were different. Furthermore, Venn diagram revealed seven common miRNAs that changed their levels at both stress periods (Figure 4B). Of those, three miRNAs (miR-296-5p, miR-466c-3p, miR-145-3p) and one precursor (miR-466d/stem-loop) decreased their levels; in contrast, three miRNAs (miR-760, miR-92a, and miR-485) increased their levels in dorsal hippocampus after both 7 and 14 days of stress (Figures 3, 4). Thus, it is plausible that the chronicity of the stressor establishes waves of miRNA expression, and that some changes persist after 7 days of stress.
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FIGURE 4. Top 10 miRNAs most differentially expressed in dorsal hippocampi after 7 and 14 days of stress. (A) Distributions of Top 10 up-regulated miRNAs and down-regulated miRNAs after 7 and 14 days of stress in comparison to control animals, expressed as log2 FC. (B) The Venn diagram showing the overlapping between dorsal hippocampus of stressed animals during 7 days (left, orange circle) and 14 days (right, light blue circle).



Validation of Selected miRNAs by qPCR

We next validated the changes in miR-760-3p, miR-92a-3p, and miR-485-5p by qPCR on independent biological samples obtained after 7 and 14 days of stress, using RNA expression of SNO95 gene as normalizer, as we previously validated (Castaneda et al., 2015). We detected that miR-760 levels were insensitive to both stress periods (Figure 5A). In contrast, the analysis of miR-92a levels showed differences between groups (Kruskal–Wallis P < 0.005) and we found that the levels of miR-92a in stressed animals during 14 days increased twofold in comparison to controls (Dunn’s post-test P < 0.01, Figure 5B). Similarly, the expression of miR-485 was different among experimental groups (Kruskal–Wallis, P < 0.01), and we detected a rise of almost threefold in animals stressed during 14 days in comparison to controls (Dunn’s post-test P < 0.01, Figure 5C). However, the difference between controls and animals stressed during 7 days was only detected by Mann–Whitney analysis, and indicated a 1.5 fold increase in miR-485 levels (one-tailed test P < 0.05).
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FIGURE 5. Validation of stress-induced miRNAs expression in dorsal hippocampus. The miR-760, miR-92a, and miR-485 levels were determined by quantitative real-time PCR (qPCR) after 7 and 14 days of restraint stress. (A) Levels of miR-760 in dorsal hippocampi of Control (n = 7), Stress-7d (n = 5) and Stress-14d (n = 7) animals. (B) Levels of miR-92a in Control (n = 7), Stress-7d (n = 4) and Stress-14d (n = 8) group. (C) Levels of miR-485 in Control (n = 4), Stress-7d (n = 5) and Stress-14d (n = 5). Data were analyzed by Kruskal–Wallis test followed by Dunn’s post hoc test, ∗∗P < 0.01. Mann–Whitney test two-tail, #P < 0.05.



In order to understand whether some of the stress mediators have a role in the expression of miR-92a and miR-485, we next examined the effect of chronic exogenous CORT administration (14 days) at a dose that we previously reported to induce an increased immobility time in the forced swimming test; i.e., similarly to our chronic stress model (Ulloa et al., 2010). Compared with vehicle control rats, CORT administration induced a reduction in both weight gain and adrenal gland weight, which is indicative of CORT effects (see Supplementary Figure S1). As shown in Figure 6, neither miR-92a nor miR-485 vary their expression under this CORT administration regimen. In whole, these results indicate that 14 days of stress triggers changes in the expression of miR-92a and miR-485 in dorsal hippocampi; variations that are not mimicked by CORT administration.
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FIGURE 6. Effect of corticosterone administration during 14 days on miR-92a and miR-485 expression in dorsal hippocampus. The miRNAs levels were determined by quantitative real-time PCR (qPCR) after daily 30 mg/kg s.c. administration of corticosterone (CORT) or vehicle (Propylene glycol). (A) Levels of miR-92a in Control (n = 5) and CORT-treated (n = 5) animals. (B) Levels of miR-485 in control (n = 6) and CORT-treated (n = 5) animals.



In silico Studies to Search Targets and Putative Pathways Regulated by miR-92a-3p and miR-485-5p

The miRNA Target Filter from IPA was used to gain insight about the gene products interaction network, their participation in canonical pathways, biologic functions, and cellular processes modulated by miRNA actions. From a total of 103 targets, we found 12 mRNAs with a moderate prediction, 86 with high prediction, and 5 experimental validated targets of miR-92a-3p (Supplementary Table S3). These targets were segregated according to their corresponding cellular compartments; 7 gene products were present at the extracellular space and correspond to peptides that are involved in cell polarity, and others correspond to secreted enzymes involved in matrix remodeling. Another main group of targets corresponded to proteins located at the plasma membrane, such as G-coupled receptors, subunits of channel receptors, scaffold proteins, and enzymes, among others (Figure 7). Furthermore, another group included targets located in the cytosol compartment, including phosphatases and other enzymes (Figure 7). Moreover, miR-92a had 13 predictive targets that correspond to transcription factors (Figure 7). In silico analysis revealed that the top-10 biological functions of miR-92a were related to: Nervous System Development and Function, Tissue Development, Behavior, Embryonic Development, Organ Development, Organismal Development, Organismal Survival, Tissue Morphology, Digestive System Development and Function, and Organ Morphology (Figure 8A). Target analysis revealed a large number of genes associated with canonical pathways related to Axonal Guidance Signaling, Synaptic Long-Term Potentiation, Calcium signaling, G-protein Coupled Receptor Signaling, cAMP-mediated signaling, PKA signaling, neuropathic pain signaling, cardiac β-adrenergic signaling, Phospholipase C signaling, and Dopamine-DARPP32 feedback in cAMP signaling (Figure 8B).
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FIGURE 7. IPA pathway representation of miR-92a targets. 103 predicted and probed targets mRNAs are represented. Gene products are positioned according to subcellular localization. Only direct connections (i.e., direct physical contact between two molecules) among the individual gene products are shown; arrow-lines indicate protein-protein binding interactions.
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FIGURE 8. Targets and pathways influenced by miR-92a-3p. Targets were evaluated using Target scan and the pathways associated with genes that are predicted to be targets of miR92a are shown (P < 0.05, Fisher’s Exact test). (A) Top-10 biological functions identified by Ingenuity pathway analysis showing physiological and pathological functions that may be influenced and (B) Canonical pathways associated to miR92a (P < 0.05, Fisher’s Exact test). The ratio was determined as the number of genes in a given pathway divided by the number of genes that make up the pathway. The P-value for a given process annotation is calculated by considering the number of genes that participate in a process and the total number of genes that are known to be associated with that process in the selected reference set. Significance of upregulated or downregulated pathways was determined using Fisher’s exact test and is presented as the negative logarithm of the P-value [–log (P-value)]. A multiple corrections test is not available for IPA; therefore, all values are reported as unadjusted P-values. The predicted activation state (upregulated or downregulated) of significantly expressed pathways was determined by a z-score algorithm that compared the gene expression data set with the expected canonical pathway patterns (http://ingenuity.force.com/ipa). Pathways with positive (orange) and negative (blue) z-scores indicate that the pathways are activated and inhibited, respectively. Gray indicates that there is no report. Ratio is calculated as the number of genes that overlap with the corresponding pathway.



In silico Studies to Search Targets and Putative Pathways Regulated by miR-485-5p

On the other hand, in the case of miR-485-5p, we found 70 target mRNAs with moderate prediction and 61 with high prediction, from a total of 131 targets (Supplementary Table S4). Fourteen gene products were present at the extracellular space and correspond to morphogen peptides, Wnt signals, growth factors, and extracellular proteases, among others (Figure 9). Furthermore, a large number of gene targeted products (50 mRNAs) are G-coupled receptors, subunits of channel receptors, transporters, adhesion molecules, enzymes, and scaffold proteins (Figure 9). The other group corresponded to 45 targets located in the cytosol and includes enzymes such as kinases and phosphatases, among others. Interestingly, there are many transcription factors, along with HDAC and ligand-dependent nuclear receptors, which are predicted to be miR-485 targets. Analysis of the top-10 canonical pathways influenced by miR-485 detected 9 of the same 10 pathways predicted for miR-92, with the exception of Digestive System Development and Function, but including Cardiovascular System Development and Function (Figure 10A). Target analysis for miR-485 revealed a large number of genes associated with canonical pathways related to Axonal Guidance Signaling (i.e., similarly to miR-92a), Huntington’s Disease Signaling, Molecular Mechanism of Cancer, Ephrin Receptor signaling, Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis; Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, Role of NFATs in Cardiac Hypertrophy, PLC Signaling, CREB Signaling in Neurons and Role of homeobox protein NANOG in Mammalian Embryonic Stem Cell Pluripotency (Figure 10B).
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FIGURE 9. IPA pathway representation of miR-485 targets. 131 predicted targets mRNAs are represented. Gene products are positioned according to subcellular localization. Only direct connections (i.e., direct physical contact between two molecules) among the individual gene products are shown; arrow-lines indicate protein-protein binding interactions.
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FIGURE 10. Targets and pathways influenced by miR-485-5p. (A) Top-10 biological functions identified by Ingenuity pathway analysis and (B) Canonical pathways associated to miR-485a (P < 0.05, Fisher’s Exact test). The ratio is calculated as the number of genes in a given pathway divided by the number of genes that make up the pathway. The P-value for a given process annotation is calculated by considering the number of focus genes that participate in that process and the total number of genes that are known to be associated with that process in the selected reference set. The predicted activation state (upregulated or downregulated) of significantly expressed pathways was determined by a z-score algorithm that compared the gene expression data set with the expected canonical pathway patterns (http://ingenuity.force.com/ipa). Pathways with positive and negative z-scores indicate that the pathways are activated and inhibited, respectively. Orange color indicates activation of the pathway, blue indicates suppression of the pathway and gray indicates a mixed response. Ratio is calculated as the number of genes that overlap with the corresponding pathway.



Relationship Between miR-92a-3p and miR-485-5p Target Genes

Further analysis centered on regulatory relationships between miR-92a and miR-485 target genes displayed some nodes with proteins that have a pivotal role in brain plasticity (Figure 11). These include HDACs (HDAC 2, 4, and 5); CREB1; the TP53; the NCOR1, SNCA, the MAPT and the NR1 subunit of the NMDA receptor (GRIN1). Figure 11 indicates that these gene products are either connected directly or indirectly to each other. Considering the pivotal role of CREB in hippocampal function (Chen et al., 2001; Carlezon et al., 2005), we decided to determine variations in both its mRNA and protein levels in dorsal hippocampus after 14 days of stress. As shown in Figure 12A, CREB mRNAs levels decreased with stress (two-tailed Mann–Whitney analysis, P < 0.05); nonetheless this variation was not related to a similar variation in hippocampal protein extract (without nuclei) and nuclear fraction (Figure 12B).
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FIGURE 11. Proposed network regulated by variation of miR-92a and miR-485 induced by chronic stress in dorsal hippocampus. The molecular crosstalk (represented as solid lines for direct relationship) is shown as part of the stress-induced up-regulation of miR-92a and miR-485. Protein as part of a node can be observed such as HDAC 2, 4, and 5; CREB1; the tumor protein 53 (TP53); the nuclear receptor co-repressor 1 (NCOR1), synuclein alpha (SNCA), the microtubule associated protein Tau (MAPT) and the NR1 subunit of NMDA receptor (GRIN1).
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FIGURE 12. Evaluation of CREB mRNA and protein levels in dorsal hippocampus. (A) Comparison of CREB mRNA levels in control and chronically stressed animals. RT-qPCR experiments were conducted to determine CREB mRNA levels and data were analyzed by 2−ΔΔCt using β-actin as normalizer. Bar graph represents mean ± SEM of Control (n = 6) and stressed animals (n = 6). Differences between both groups were evaluated with two-tailed Mann–Whitney test. ∗P < 0.05. (B) Levels of CREB protein levels in homogenate and nuclear fraction obtained from dorsal hippocampus. β-actin and Lamin B1(LB1) were used as loading controls for homogenate and nuclear fractions, respectively. Graphs represent mean ± SEM of each group. Control (n = 6) and stressed animals (n = 4).



DISCUSSION

Stress triggers changes in the activity of several neurocircuits in diverse brain areas, particularly in the hippocampus. Antecedents point out that the intensity, duration and chronicity of exposure to stressors determines how the hippocampus reacts to this challenge (Joels and Baram, 2009). We have previously reported that chronic restraint stress in rat induces anhedonia, depressive- (Bravo et al., 2009; Castaneda et al., 2015; Pacheco et al., 2017) and anxiety-like behaviors (Bravo et al., 2009; Ulloa et al., 2010). Moreover, a recent systematic review and meta-analysis conducted in rodents indicated that different models of chronic stress impair the consolidation of learned memories (Moreira et al., 2016).

One of the most important findings of the present study was that the extent of stress exposure (7 vs. 14 days) triggers a differential response in miRNA levels at dorsal hippocampus and remarkably, we found that some of these miRNAs belong to the miR-379-410 cluster. Moreover, we confirmed by qPCR that miR-92a and miR-485 are induced after 14 days of stress in dorsal hippocampus. Furthermore, chronic administration of CORT during 14 days, used to emulate variations in hormone levels that occur during stress exposure, did not mimic the effect of restraint stress; suggesting that the expression of these miRNAs are independent of the effect of this stress hormone. These data indicate that stress triggers changes in the levels of master regulators of mRNAs translation, probably by producing changes in the efficacy of some important transduction signaling pathways in dorsal hippocampus, and hence, determining several neuroplastic changes and functioning of this structure.

The Extent of Repeated Stress Triggers Changes in miRNAs in Dorsal Hippocampus

Evidences recently reviewed indicate that environmental stress exposure may trigger changes in miRNA levels (Hollins and Cairns, 2016). Studies in the prefrontal cortex of adult mice indicated a prominent increase in the levels of different miRNAs after acute stress (2 h) while only minor changes were observed after subchronic restraint (5 days) (Rinaldi et al., 2010). Moreover, these changes were region specific, i.e., with no differences in miRNAs expression in the hippocampus (Rinaldi et al., 2010). In adult male rats, acute immobilization stress triggers an increase in particular miRNA levels, which are reduced after chronic stress in hippocampus and amygdala (Meerson et al., 2010).

The aforementioned antecedents suggest that acute, subchronic, and chronic stress can differentially modify miRNA levels according to specific patterns. With the idea of contributing to this important issue, we chose 7 and 14 days of stress exposure, a particular timing in which we previously observed anhedonic behavior (Castaneda et al., 2015). We observed HPA axis activation (reduction in weight gain, and increase in both fecal output and baseline CORT levels) in both stressed groups, with no sign of adaptation to the homotypic stressor exposure. We used the Affymetrix platform for miRNA expression analysis and mainly detected a rise in miRNA levels and also in some miRNA precursors; variations that may be linked to a stress-induced gene expression profile. It is also important to note that the heatmap miRNAs analysis revealed that miRNA profiling of animals stressed during 7 days was different from that of controls; in contrast, the profile of rats stressed during 14 days was more similar to controls and animals stressed during 7 days. Thus, it is probable that during the first week of stress, more miRNA genes respond to this challenge, and that some compensatory mechanism is triggered to produce a new profile with a lower number of miRNAs that change after 14 days of stress. To sum up, miRNA profiling in dorsal hippocampus depends on the extent of stress exposure and future prospects will consider determining transcriptional, and post-transcriptional mechanisms associated to the stress-induced regulation of miRNA expression.

We were able to confirm by RT-qPCR only two of the three miRNAs that showed the highest increase after 14 days of stress according to chip analysis (miR-92a and miR-485). The discrepancy between the array and qPCR data may depend on a wide repertoire of factors, such as the inherent drawbacks of both techniques and the different normalization and dynamic range of each technique, among others (Morey et al., 2006; Koshiol et al., 2010).

Considering that the chronic stress paradigm is accompanied by a rise in CORT levels, we decided to examine the direct effect of daily administration (14 days) of this hormone on miR-92a and miR-485 levels. Under chronic CORT administration, we have previously observed a depressive-like behavior (high time in immobility in the Forced-swim test) (Ulloa et al., 2010). Additionally, other studies using chronic administration of CORT indicated a reduction in sucrose preference, decreased reward behavior and impaired spatial working-memory (Sterner and Kalynchuk, 2010). In the present study, chronic CORT administration produced a reduction in adrenal gland weight and body weight gain, but did not vary miR-92a and miR-485 levels in dorsal hippocampus. Considering that we do not know how chronic CORT exposure may influence miRNA profiles, we can only conclude that the levels of miR-92a and miR-485 levels are independent of this hormone. Taken altogether, it is plausible that even though the expression of miR-92a and miR-485 is stress-dependent, but CORT independent, they may regulate either the basal or stress-induced variation in the expression of several genes.

The Predicted Targets for miR-92a and miR-485 Are mRNAs Involved in Neuronal Function

The miR-92a-3p is preferentially expressed in glutamatergic neurons (He et al., 2012), and belongs to a family of highly conserved miRNAs with an identical seed region found in diverse paralog clusters: miR-17-92, miR-106a-363, and miR-106b-25 (Tan et al., 2014). A rise in several members of the miR-17-92a cluster (miR-92a, miR-20a) has been detected in brain samples of patients with Huntington’s disease (Marti et al., 2010). Interestingly, after stroke, intravenous administration of exosomes containing members of the miR-17-92 cluster promotes neurite branching, as well as a rise in dendritic spine density in the infarcted brain area of rats (Xin et al., 2017); nonetheless, it is not clear whether a particular miRNA of this cluster is responsible for this effect. On the other hand, deletion of the miR-17-92 cluster in neural progenitors reduces neurogenesis in DG of hippocampus; which was linked to a rise in SGK1 (Li et al., 2016). The GO analysis of targeted mRNAs showed that many of these mRNAs are related to cell proliferation and differentiation (Jin et al., 2016). Additionally, deletion of this cluster promoted depressive-like behaviors, suggesting that members of the cluster may produce antidepressant-like effects (Jin et al., 2016); nonetheless, it is difficult to elucidate which member of this cluster is responsible for the observed effect.

We observed that miR-92a expression is enhanced after 14 days of stress in dorsal hippocampus; a variation that was not accompanied by similar changes in other members of the miR-17-92a cluster (see Supplementary Tables S1 and S2). Nonetheless, we cannot discard the possibility that the different miRNAs from the cluster may have different half-lives (Ruegger and Grosshans, 2012). In cultured rat hippocampal neurons, pharmacological blockage of neuronal excitability triggers a decrease in miR-92a levels, favoring the rise in levels of its target, the subunit GluA1 of AMPA receptor (Letellier et al., 2014). We have recently reported that chronic stress does not change GluA1 levels in dorsal hippocampus (Pacheco et al., 2017), probably ruling out the contribution of miR-92a in the regulation of GluA1 levels. Additionally, contextual fear conditioning in mice triggers a transient rise in miR-92 levels in the hippocampus and reduces various mRNA targets, such as the neuronal K+/Cl− co-transporter 2 (KCC2); CPEB3, a translational regulator in neurons; and the transcription factor MEF2D (Vetere et al., 2014). Additionally, reduction of endogenous miR-92 levels in CA1 neurons prevents variation in these proteins, restricts contextual fear conditioning, and prevents the rise in spine density triggered by memory formation (Vetere et al., 2014). Under this view, it seems that enhanced miR-92a expression may act as compensatory mechanism by limiting the reduction of spine density induced by stress in CA1 (Castaneda et al., 2015; Garcia-Rojo et al., 2017). Additionally, the IPA pathway analysis that we conducted identified canonical pathways associated with miR-92a, such as synaptic LTP, which is a process affected in chronically stressed animals (Pavlides et al., 2002; Alfarez et al., 2003).

We have also shown that some miRNAs residing in the miR379-410 cluster and other stem-loop precursors were mainly up-regulated under stress, suggesting that the expression of this cluster is stress-sensitive. Notably, we detected that stress triggers a rise in the levels of other members of the cluster at 7 days (miR-485, miR-770, miR-758, miR-543, miR-433, miR-154, miR-377, miR-666) and 14 days (miR-485, miR-412, miR-410, miR-127, miR-323, miR-44, miR-411) of stress, and that a few of them were expressed at both stress periods (such as stem-loops miR-300 and miR329). Interestingly, the miR-379-410 cluster, exclusively expressed from the maternal allele, is implicated in diverse neurodevelopmental processes and is a central regulator of neuronal function (Winter, 2015). The expression of this cluster is regulated by neuronal depolarization in a MEF2- and BDNF-dependent manner (Fiore et al., 2009) and at least three of its members (miR-134, miR-329, and miR-381) are crucial for dendritic spine formation induced by neuronal activity (Fiore et al., 2009). Interestingly, we have found that miR-485 levels increase during both of the stress periods evaluated in this study. On the other hand, the increase in neuronal activity of cultured neurons promotes a destabilization of mRNAs that have a common motif in the 3′UTR complementary to the seed domain of several miRNAs, including miR-485 (Cohen et al., 2014). Furthermore, miR-485 decreases TAU mRNA levels in hippocampal neurons, blocks nerve growth factor-induced neurite outgrowth in PC12 cells and reduces the levels of SV2A, a glycoprotein present in synaptic vesicles; suggesting that this miRNA may diminish neurotransmitter release (Cohen et al., 2011). Moreover, overexpression of miR-485 in cultured hippocampal neurons reduces the density of dendritic spines, along with the clustering of PSD-95 and the exposure of AMPA receptor containing GLUA2 subunits at the synaptic plasma membrane (Cohen et al., 2011); however, the mechanisms by which miR-485 produces this effect is unknown. We have recently reported that chronic stress does not produce changes in GLUA2 levels in homogenates obtained from dorsal hippocampus (Pacheco et al., 2017), suggesting that under stress conditions, miR-485 probably targets other mRNAs.

In order to gain insight about probable mRNA targets, we used gene networks based on the IPA tool and found that miR-485 is related to Huntington’s disease signaling. Recent evidence suggests a strong relationship between MDD and neurodegenerative diseases, including Huntington’s disease, as well as natural processes of aging [reviewed in Reus et al. (2016)]. On the other hand, our in silico study identified the top-10 biological functions influenced by miR-92a, nine of which were shared with miR-485 (Nervous System Development and Function, Tissue Development, Behavior, Embryonic Development, Organ Development, Organismal Development, Organismal Survival, Tissue Morphology, Digestive System Development and Function, and Organ Morphology). The only biological function distinctive of miR-92a was that related to Digestive System Development and Function. This global analysis points out that chronic stress may modify processes related to brain wiring that are fully active during development, but that it probably plays a key role in the adult brain. Interestingly, both miR-92a and miR-485 influence similar canonical pathways, such as axonal guidance signaling, which is relevant during development of the nervous system. This pathway involves the presentation of guidance signals, and both the reception and processing of these signals. The main extracellular signals that influence axonal growth cone dynamics include guidance signal families: NETRINS, SLITS, SEMAPHORINS (SEMA) and EPHRINS (EPH); and their corresponding neuronal receptors; i.e., DCC/UNC5, ROBO, NEUROPILIN/PLEXIN, and EPHS (Dickson, 2002). Some predicted targets of miR-92a actions include ROBO (1 and 2), SEMA3A and SEMA6D, DCC, and EPHA8. Although there is not much information about the role of axonal guidance signaling in MDD or stress-related disorders, some evidence indicates that alterations in these proteins are related to neurological disorders (Dickson, 2002). It is also important to highlight that different guidance molecules seem to have key roles in several aspects of synapse formation (Shen and Cowan, 2010) and dendritic spine stability (Koleske, 2013), a critical phenomenon in several animal models of depression (Castaneda et al., 2015; Pacheco et al., 2017). Interestingly, augmented EPHA4-EPHEXIN1 signaling in the prefrontal cortex and hippocampus has been related to depressive-like behavior observed after repetitive social defeat stress (Zhang et al., 2017), unveiling that pathways that canonically play a pivotal role during development may also be relevant in mature brain, perhaps favoring the development of some mood disorders.

The Combined Rise in miR-92a and miR-485 Levels May Influence Gene Expression, Leading to Altered Neural Plasticity

Our in silico study also suggests that the combined effect of miR-92a and miR-485 on their targets may produce alterations in proteins related to neuronal functioning and we will now discuss three aspects especially related to the effect of stress on neuroplasticity. The first one is related to the possible influence of miRNAs on the levels of transcriptional factors. One of them is TB53, which is induced under chronic stress in the hippocampus (Sanchez-Hidalgo et al., 2016) and positively controls neuronal apoptosis (Jordan et al., 1997). On the other hand, the transcriptional factor CREB1—also included in this analysis—has a crucial role in the regulation of gene expression during the development of the nervous system and its expression is reduced in stressed animals (Marsden, 2013). In contrast, reports have shown that hippocampal CREB overexpression exerts antidepressant-like effects (Chen et al., 2001). In the present study, we detected a reduction in CREB mRNA levels in dorsal hippocampus that may be indicative of miRNAs action; nonetheless, we did not observe variations in CREB protein levels. However, there are many possibilities that can explain this discrepancy. For instance, we do not know whether chronic stress triggers changes in the half-life of the protein. On the other hand, since we only evaluated changes in dorsal hippocampus, we do not know whether variations in the levels of CREB protein could be related to a particular neuronal hippocampal stratum. Another possibility is that CREB is not controlled by these miRNAs. Prediction analysis indicated that both miR-92a and miR-485 might also influence gene expression by directly or indirectly targeting HDACs (2, 4, and 5). Some studies have indicated that HDAC2 negatively regulates memory formation, synaptic plasticity (Guan et al., 2009) and density of dendritic spines in hippocampal neurons (MacQueen et al., 2003); i.e., changes also observed under chronic stress (Castaneda et al., 2015; Pacheco et al., 2017). With respect to HDAC4, although it has no catalytic activity, it is able to repress the expression of genes that encode constituents of synapses; thus affecting synaptic architecture and strength (Sando et al., 2012). Additionally, in vivo suppression of HDAC4 in hippocampus has been reported to eliminate stress-induced altered behavior (Sailaja et al., 2012), suggesting that this protein has an important role in stress-related behavior (White and Wood, 2014). Considering the global effect of these HDAC in neuron physiology, it is plausible that the rise in both miR-92a and miR-485 may limit the negative effect of HDACs in hippocampal functioning.

The second aspect that is important to discuss concerns the stress-induced dendritic arbor retraction described in dorsal hippocampal neurons (Pinto et al., 2015) that may be related to changes in microtubule-associated proteins. Our analysis also detected the microtubule-associated protein TAU as part of an interaction node generated by miR-92a and miR-485. TAU interacts with tubulin and promotes microtubule stabilization (Avila, 2006); however, TAU knockout-mice do not show stress-induced altered behaviors and atrophy of hippocampal dendrites (Lopes et al., 2016). Considering these evidences, it is plausible that the expression of miR-92a and miR-485 may modulate the negative effect induced by stress.

The third aspect important to highlight is the description of the constitutive subunit of NMDA receptor (GRIN1) as a node of miR-92a and miR-485 interaction. In agreement, we have reported that chronic stress triggers a rise in the levels of GRIN1 mRNA, along with a reduction in protein levels in whole extract of dorsal hippocampus (Pacheco et al., 2017). Although we do not know the physiological consequence of this reduction, some studies have indicated that this subunit is not a restrictive factor in the number of NMDA receptors that are delivered from the endoplasmic reticulum to the synapse (Stephenson et al., 2008). These evidences suggest that stress-induced variation in miR-92a and miR-485 miRNA levels may regulate expression of important genes related to hippocampal physiology.

CONCLUSION

Our study provides evidence that chronic stress triggers changes in the expression of miRNAs in dorsal hippocampus, in a way that is sensitive to the chronicity of the stress exposure. Further studies must be carried out not only to define a timeline of the spectrum of responses associated to repeated stress exposures—in which a transition of miRNA expression profile is produced—but also to determine whether these changes also involve a transition from homeostatic adaptation to a stress-induced condition characterized by poor adaptation. Understanding this transition will be relevant to gain insight about how stress regulates brain plasticity and pathology, especially in brain structures related to memory consolidation and cognitive functions, such as the hippocampus.

The other important finding is that miR-379-410 cluster expression is sensitive to stress, and the mechanisms by which some cluster members change their levels remains to be elucidated. Moreover, we also found that the stress-induced rise in miR-92a and miR-485 levels do not depend on CORT. Furthermore, we found that the pathways that seem to be mainly influenced by miR-92a and miR-485 are related to axonal guidance signaling and cAMP signaling. Additionally, the combined effect of miR-92a and miR-485 may influence transcription factors, along with histone-modifying enzymes, among others. Nonetheless, future studies must be focused to precise the hippocampus subfields and neuronal fate where these changes in miRNAs are occurring and whether they are limited to somatic or dendritic compartments. Similarly, the physiological relevance of the variations in these particular miRNAs should be addressed through interventional approaches, which undoubtedly may unveil whether or not these miRNAs influence dorsal hippocampus functioning. Altogether, these future scenarios will make it feasible to decipher whether the rise in miR-92a and miR-485 in dorsal hippocampus corresponds to a compensatory or maladaptive stress response.
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Recently, with the development of the space program there are growing concerns about the influence of spaceflight on tissue engineering. The purpose of this study was thus to determine the variations of neural stem cells (NSCs) during spaceflight. RNA-Sequencing (RNA-Seq) based transcriptomic profiling of NSCs identified many differentially expressed mRNAs and miRNAs between space and earth groups. Subsequently, those genes with differential expression were subjected to bioinformatic evaluation using gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes pathway (KEGG) and miRNA-mRNA network analyses. The results showed that NSCs maintain greater stemness ability during spaceflight although the growth rate of NSCs was slowed down. Furthermore, the results indicated that NSCs tended to differentiate into neuron in outer space conditions. Detailed genomic analyses of NSCs during spaceflight will help us to elucidate the molecular mechanisms behind their differentiation and proliferation when they are in outer space.
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INTRODUCTION

Numerous studies have demonstrated that spaceflight can affect many systems of the human body, such as the skeleton system, nervous system, and cardiovascular system (Riley et al., 1990; Baisch et al., 2000; Campbell and Charles, 2015). It is well known that the physical microenvironment and mechanical stress induce various changes in cellular metabolism, cellular morphology, cell signaling pathway, and cell secretion, among others. Numerous recent studies have specifically focused on the effect of outer space on tissue regeneration by various mechanisms. The environment in outer space induces a cascade of reactions associated with changes to the cytoskeleton, cell cycle, cell structure and function (Wang et al., 2003; Pani et al., 2016). For the successful exploration of space, it is extremely important to explore the mechanism behind such alterations in physical, chemical and biological processes.

Neural stem cells (NSCs) are important seed cells in tissue engineering, which have been regarded as an effective therapy for many neurological diseases. Nerve regeneration through stem-cell-based therapy is a promising treatment for Parkinson’s disease, Alzheimer’s disease, and other nerve disorders (Marsh and Blurton-Jones, 2017). However, there are still many problems associated with the clinical application of NSCs, just as the directional differentiation of NSCs was difficult. The vast majority of grafted NSCs differentiate into astrocyte cells, with only a few differentiating into neurons in vivo (Zhang et al., 2016). Previous studies suggested that simulated microgravity and spaceflight may influence the proliferation and differentiation status of various kinds of stem cells (Meyers et al., 2004; Zayzafoon et al., 2004; Yuge et al., 2006; Wang et al., 2007; Chen et al., 2011; Zhang et al., 2013; Blaber et al., 2015). In this study we attempted to determine the effect of spaceflight on the growth and differentiation status of NSCs. NSCs were cultured in proliferation medium and differentiation medium separately for 12 days during space flight of in the shuttle Space Transportation SJ-10 and compared with those grown under similar conditions on Earth (Figure 1).
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FIGURE 1. Flow diagram of illustrating the workflow of cell culture conditions of NSCs in the space and ground group.



It has been demonstrated that a three-dimensional (3D) culture system can recreate a 3D environment that is closer to physiological conditions in terms of cell growth and function (Griffith and Swartz, 2006; Asthana and Kisaalita, 2013). 3D cell culture have been widely used in mechanistic studies of stem cell, disease modeling and pre-clinical drug screening (Brito et al., 2012; Liedmann et al., 2012; Knight and Przyborski, 2015). In this study we used a 3D culture system to evaluate the effect of spaceflight on NSCs. For differentiation analysis, we seeded cells on a 3D collagen sponge scaffold and cultured them in differentiation medium. In proliferation medium the NSCs were amplified by 3D spheroid culture. RNA-Seq analysis was also performed in combination with immunostaining, the results of which indicated that the NSCs retained their stemness during spaceflight, although their proliferative capacity was inhibited. Moreover, the differentiation of NSCs was promoted in the space group. The results also indicated that NSCs readily differentiate into neurons in space.

MATERIALS AND METHODS

Spaceflight Cell Culture Equipment

The spaceflight cell culture experiment was performed in fully automated bioreactors which designed by Shanghai institute of technical physics of the Chinese academy of sciences (China). The automatic cell culture device containing three layers, the culture chamber in the upper and the middle layer, was used to culture NSCs, in which the culture medium could be exchanged automatically. Images of the NSCs cultured in the proliferation medium were recorded by an automatic image acquisition system and transmitted back to the data center on the earth. NSCs cultured in the same device on the earth, were set as a control group. At the end of the 12-day spaceflight, the cells were washed and conserved in RNAlater stabilization reagent or paraformaldehyde by an automatic medium exchange device.

Cell Culture

The NSCs were isolated from rat telencephalon tissues in accordance with a previously described procedure, with slight modifications (Han et al., 2008). All animal experimental procedures were performed in accordance with the Chinese Ministry of Public Health (CMPH) Guide for the Care and Use of Laboratory Animals which was approved by the IACUC Bioethics Committee (IACUC, Institutional Animal Care and Use Committee-Bioethics Committee) of the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences. For proliferation analysis, the cells were suspended at a density of 1 × 106 per chamber in a growth medium consisting of Dulbecco’s modified Eagles medium (DMEM) plus Ham’s F-12 supplemented with 1% (v/v) antibiotic-antimycotic mixed stock solution, 2% (v/v) B-27 Supplement, 20 ng/mL EGF and 20 ng/mL bFGF. For differentiation analysis, the cells were seeded on a collagen sponge scaffold (3 × 105 cells per collagen scaffold) and then cultured in the differentiation medium [DMEM plus Ham’s F-12 supplemented with 1% (v/v) antibiotic-antimycotic mixed stock solution and 1% (v/v) N-2 supplement] (Figure 1). At the end of the cell culture, cells were fixed in RNAlater stabilization reagent or paraformaldehyde.

Collagen Sponge Scaffold Preparation

The collagen sponge was prepared as described previously (Chen et al., 2007). Bovine collagen of spongy bone was selected as the raw material. The size of the collagen sponge used to culture NSCs was approximately 5 mm in diameter and 1mm in thickness. The 3D microstructure of the collagen sponge scaffolds was observed by a scanning electron microscope (SEM, S-3000N; Hitachi, Tokyo, Japan).

FDA/PI Staining of the NSCs

The combined use of the fluorescein diacetate (FDA) and propidium iodide (PI) is one of the most common fluorescence-based methods to assess the viability of cells. The principle of such staining is that PI can only cross membranes of non-viable cells whereas FDA is metabolized by viable cells, which leads to fluorescein fluorescence. Cells were incubated with this staining solution for 4–5 min at room temperature in the dark, and then the staining solution was removed and phosphate buffered solution (PBS) was added. The staining solution contained 100 μg/ml FDA (5 mg/mL in acetone; Sigma Chemical, St. Louis, MO, United States) and 60 μg/ml PI (2 mg/mL in PBS; Calbiochem). Samples were analyzed using the Zeiss 200 inverted fluorescent microscope (Carl Zeiss, Jena, Germany).

RNA Extraction

The extraction of total RNA was performed using Trizol reagent (Sigma Chemical, St. Louis, MO, United States), in accordance with the manufacturer’s instructions. Briefly, RNA was extracted from the NSCs of the two groups which consisted of polls of three biological replicates. Isolated RNA was purified using the RNeasy Plant Mini Kit (Qiagen Sciences, Valencia, CA, United States). The concentration and integrity of RNA were assessed using agarose gel and the ND-1000 NanoDrop spectrophotometer 2000 (NanoDrop Technologies, Wilmington, DE, United States). A total of 1 μg of RNA from each of two biological replicates was pooled for RNA-Seq library preparation.

RNA-Seq cDNA Library Preparation and Sequencing

Genome-wide transcriptional profiling of NSCs samples from the space and ground groups was performed by RNA-Seq. A total of 12 samples were sequenced for each treatment (groups of proliferating or differentiating NSCs cultured in space or on the earth; three biological replicates per group). The RNA library construction and RNA-Seq were performed using Illumina Genome analyzer IIx Hiseq X. Transcriptome libraries for the Illumina X Ten platform were prepared from the total RNA using Illumina’s TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, United States), in accordance with the manufacturer’s protocol. Sequencing took place on an Illumina X Ten sequencer with 150-bp paired-end reads.

Real-Time PCR Analysis

To validate the RNA-Seq results, we performed qRT-PCR on 16 selected DEGs. Nine of the selected DEGs were stemness-related genes and the rest of seven DEGs were differentiation-related genes. The cDNA samples were generated using the HiScript II Q RT SuperMix for qPCR System (Vazyme, R223-01), in accordance with the manufacturer’s instructions. The standard conditions used for real-time PCR were as follows: 95°C for 10 min, followed by 40 cycles of 15 s of denaturation at 95°C and 30 s of annealing/elongation at 55°C. The SYBR® Green signal was measured in each step and each sample was normalized to ACTB as an internal control. Sequences for these primers are listed in Table 1. Mean fold gene expression was calculated with the 2-ΔΔCT method (Livak and Schmittgen, 2001). Q-PCR amplification was performed using an ABI 9700 thermocycler (Applied Biosystems Inc., Foster City, CA, United States).

TABLE 1. The primers of real-time PCR.
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RNA-Seq Data Analysis

The raw sequencing reads were processed through many steps of quality filtering. First, their quality was estimated using the NGS QC Toolkit. Second, low-quality bases and the reads containing ploy-N regions were removed to obtain clean reads. Then the clean reads were mapped to a reference rat genome using TopHat1 to identify known and novel splice junctions and to generate read alignments for each sample (Kim et al., 2013). The Fragments Per Kilobase of transcript per million mapped reads (FPKM) value of each gene was calculated and normalized using Cufflinks (Trapnell et al., 2012). The read counts of genes in the two groups were obtained using htseq-count (Anders et al., 2015). DEGs were identified using the DESeq functional estimator SizeFactors and nbinomTest (Anders and Huber, 2012). Multiple-test-corrected p-value < 0.05 and absolute fold change > 2 were set as the thresholds for screening significantly differentially expressed genes.

Gene Ontology and KEGG Enrichment Analysis

Differentially expressed genes were extracted and transferred to Entrez IDs, and then these IDs were imported into the R package clusterProfiler to perform Gene Ontology (GO) enrichment analysis (Yu et al., 2012). GO terms with a multiple-test-corrected p-value of <0.05 were defined as being enriched. Non-redundant GO enriched terms were selected and plotted using in-house scripts. KEGG enrichment analysis was performed using clusterProfiler, also with the default parameters.

Regulatory Network Construction

The String database and the BioGrid database were used to extract well-curated interaction genes of before screened DEG genes (Szklarczyk et al., 2015; Chatr-Aryamontri et al., 2017). Then, the expression data of all genes were extracted and imported into Cytoscape (Shannon et al., 2003). The coexpression network was constructed using the ExpressionCorrelation plugin and displayed in Cytoscape. Then, a prefuse force network algorithm was used to generate coregulatory clusters and an attribute circle layout was used to place nodes of each subcluster. Differentially expressed miRNAs were screened using DESeq2 with the thresholds of multiple -hypothesis-corrected p-value < 0.05 and absolute fold change > 2. The target genes of these miRNAs were predicted using miRanda (matching score higher than 150 and binding energy less than -30 kcal/mol), and further filtered using expression correlation. The miRNA-target gene regulation network was also constructed using Cytoscape with the prefuse force directed layout algorithm.

Immunofluorescence Staining Analysis

The differentiation status of the NSCs was also assessed by immunofluorescence staining, in accordance with a slightly modified version of procedures in previously published papers (Cui et al., 2016). For immunofluorescence staining analysis, cells were incubated with the primary antibodies Tuj1 (1:500,05-549, Upstate), Map-2 (1:400; M1406, Sigma), and GFAP (1:200; MAB360, Millipore) overnight at 4°C. The secondary antibodies were anti-mouse IgG FITC antibody (1:200; 31547, Invitrogen) and anti-rabbit IgG FITC antibody (1:1000; 31635, Invitrogen) diluted in blocking buffer. Nuclei are counter-stained with Hochest 33342 (1:500; Sigma). The fluorescent images of 3D-cultured NSCs were visualized on a Leica TCS SP5 scanning laser confocal fluorescence microscope (Leica Microsystems). The number of immunostained cells was counted in each of three random fields per well and the fluorescence images were selected randomly. Quantification of the immunofluorescence signal was performed using Image-Pro Plus software (Media Cybernetics, Bethesda, MD, United States).

Statistical Analysis

All values are expressed as mean ± SD (n = 3) and differences were considered significant when p < 0.05. The Shapiro–Wilk test was performed to check the normality of all the variables. Data were analyzed statistically by one-way analysis of variance (ANOVA) and the Student’s t-test, using SPSS 17.0 software (SPSS GmbH, Munich, Germany).

Accession Number

The cDNA and miRNA sequencing data from space-flighting NSCs have been submitted to the NCBI Sequence Read Archive2 under accession number SRP126507.

RESULTS

The Stemness and Proliferative Ability of NSCs during Spaceflight

When the satellite returned to earth, we performed FDA/PI staining to determine the cell viability of NSCs. The FDA/PI staining results showed that neurospheres possessed excellent cell viability when they were cultured in proliferation medium (Figure 2A). The proliferative process of NSCs could be recorded by an automatic imaging device during spaceflight. The images transmitted from the satellite indicated a decrease in neurosphere volume of the NSCs during spaceflight (Figure 2B).
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FIGURE 2. Neurosphere formation of NSCs during spaceflight. (A) Representative cell images of the FDA/PI staining of neuroshpheres. (B) Representative images of the neurosphere formation process of NSCs during spaceflight. The ground group was set as a control. (C) Hierarchical clustering analysis of expression profiles of proliferation-related genes in the proliferating NSCs. Red color indicates a higher z-score, while green indicates a lower one. (D) The expression levels of stemness and proliferation-related gene were quantified by real-time PCR. ACTB was used as an internal control. Data are presented as mean ± SD of three different experiments. ∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001 vs. the ground group.



We attempted to determine whether the proliferation status of NSCs was affected during spaceflight and whether NSCs maintain their stemness under such conditions. A heatmap of hierarchical clustering was created for selected DEGs related to stemness or proliferation using the FPKM values between the space and ground groups (Figure 2C). The data presented here show that the expression of cell proliferation marker Ki67 was downregulated during spaceflight. Also, the expression of cyclin- dependent kinases Cdk1 is down-regulated, on the contrary, the expression of negative cell cycle regulator Cdkn2a and Cdkn2b were up-regulated during spaceflight as shown in Figure 2C. Some cell cycle regulators play an important role in influencing proliferation, the decreased cell proliferation may be a result of cell cycle arrest. As a key process in cell proliferation, the alteration of the length of the cell cycle is associated with a switch between proliferation and differentiation. Moreover, the transcription factor Pax6 is essential for NSC proliferation, multipotency, and neurogenesis. Increased expression of Pax6 positively promote NSC self-renewal and neurogenesis (Osumi et al., 2008; Sansom et al., 2009; Curto et al., 2014; Gan et al., 2014). The Notch1 signaling pathway has also been demonstrated to control NSC fate (Kiparissides et al., 2011; Zhou et al., 2014; Stergiopoulos and Politis, 2016). The heatmap results indicated that the expression of several key stemness-related genes was upregulated in the Space group. Apart from these cell-cycle and transcription-factor-related genes, the expression of many well-known stemness-related genes such as Rest and Klf4 was also upregulated in the space group (Johnson et al., 2008; Yang et al., 2012; Cui et al., 2014; Zhang et al., 2015).

Furthermore, the validity of RAN-Seq data was confirmed by consistent findings of gene expression changes in the qPCR data analysis (Figure 2D). Consistent with the RNA-Seq results, the qPCR results indicated that the expression of the six selected genes was upregulated in the space group. Since the transcription factor Sox2 plays a key role in the maintenance of NSC properties, including proliferation/ survival, self-renewal and neurogenesis (Pevny and Nicolis, 2010; Andreu-Agullo et al., 2011; Thiel, 2013), we also determined the expression of Sox2 by qPCR analysis. Although the RNA-Seq data indicated that there was no notable difference in Sox2 expression between the space and ground groups, the qPCR results demonstrated that the expression of Sox2 was upregulated in the space group.

The Differentiation of NSCs Was Promoted during Spaceflight

Before spaceflight, a single cell suspension of NSCs were seeded on each of the collagen sponge scaffolds, after which the scaffolds were put in the differentiation medium. As shown in a representative SEM image, the seeded NSCs attached well to the scaffold via cytoplasmic extensions and lamellipodia (Figure 3A, middle). The SEM results indicated that collagen sponge scaffolds have good biocompatibility with NSCs. Moreover, the FDA/PI staining results showed that 3D-cultured NSCs possessed excellent cell viability when they returned from outer space (Figure 3A, right). To further assess the effects of being in space on the neural differentiation of 3D-cultured NSCs, the expression levels of an early neuron marker (Tuj1, neuron -specific tubulin III), an astrocyte marker (Gfap) and a mature neuron marker (Map2) were assayed by immunofluorescence staining. We found that the expression of Map2 increased whereas the expression of Gfap decreased in the space group of NSCs. Meanwhile, no significant alterations in the expression of Tuj1 were identified between the space and ground groups (Figure 3B). Our findings suggested that, during spaceflight, NSCs tended to differentiate into neurons, but their differentiation into astrocytes was inhibited.
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FIGURE 3. The differentiation status of 3D-cultured NSCs during spaceflight. (A) SEM analysis of the collagen sponge scaffold materials (left) and NSCs cultured on them (middle). Representative cell images of the FDA/PI staining of NSCs cultured on these materials (right). (B) The expression of the neural markers Tuj1 and Map2 and the astrocyte marker GFAP were detected by immunofluorescence staining. The graph shows the quantitative of positive staining. Data are presented as mean ± SD. ∗p < 0.05, ∗∗p < 0.01 vs. the ground group. (C) Hierarchical clustering analysis of expression profiles of neuron differentiation-related genes in differentiating NSCs. Red indicates a higher z-score, while green indicates a lower one. (D) The expression level of differentiation-related genes was quantified by real-time PCR. ACTB was used as an internal control. Data are presented as mean ± SD of three different experiments.



Hierarchical clustering of major differentiation-related genes between the space and ground groups was generated (Figure 3C). In accordance with the immunofluorescence staining results, the heatmap results indicated that the expression of neuron markers Map2 and Tuj1 was elevated and the expression of the astrocyte marker Gfap was down regulated. In addition, many epigenetic regulators including Hdac2, Hdac9, and Ezh2 were also up-regulated in the space group. It has been reported that Id3 promotes the differentiation of NSCs into astrocytes upon central nervous system (CNS) injury (Bohrer et al., 2015). The expression of Id3 was downregulated in the space group, which supports the finding that the differentiation of NSCs toward astrocytes was suppressed. Moreover, the expression of Pten, Hdac2, Wnt5a, Neurog2, and Ezh2 genes was elevated in the space group which was previously reported to promote the neural differentiation of NSCs (Lange et al., 2006; Sun et al., 2011; Sher et al., 2012; Barton and Fendrik, 2013; Bengoa-Vergniory and Kypta, 2015; Chen et al., 2015). To confirm the RNA-Seq results, we randomly selected seven genes involved in neural differentiation to validate their altered expression using qPCR. The qPCR results proved the validity of the findings obtained by RNA-Seq (Figure 3D).

Differential Gene Expression Profiles of NSCs Combined with GO and KEGG Analyses of DEGs between Space and Ground Group

To determine the differential expression profile in NSCs between the space and ground groups, 12 cDNA libraries were constructed for four groups, namely, the proliferating and differentiating NSCs cultured in space or on the earth. Sequencing on the Illumina X Ten platform provided 48036974 and 48395940 paired-end reads for the space and ground group libraries in the differentiation of NSCs, while 46081266 and 46759526 paired-end reads were obtained in the proliferating NSCs, respectively. After filtering, and removing the low-quality reads, the clean reads were pooled together and then mapped to the reference genome. On average, 89.46, 87.69, 89.00, and 85.46% of the read pairs in the four groups uniquely mapped to the rat reference genome from the Ensembl database, release 82. We investigated the expression levels of genes between the space and ground groups by comparing these libraries using FPKM analysis, with a false discovery rate (FDR)-adjusted p-value < 0.05 and |log2ratio|≥ 1. In total, 22268 Rattus norvegicus genes were used for the subsequent analyses. Compared with the ground control group, the DEGs with an adjusted p-value < 0.05 and fold change > 2 as determined by DESeq in the space group were screened out. As shown in the volcano plot, 3279 differentially expressed genes were screened in the differentiating NSCs (Figure 4A, up), while 1589 DEGs were identified in the prolifeating NSCs between the space and ground groups (Figure 4A, down).
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FIGURE 4. RNA-seq analysis of differential gene expression in the proliferation (top) or differentiating (bottom) group of NSCs between the space and ground groups. (A) Volcano plot of genes differentially expressed between the space and ground groups. Significantly up- and downregulated genes are shown as red and green dots, respectively. The blue dots represent genes with no significant difference between the space and ground groups. (B) Gene Ontology (GO) biological process analysis for the genes differentially expressed between the space and ground groups. (C) KEGG pathway enrichment analysis for the genes differentially expressed between the space and ground groups. Each row shows one significantly enriched (adjusted p-value < 0.05) GO terms. The size of dots indicates the number of up- or downregulated differentially expressed genes between the space and ground groups for the given GO terms. Colors of the dots represent the significance of enrichment, with the significance level increasing from green to red.



The functional classification of DEGs was further examined to better explore the expression patterns and regulatory mechanisms of genes during spaceflight. For a more in-depth analysis using bioinformatics, GO analysis was performed using the DAVID functional annotation tool3 according to the enrichment scores (Figure 4B). Genes matching well-characterized proteins or proteins with putative functions were grouped and summarized using GO. In the proliferating NSCs, GO enrichment analysis showed that the DEGs were particularly associated with cell proliferation, cytoskeleton, cell migration, and cell adhension, among others. Meanwhile, in the differentiating NSCs, the DEGs were particularly associated with cell adhension, apoptosis, and oxidative stress, among others. The results also showed that the majority of DEGs identified in the differentiating NSCs are involved in the Notch signaling pathway, Wnt signaling pathway, neurotransmitter secretion, and axon extension, among others.

Additionally, these DEGs were assigned to various KEGG pathways (Figure 4C). For the pathway enrichment analysis, we mapped those differentially expressed unigenes to terms in the KEGG database and searched for KEGG terms that were significantly enriched compared with the transcriptome background. During the clustering processes, in the differentiating NSCs, the pathways with particular associations were cell adhension, the TNF signaling pathway, and the NF-kappa B signaling pathway. Meanwhile, in the proliferating NSCs, the enriched pathways were the MAPK signaling pathway, the Rap1 signaling pathway, and the cAMP signaling pathway. Our analysis also revealed that apoptosis, cytoskeleton and cell adhesion were affected by spaceflight.

Taken together, these results indicated that many biological processes and signaling pathways are affected by factors prevailing in the environment of outer space. These GO terms and KEGG classifications serve as indications of biological processes of NSCs that differ significantly between outer space and earth, which could offer clues for further studies to determine their functions in space.

Differential miRNA Expression Analysis and Integrated Analysis of miRNAs and Their Target Genes by GO Analysis between Space and Ground Group

Compared with their levels in the ground group, the levels of 93 miRNAs were decreased and those of 90 miRNAs were increased in the proliferating NSCs in the space group; meanwhile, 51 miRNAs were decreased and 91 miRNAs were increased in the differentiating NSCs in the space group (Figures 5A, 6A). A substantial number of these miRNAs that were differentially expressed were identified to be involved in cell proliferation, migration, and differentiation, among others. The heatmap results indicated that those miRNAs that were previously reported to be correlated with inhibition of the proliferation of NSCs were upregulated in the space group of NSCs, such as let-7, miR-128, miR-378, miR-138, miR-338, and miR-330 (Godlewski et al., 2008; Zhao et al., 2010; Barca-Mayo and Lu, 2012; Cimadamore et al., 2013; Huang et al., 2015; Choi et al., 2016) (Figure 5B). Meanwhile, several differentiation-related miRNAs, such as miR-125, miR-124, miR-134, miR-17, and miR-21, were also up-regulated during spaceflight in the space group of NSCs (Figure 6B) (Cui et al., 2012; Xu et al., 2012; Gioia et al., 2014; Jiang et al., 2016; Mao et al., 2016).


[image: image]

FIGURE 5. Small RNA sequencing (smRNA-seq) analysis differentially expressed between the Space and Earth groups in the proliferating NSCs. (A) Volcano plot of genes differentially expressed between the space and ground groups. Significantly up- and down-regulated genes are shown as red and green dots, respectively. The blue dots represent genes with no significant difference in expression between the space and ground groups. (B) Hierarchical clustering analysis of the expression profiles of those proliferation-related miRNAs. Red color indicates a higher z-score, while green indicates a lower one. (C) The target genes of the differentially expressed miRNAs were subjected to GO analysis in the proliferating NSCs. Each row shows one significantly enriched (adjusted p-value < 0.05) Gene Ontology (GO) terms. The size of dots indicates the number of up- or down-regulated genes differentially expressed between the space and ground groups for the given GO terms. Colors of dots represent the significance of enrichment, with the significance level increasing from green to red. (D) The miRNA-gene network of these self-renewal-related miRNAs differentially expressed during spaceflight. Node size correlates with “Indegree” computed by Cytoscape. Edges presented as solid lines, dashed lines and dotted lines represent high to low conservation of binding sites. The color of edges is heat-mapped with the fold change value of miRNAs.
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FIGURE 6. smRNA-seq analysis of miRNAs differentially expressed between the space and ground groups in the differentiating NSCs. (A) Volcano plot of genes differentially expressed genes between the space and ground groups. Significantly up- and downregulated genes are shown as red and green dots, respectively. The blue dots represent genes with no significant difference between the space and ground groups. (B) Hierarchical clustering analysis of the expression profiles of the neuron differentiation-related miRNAs. Red color indicates a higher z-score, while green indicates a lower one. (C) The target genes of the differentially expressed miRNAs were subjected to GO analysis in the differentiating NSCs. Each row shows one significantly enriched (adjusted p-value < 0.05) Gene Ontology (GO) term. The size of dots indicates the number of up- or down-regulated genes with differential expression between the space and ground groups for the given GO terms. Colors of dots represent the significance of enrichment, with the significance level increasing from green to red. (D) The miRNA-gene network of the neuron differentiation-related miRNAs differentially expressed during spaceflight. Node size correlates with “Indegree” computed by Cytoscape. Edges presented as solid lines, dashed lines and dotted lines represent high to low conservation of binding sites. The color of edges is heat-mapped with the fold change value of miRNAs.



To determine the putative functions and target genes of these differentially expressed miRNAs identified in the space group, the functional enrichment of these predicted target genes was analyzed. The miRNAs and their target genes displayed the opposite expression patterns. This suggested that most miRNAs function as crucial regulators by modulating the expression of their target genes associated with the cell cycle, cell growth, metabolic processes, and Wnt signaling in the proliferating NSCs (Figure 5C). As shown in Figure 6C, in the differentiating NSCs, targeted genes were particularly associated with the cell cycle, cell adhension, Notch signaling and Wnt signaling.

Using the miRNA-target gene pairs predicted by TargetScan, the regulatory networks between differentially expressed miRNAs and their target genes that participate in the proliferation or differentiation of NSCs were constructed (Figures 5D, 6D). These figures show that many target genes associated with the proliferation of NSCs were regulated by these miRNAs differentially expressed between the space and ground groups for the proliferating NSCs, such as cyclin D1, Ccnd2, Lin28b, E2F2, Hmga1, and Hmga2. In addition, bioinformatic analyses indicated that neural differentiation-related genes such as Nestin, Smad4, Stat3, and sp1, were regulated by the miRNAs differentially expressed between the space and ground groups for the differentiating NSCs. The miRNA-gene networks support the assertion that neural differentiation was promoted while cell proliferation was inhibited during spaceflight.

Integrated Bioinformatic Analysis Indicated That the Wnt Signaling Pathway Was Mainly Involved in the Differentiation and Proliferation of NSCs during Spaceflight

The data obtained from RNA-Seq indicated that the expression of many key mediators involved in the Wnt signaling pathway changed in the space group of NSCs; meanwhile, many target genes of the differentially expressed miRNAs were also involved in this pathway. To shed light on the role of Wnt signaling during spaceflight, we constructed a complex network of direct regulation among these differentially expressed genes associated with stem cell self-renewal, differentiation, and Wnt signaling to show the distinct regulatory relationships among them (Figure 7). This network analysis indicated that Wnt signaling-related genes, such as Wnt5a and Tcf7, were significantly up-regulated. As a key mediator in the non-canonical Wnt pathway, the up-regulation of Wnt5a has been demonstrated to promote neuron differentiation (Lange et al., 2006). Consistently with this, the stemness-related genes Pax6 and Bmi1 were up-regulated in the space group. In contrast, the expression of the oligodendrocyte markers Galanin (Gal) and Olig2 was downregulated (Fu et al., 2002; Gresle et al., 2015).
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FIGURE 7. Interaction regulatory network involved in spaceflight. (A) The interaction regulatory network between Wnt signaling and neural stem cell development-related genes. (B) The interaction regulatory network among miRNAs, Wnt signaling and neural stem cell-related genes in the differentiating (left) or proliferating NSCs (right). MiRNAs and genes are connected by target relationships. The line color represents the strength of the correlation of expression between genes themselves or between gene and miRNAs, with red representing a positive correlation and green representing a negative one. A higher correlation is shown by higher color saturation. Node color represents the fold change of expression (ground vs. space) of related genes or miRNAs.



Furthermore, the miRNA-Wnt signaling-proliferation/neural differentiation network indicated that miRNAs regulated the differentiation or proliferation of NSCs not only by directly regulating their target genes, but also by regulating molecules that constitute the Wnt signaling pathway. For example, in this network, we found that miR-125 directly regulated the neural differentiation-related genes Plxna1, Myo6, and Lif; it may also regulate the Wnt signaling-related gene zfp703 in the differenting NSCs. Taken together, these results indicated that the alteration of the Wnt signaling pathway leads to change of the proliferation or differentiation of NSCs in space, and the exposure to outer space caused alterations of the Wnt signaling pathway in NSCs via different regulatory mechanisms.

DISCUSSION

With the rapid development of space engineering, increasing efforts have been expended on research on stem-cell-based tissue engineering during spaceflight. Recent studies have suggested that NSCs are capable of not only self-proliferating but also differentiating into a variety of terminal cell types, so they might serve as an autologous cell source for regenerative strategies to treat various neurological diseases. For tissue engineering, a 3D cell culture system can generate a 3D structure to permit cellular adhesion, proliferation, and differentiation into a functional tissue construct, which can be regarded as a copy of living tissue (Tian and George, 2011; Kuo et al., 2015; Nandkumar et al., 2015). If 3D cell cultures can be exploited to the full, they hold great potential for regenerating organs by assembling differentiated cells into functional, organ-level tissues. In this study we employed a 3D culture system to evaluate the effect of exposure to outer space environment on neural tissue engineering.

The environment encountered in outer space has a range of challenges for the integrity of living cells and tissue, including microgravity and highly energetic ionizing radiation. In recent years, substantial research in the field of space medicine has focused on the effects of outer space on various stem cells. In the NASA Space Tissue Loss experiment performed on the Space Shuttle Discovery during the NASA STS-131 mission, the results indicated that spaceflight promoted the maintenance of gene expression in embryonic stem cells (Blaber et al., 2015). The behavior of potentially osteogenic murine bone marrow stromal cells (BMSCs) in a 3D culture system was also studied inside the KUBIK aboard the space mission ISS 12S in space. The results indicated that cell proliferation was inhibited in the spaceflight samples, and the microarray results indicated decreased expression of cell-cycle genes in space (Monticone et al., 2010). Previous research also demonstrated that microgravity promotes the proliferation of human neural stem cells (hNSCs), as revealed by using a rotary cell culture system (RCCS). It has been proposed that the RCCS bioreactor would support hNSCs growth by enhancing the function of mitochondria (Chiang et al., 2012). However, to the best of our knowledge, no studies have investigated the molecular mechanisms that occur in NSCs during actual spaceflight, so much has still to be learned about the effects of outer space on NSCs.

Understanding the prevailing molecular mechanism at the genetic level is very useful to evaluate the status of NSCs in outer space. To elucidate the molecular mechanisms behind the effects of exposure to outer space on NSCs, we performed RNA-Seq to study the whole-genome expression profile of mRNAs and miRNAs. High-throughput RNA sequencing approaches have been used extensively to characterize gene expression and determine genetic networks in NSCs. By integrating systematic analysis of miRNA and mRNA expression profiling, possible molecular mechanisms involved in spaceflight could be further explored. Many of the key genes, miRNAs, and signaling pathways involved in the proliferation or differentiation of NSCs during spaceflight have been identified through large-scale analyses of transcriptomes and bioinformatic analysis. Considering that one single miRNA regulates numerous gene targets, miRNAs are now recognized as critical regulators during the differentiation or proliferation process of NSCs. In this study we identified the patterns of mRNAs and miRNAs patterns that were altered during spaceflight and we also performed integrated analysis of miRNA-mRNA profiles. By integrating the transcriptome and miRNAome data, the GO and KEGG analyses indicated that being in space affected the proliferation, cell cycle, differentiation, adhesion, apoptosis, and migration of NSCs. Moreover, the GO analysis of DEGs combined with mRNA–miRNA regulatory network analysis indicated that the variation of Wnt signaling pathways was involved in regulation of the proliferation and differentiation of NSCs during spaceflight.

Wnt signaling is reported to be altered in outer space conditions (Lin et al., 2009; Blaber et al., 2015). Consistent with previous studies, the miRNA-Wnt signaling-proliferation/neural differentiation network constructed in our study shed light on the role of Wnt signaling in NSCs during spaceflight. It shows a robust relationship and interaction between miRNAs and certain genes involved in the Wnt signaling pathway, proliferation and differentiation. The bioinformatic analysis indicated that many differentially expressed miRNAs directly regulate differentiation or proliferation via their target genes, although they may also regulate the differentiation or proliferation of NSCs by influencing the Wnt signaling pathway. Since miRNAs may function as switches and a fine-tuners, they play important roles in the regulatory network. The network indicated that a majority of Wnt signaling components can be regulated by miRNAs, and both miRNAs and Wnt signaling pathway components interact to regulate the differentiation and proliferation processes of NSCs during spaceflight. Mounting evidence has demonstrated that Wnt signaling plays an important role in controlling the proliferation and differentiation of NSCs (Yu et al., 2006; Hirsch et al., 2007; Kalani et al., 2008; Yang et al., 2014). When NSCs were transduced with the Wnt3a-expressing plasmid, the self-renewal ability of neurospheres was elevated and the NSCs tended to differentiation into neurons, on the contrary, the rates of differentiation into glial cells was decreased (Yu et al., 2006). A similar report by Muroyama et al. (2004) reported that the differentiation of NSCs into MAP-2 positive neurons was promoted when cultured in conditioned medium containing Wnt3a protein. Yang et al. (2014) further confirmed that the long-term activation of Wnt signaling can facilitate NSC proliferation and induce a sustained preference for NSCs to differentiate into neurons both in vitro and in vivo. Furthermore, the Wnt signaling pathway was reported to play a critical role in the development of the nervous system, such as neuroectoderm formation (Mulligan and Cheyette, 2012; Range et al., 2013), neural axon guidance (Lyuksyutova et al., 2003), and neural crest cell migration (Matthews et al., 2008). Thus, understanding the influence of spaceflight on the Wnt signaling pathways is important for successful tissue engineering applications of NSCs in outer space.

This report provides the first evidence that the stemness ability of NSCs was well retained in outer space and their neuron differentiation ability was elevated. Importantly, markers for the stemness of stem cells, such as Sox2, Pax6, and Notch1, were found to be elevated, indicating that NSCs remained in a stem-cell-like state in the proliferation medium during spaceflight, although the proliferation rate did decrease. This was supported by the findings that the expression of mature neuron marker Map2 increased during spaceflight, whereas the astrocyte marker Gfap and the oligodendrocyte markers Gal and Olig2 were all downregulated. Collectively, these results indicated that NSCs tended to differentiate into neurons in outer space.

Our findings suggested that culture in outer space may contribute to tissue engineering by improving the neural differentiation abilities of NSCs in vitro, especially when combined with a biomaterial-based 3D culture system. The environment that prevails during spaceflight might have benefits for regenerative medicine purposes during human development and in disease, which should be helpful for NSC-based regenerative medicine. Understanding the mechanisms that occur in NSCs during spaceflight at the genetic level should improve our knowledge of the effects of outer space on living tissue.
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Thirteen miRNAS, .., the two strands specified by the genes miR-323, ~3585, —433,
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in groups HF-C vs. CC (see Table 3). Remarkably all these miANAs except miR-543-
5p (shaded miRNA) also displayed significant changes of expression (padj-value = <
5.2E-02) between groups C-C and HF-HF; thus defining a subset of miRNA repeatedly
impacted by the perinatal unbalenced environment. miRNAs are lsted by alphabetical
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Forty-nine aditional miRNAS displeyed expression differences with pacj-values = <1.0E-
2 between groups C-C and HF-HF. Thirty-four miRNAs were identifed elong with their
Partner-miRNAs. Nine Partner-miRNAs displayed close FCES and padj-values = <5.0E-2.
Tiwenty-five Pertner-miANAs (shaded Pertner-miRNAS) displayed different FCES and/or
padj-values >5.0E-2. miRNAs are listed by alphabetical order.
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RTQPCR

XXX X X X X X X X X X X X X X X X X X X X X X X X X X X X X

Methylation

X X X X X X X X X X X X X X X X X X X X

Age in years; M, mar; W, womar; Thal phases of p-amyloid deposition; Braak stages of neurofibrilary tangle pathology; PMD, post-mortem delay; RIN, RNA integrity number; RTGPCR,
cases used for RT-GPCR and immunofiuorescence; Methylation, cases assessed for DNA methytation. Cases 23-31 and 49-51 were considered middle-aged (MA) individuals with no

NFT and plaque pathology.
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Statistcs. Expression profies of male adult ARCs display complex populations of 380
446 miRNAs. We analyzed the variation of expression of each miRNA between the six
profies of groups C-C, C-HF; HF-C, or HF-HF by calculating its maximal to minimal ratio
(MAX/MIN) and standerd deviation to mean ratio (coefficient of variation; V). Only aminor
fraction of the miRNA population of each group displays MAX/MIN values higher than the
value of 8.3 that corresponds to mean + 2 STD in group C-C: 1.1, 3.6, 5.5, and 5.6% in
groups HF-HE, C-C, C-HE, and HF-C, respectively. Extensive intra-group homogeneity of
mIRNA expression in all groups is an important feature for sound analyses of inter-group

differential expression.
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MAX/MIN

miRNA c-c C-HF HF-C HF-HF
miR-200a-3p 59 27 393 49
miR-200a-6p

miR-200b-3p 160 124 248 40
miR-200b-5p 226 17.5 208 73
miR-2000-3p 1.1 204 19.4 61
miR-2000-6p

miR-182 108 272 187 67
miR-183-3p 155 70.4 204 54
miR-183-5p o1 317 144 78
miR-141-3p 45 19 250 56
miR-141-5p

miR-429 o 270 118 48
miR-96-5p 1.7 256 200 50

Clusters miR-96/182/183, miR-141/200c, and miR-200a/200b/429 specity 10 miRNAS
in male adult ARC. Eight miRNAs displayed MAX/MINs higher than the value of 8.3 (ie.,
mean + 2 STD) in group C-C as well in groups C-HF, HF-C, and HF-HF (Bold numbers).
miRNAS miR-200a-3p and miR-141-3p displayed MAX/MINs higher than the value of 8.3
in groups HF-C and/or HF-HF.





OPS/images/fnmol-11-00090/fnmol-11-00090-t003.jpg
miRNAs Differentially Expressed Between Groups C-C and HF-C
miRNA FCE Padj-value Partner-miRNA FCE Padj-value

let-7i-5p 19 65E08 let-7i-3p. 15 SiE01
miR-107-8p 06  9.3E-03
miR-1188-5p 0.4  7.0E-03

miR-1828p 17 51E-08 miR-132-5p 13 25601
miR-140-6p 17  BS5E-03 miR-140-3p 09 19E01
miR-28-5p. 1.7 69E08 miR-28-3p 08  93E02
miR-2216p 19  1.0E-02 miR-221-3p 16 62E02
miR-3236p 05  B5E-03 miR-323-3p 05 1.1E-02

miR-3386p 15  4.26-03 miR-338:3p 14 BAEO01
miR-3585-5p 4.8  9.3E-03 3585-3p 34 BAE-02

miR-4333p 06  1.0E-02 433-5p 06 47E-02
miR-4853p 06  1.8E-03 485-5p 08 42602
miR-6433p 08  BIE-03 543-5p 06 22602
miR-668 06  93E03

miR-673-6p 05  B.5E-03

miR-7086p 16  7.7E-04 miR-708-3p 09 34EO1
miR-7703p 06  1.0E-02 miR-770-5p 06 12602

miR-92a-3p 08  1.8E-03

Eighteen miRNAS displayed expression differences with pacj-values = < 1.0E-2 between
groups C-C and HF-C. Ratios of HF-C to C-C expressions (Fold-Changes of Expression;
FCEs) are expected to ocour with similar levels and associated pacj-values for the
miRNA and second strand (Partner-miRNA) derivedfrom the same RNA duplex precursor
Thirteen miRNAS were identified along with their Partner-miRNAS. Six Partner-miRNAS,
ie., miR-323-5p, —3585-6p, —433-3p, ~485-3p, ~543-5p, and ~770-3p displeyed
close FCEs and padj-values = <5.0E-2. Seven Partner-miRNAS (shaded Partner-miRNAS)
displayed similar FCEs but padj-values >5.0E-2. miRNAs are listed by alphabetical order.
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Experimental model

Calculated concentration
(wmol/L cell water)

Reference

Rat cerebrum 7.0+02 Schuberth et al., 1966
Rat whole brain cortex 66+ 0.3 Guynn, 1976
R hole brain cortex 1+£05 Shsa and Aprison, 1977
Rat whole thalamus 11.8+08
Rat whole hippocampus 9205
Rat whole striatum 9005
at whole cerebellu 7.8+05
Nucleus caudatus (slices) 5301 Ricny and Tucek, 1981
le brain newborn 45£02 Mitzen and Koeppen 1984
25+01
Rat who\el rebrain 85104 Szutowicz and Bielarczyk, 1987
Rat whole forebrain synaptosomes 7.7+£03 Bielarczyk and Szutowicz, 1989;
utowicz et al., 199: , 19980
Rat synaptosomal mitochondria 75+03 Bielarczyk et al. ;
Rat synaptosomal cytoplasm 63+02 Tomaszewicz et al., 2003;
Rat Whole forebrain mitochondria 176+ 05 Jankowska-Kulawy et al., 2010
Rat 34+13 Pawlosky et al., 2010
Rat whole frontal cortex Zimatkin et al., 2011
Rat ethanol susceptible 12849
Rat ethanol resistant 9945
Mice forebrain synaptosom 9507 Bielarczyk et al., 2015
Mice forebrain synaptosoma\ mitochondria 141£16
Mice forcbrain synaptosomal oytop 135+ 05
167 £0.4
Mice neonatal brain crude mitochondia 28527 Sunetal, 2016
hole brai 015 Shurubor et al., 2017
Clonal cell
SNs6 chounerglc neuroblastoma 6402 Szutowicz et al., 2004, 2005;
litoch 109+ 04 Ronowska et al., 2010;
Cytoplasi 72+02 Bizon-Zygmariska et al., 2011
SHY5Y dopamlnerg\c neuroblastoma 11.6+0.9 Kimaszewska-tata et al., 2015.
N9 microglial cells 159+ 0.8 sk etal., 2017
6 astroglial cells 5+04
, 1982; Kozler et al. )
150 and 350

respectively, (Nolin et al., 2016).
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Parameter

PDHC activity (nmol/min/mg
protein)

Mitochondrial acetyl-CoA (omol/mg
protein)

Cytoplasmic acetyl-CoA (pmol/mg
protein)

Choline acetyltransferase
(nmol/min/mg protein)
Acetylcholine level (omol/mg
protein)

Non-viable cell fraction (%)

TrkA(+p75NTR(4)

7.25+ 0.31
159+ 2.1
20.1 £ 3.9
0.178 £0.017
149 £5.0

5.5+0.5

TrkA(-) p75NTR(+)

7.60 +0.23
142+04
32.4+36
0.188 &+ 0.011
169 +£ 6.0

6.3+£04

Data for recalculations were taken from: Szutowicz (2001); Madziar et al. (2003),
Szutowicz et al. (2004, 2005), Bielarczyk et al. (2005), Ronowska et al. (2007).
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cetyltransferase)
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Fatty acid synthase
Acetyl-CoA acetyltransferase
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coenzyme A synthase
membrane acetyl-CoA

ER
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Lysine acetyltransferase BACE1
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Histone acetyltransferase Tip 60
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p300/CPB associated factor
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31.7£15
21.56£1.0

Reference

Matsuoka and Srere, 1973

Bloisi et al., 1990

Madhavarao et al., 200

Suematsu and Isohashi, 2006
0

Rossier et al., 197

imura et al., 1988

Ryan and McClure, 1980

Leeetal, 2018

Coude et al., 1979

Trumble et al., 1995

Rendina and Cheng, 2005

Lowe and Tubbs, 1985
Constantini et al., 007

Puglieli (personal report)
Wapenaar et al., 2015

Ghizzoni et al., 2012

Balasubramanyam et al., 2003
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Protein Main effects. p-value 95 % CI

A synapsin DI-DIl(CO) 0023 851014
[D1DII (CO) - [D-DI (OVX) 0.001
[01-DII (CO) - [DIDIl OVX-B]  0.009
B.p-synapsn  DI-DIl(CO) 0014
0111 O] - [DI-DIl (OVX)] 0988  -117.0,1187
[D-DII(CO)) - [DIDIl (OVX-B] 0478 —772,1585
C. synaptophysin  DI-DI (CO) 0321 -443,154
[DHDII (CO) - [DI-DII (OVX) 0730  -49.2,85.1
[D1-DII (CO) - [DIDIl OVX-B]  0.039 25,869
D.PSD95 DI-DIl (CO) 0.006 138,708

[D1-DIl (CO) - [DI-DI (OVX) 00004 1243, -436
[O1DIl (CO) - [DI-DIl OVX-E]  0.004  —103.0, —22.3

E.P120 DI-DI (CO) 0440 338,744
(DDI (CO) - [DI-DII (OVX) 0203 —1159,87.1
(DI-DII(CO)) - [DI-DIIOVX-B)) 0830 —84.4,686
F. p-catenin DI-DI (CO) 0217 -822,200

[D1-DII (©O) - [DI-DIl (OVX)] 0142 -195,1250
(O1DIl (CO)) - [DMDIIOVX-B)]  0.122  —16.4, 128.1

The effect of diet under each reproductive status was Calculated as a percentage
of variation induced by DIl (Low n~6/n-3 ratio) vs. DI (High dietary n~6/n~3 ratio.
CO: Intact, sham-operated female mice; OVX: Ovariectomized, placebo-treated; OVX-E:
Ovariectomized, estradiol-treated. Data represented n Figure 3 were analyzed by 2 x 3
factorial ANOVA and saturated regression models; the most significant p values anditheir
comesponding 95% confidence intervals are highlighted.
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Protein Main effects

A APP DI-DII (CO)
DI-DII (CO) - DIl (OVX)
DI-DII (CO) - DI-DII (OVX-E)
B. GFAP. DI-DI (CO)
DI-DII (CO) - DI-ll (OVX)
DI-DII (CO) - DI-DIl (OVX-E)

p-value

0.003
0018
0,000
0012
0.029
0344

95 % Cl

311,1283
-154.2, -16.7
~127.4,10.1
167,117.0
-150.7, -9.0
~1037,38.

The effect of diet under each reproductive status was calculated as percentage of variation

induced by DIl (Low n—G6/n—3 atio) vs. DI (High dietary n—&/n—3 rato). C
operated female mice; OVX: Ovariectomized, placebo-treate

 Intact, sham-

OVX-E: Ovariectomized,

estradiol-treated. Data represented in Figure 4 were analyzed by 2 x 3 factorial ANOVA
and saturated regression model: the most significant p-values and their corresponding

95% confidence intervals are highlighted.
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Kie7
Cdkn2b
Cdkn2a
Cdk1
Cdki2
Pten
Hdac2
Wntsa
1d3
Neurog2
Ezh2
Neam1
Sox2
Notcht
Pax6
Actb

Forward primer

TGTGACTGAAGAGCCCATAC
TTTGTGGTTGGTTGGTTAGTT
GCTCTCCTGCTCTCCTATG
GTCTATGATCCAGCCAAACG
GTCTCTGTGGTAGTCCTTGTC
GTGGTGACATCAAAGTAGAGT
ACCAAAGGAGCCAAATCAG
TTGGTTTGCCACTACTACTGT
CTTAAACTTTGCTCTCCAACC
CCAGGGACTGTATCTAGAGC
ATCAGTGTGCTGGAGTCAA
GTCTGCATCGCTGAGAACAA
TACAGCATGTCCTACTCGCA
AGGCTTCAGTGGCCCTAA
GTCCATCTTTGCTTGGGAAAT
CCACCATGTACCCAGGCATT

Reverse primer

TCTGTGCCGAAGACTCCTTAAA
AGTGGTAGCTGGACTTGAG
AGAGTGTCTAGGAAGCCC
GGACTTCCAGAGGGTTACA
TCTTAGGCGTCTCCTGTATTG
GGTCCTGGTATGAAGAACG
GCGAAGGTTTCTTATCCCAG
GACCCTTGCTTTCTTCCCATAA
CAATGGCTAGGCTACGTTC
TCTGTGAAGTGGAGTGCG
AGAGGAACTGGAAGTCTCAT
ATGGCTGTCTGATTCTCTACAT
GAGTGGGAGGAAGAGGTAAC
TTTGTACCCAGCGACATCAT
GGTTGCGAAGAACTCTGTTTA
CGGACTCATCGTACTCCTGC

Product length (bp)

125
100
101
104
101
100
102
m
100
m
17
101
116
100
104
189

Ta(°C)

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
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Fatty acids SF ol

c14:0 005 £ 000 0212001

c16:0 413£014 4.68 £ 031

clen-7 009 £ 001 0.47 2001

ci80 075+ 004 155 +0.08
C18:1n-9 18.16£035 1204 £ 081

c18n-7 034+ 006 059+ 007
C182n-6 1063078 2884 +042
C183n-3 101£0.13 0.15£003
C18:4n-3 000 £ 000 0.00 4 0.00
€200 0.11:£001 0.18 2 0.00
C20:1n-9 018 £ 000 0.12:£000
C 20:4 16 (ADA) 000 £ 000 0.00 % 0.00
C204n-3 000 £ 000 0.0020.00
C 20:5 -3 (EPA) 000 £ 000 0.00 % 0.00
c220 018001 0102001

C22:4n-11 005 + 002 0.10 006
©22:5n-6 (DPA) 000 + 000 0.0020.00
C22:50-3 005 £ 0.00 0.06 %003
C22:6 -3 (DHA) 0.00 + 0.00 0.00 2 0.00
TOTALS

Saturates 5.42:£0.16 6.83 + 0.37

Monoenes 14002038 1341108
PUFAS 11692091 2005+ 047

n-9 1347£033 12354086
n-6 1068078 2884 + 042

n-3 106+ 0.3 0224006
n-3LC-PUFAS 005 £ 000 0.06 % 0.03
n-6LC-PUFAS 000 0.0 0.00 & 0.00
RATIOS

n-3/n-6 010001 001 %000
n-6/n-3 10042052 138.37 £33.71
Total FA content 3153167 4984 £2.10
% Lipids (fresh weight) ~ 5.48 % 0.1 6.45 £ 055
% Moisture 979 £ 009 865+ 027

% Lipids (cry weight) 607 £0.12 7.06 £ 059

DIl

1.50 & 0.00
6.33 £ 0.04
156 £0.01
177 £0.01
6.15 £ 0.05
0.98 +0.02
16.23  0.00
0.44 £0.00
0.66 £ 0.01
024 £ 0.00
1.09 £ 0.07
0.20 £ 0.00
024 £001
2294002
0.13 £0.02
074 +0.04
0.11£001
0.43 £ 0,01
3.47 £0.01

1041 0.06
11.24  0.09
24,07 +0.08
7.85 £0.10
16.55 + 0.09
752001
6.43 £0.02
0.32 £ 0.01

0.45 £ 0.00
220£0.02
46.43 £ 0.45
631 £ 0.00
7.85 £ 0.00
6.85 £ 0.00

FA; fatty acids. Totals include some minor components not shown. The most common

LC-PUFAs mentioned in the text are bold marked.
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Antibody

P120
PSDI5.
Phospho-
Synapsin
(Ser-9)
Synapsin
Synaptophysin
(sv3g)
p-catenin

pAmyloid, 1-16
(6E10)

BACE (D10ES)
Taut

Taus.

PHF1

19G-HRP
Anti-rabbit
1gG-HRP

Source

Mouse
Rabbit
Rabbit

Rabbit
Mouse

Mouse
Mouse

Rabbit
Mouse
Mouse
Mouse
Rabbit
Mouse
Goat

Goat

Dilution

1:1,000
1:1,000
1:1,000

1:1,000
1:20,000

1:1,000
1:1,000

1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:10,000
1:5,000

1:5,000

References

#610133 BD Transduction Lab, USA
#3450 Cell Signaling, USA
#2311 Cell Signaling, USA

#2312 Cell Signaling, USA
#10701 Progen, UK

#610153 BD, USA
#S1G-39320 Covance, USA

#5606 el Signaling, USA
#MAB3420 Chemicon, USA
#AHBO042 Invitrogen, USA

Dr. P. Davies, USA

#G5601 Promega, USA

#A4441 Sigma-Aldrich, USA
#5c-2005 St Cruz Biotech, Germany

#50-2004 St Gruz Biotech, Germany
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Lipid Main effects p-value
class.
A Total DI-SF (CO) 0.0001
FAS
DI-SF (CO) 0.0154
DI-DII (CO) 0.0041
B.C20:4n-6  DI-SF (CO) 0.0288
DI-SF (CO) 0.4942
DI-DII (CO) 00194
C.C22:4n-6  DI-SF (CO) 0.0091
[D-DIH(CO)) - [DI-DIl 00194
o)
D.C33:5n-6  DI-SF (CO) >0.00001
DII-SF (CO) 0.1375
DI-DII (CO) >0.00001
E.C22:60-3  DI-DIl (CO+OVX+OVX-E) >0.00001
F.C22:60-3  [SF (CO) - [DI >0.00001
/0225606 (CO+OVX+OVX-E)
(DI (CO)) - [SF (CO) 0.0001

95% CI

26183,
6650.0

558.5,4631.7

7307, 3350.4
13,124
-68,136
14,145
19.7,1212
16.1,148.9

142.7,237.8
-837,125
195.0,256.8

297,823

DI: High dietary n~6/~3 ratio; Dll: Low n-6/n~3 ratio; SF: Standard food. CO:
Intact control female mice; OVX: Ovariectomized, placebo-treated female ice; OVX-
E: Ovariectomized, estradiol-treated female mice. Data represented i Figure 1 were
analyzed by 2 x 3factorial ANOVA. In cases where the influence of reproductive status on
diet action was absent and significant interaction between the factors was not detected,
data from those animals were grouped to emphasize the main dietary effects. The most

significant p-values and 95% confidence intervals are highlighted.
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Lipidclass  Main effects
A Total DI-SF (CO)
Cerarmides
DI-SF (CO)
DI-DII (CO)
DI-DIIOVX)
DI-DIl (OVX-6)
DI-DIl (CO+OVX-E)
[DHDII (CO+OVX-E)}-{DI-DII
(o]
B. dh- DI-SF (CO)
Ceramides
DIl-SF (CO)
DI-DII(CO)
DI-DIIOVX)
DI-DIl (OVX-6)
DI-DIl (CO+OVX-E)
DDl (CO+OVX-E)}-{DI-DII
(o)
C. Total DI-SF (CO)
Sphingomyelins
DIl-SF (CO)
DI-DIl(CO)
DI-DIIOVX)
DI-DIl (OVX-E)
DI-DIl (CO+OVX-E)
[D1-DII (CO+OVX-E) - [DI-DIl
[
E.MHC DI-SF (CO)
DII-SF (CO)
DI-DIl(CO)
DI-DII OVX)
DI-DII OVX-6)
DI-DIf (CO+OVX-E)
[DH-DII (CO+OVX-E) - [DI-DIl
(©OVX)
E.MHC DI-SF (CO)
DI-SF (CO)
DI-DIl(CO)
DI-DIOVX)
DI-DIl (OVX-6)
DI-DIl (CO+OVX-E)
[D1-DII (CO+OVX-E) - [DI-DIl
(©x]
F.C18GSO3  DI-SF (CO)

DIFSF (CO)
DI-DIl(CO)

DI-DII (OVX)

DI-DIl (OVX-E)
DI-DIl (CO+OVX-E)

(DD (CO+OVX-E]] - [DI-DII
(©OvX)

Dic High dletary n-6/n~3 ratio; DIl: Low n—6/n~3 ratio; SF: Standrd food. CO:
Intact control female mice; OVX: Ovariectomized, placebo-treated female mice; OVX-
£: Ovarisctomized, estradiol-treated female mice. Data represented in Figure 2 were
analyzed by 2 x 3 factorial ANOVA. In cases where the influence of reproductive status on
dlet action was absent and significant interaction between the factors was not detected,
data from those animals were grouped to emphasize the main dietery effects. The most

p-value

0.0001

0018
0.024
0.707
0.007
0.001
0017

>0.00001

0014
0.008
0577
0013
0.001
0.010

>0.00001

0013
0.005
0512
0023
0.001
0.009

>0.00001
0.003
0.031
0323
0.067
0.007
0018

>0.00001
0.003
0019
0589
0.041
0.003
0,025

0.0001
0.019
0.030
0934
0.001
0.0001
0.024

significant p-values and 95% confidence intervals are highlighted.

95% CI

230.1, 5783

413,380.5
27.6,350.0
-1906, 138
78.8,427.4
1022,3395
50.1,450.4

551.9,1236.4

99.3,783.8
1357, 769.5
-4029,2308
104.6, 789.1
216.5,682.9
142.3,9202

500.9, 1082.9

88.0,669.9
143.5,682.3
-355.5, 183.3
54.4,636.4
1809, 577.4
1307, 799.7

432.0,948.6

27.2,505.4
-355.1,123.2
-189, 497.7
76.8,428.8
71.8,665.7

346.9, 734.7
1268, 514.6
40.6,399.6
-2266,132.4
88,3966
793,343.5
35.6,481.4

519.4,1343.0
93,9166
45.1,807.6
~366.0, 3965
321.0,1083.5
294.7,833.9
82.1,1016.0
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Protein name Gene UniProtkB® Acc. No. MW® (kDa) pI°
1. C-C motif chemokine 2 (CCL2) ccoL2 P13500 11.02 9.40
2. NAD-dependent protein deacetylase sirtuin-1 SIAT1 (Q96EBS 81.68 455
3. Protein Wnt-3a WNT3A P56704 39.38 852
4. Pentraxin-related protein PTX3 PTX3 P26022 .97 494
5. Thrombospondin-1 THBS1 P07996 129.38 ar
6. Growthdifferentition factor 15 GDF15 Q99988 34.44 9.79
7. Cell division control protein 42 cpc4z PB0953 21.25 6.16
8. Dihydropyrimidinase-related protein 2 DPYSL2 Q17555 62.20 595
9. Prosaposin PSAP PO7602 58.41 5.08
10. Brain-derived neurotrophic factor BONF P23560 27.81 9.01
11. Nerve growth factor NGF P01138 26.95 9.94
12. Fibroblast growth factor 2 FGR2 P02038 30.77 11.18
13. Stromal cell-derived factor 1 oxcLi2 P48061 10.66 9.92
14. Ephrin A2 EFNA2 043921 2387 6.99
15. Vascular endothelial growth factor VEGFA P15692 27.04 9.21
16. Microtubule-associated protein tau MAPT P10636 78.92 6.25
17. Beta-secretase 1 BACET P56817 55.76 531
18. Amyloid-beta A4 protein APP P05087 86.94 473
19. Prion protein PRNP P04156 27.66 9.13
20. CDB1 cpst PB0033 2580 5.09
21. Tetraspanin-6 TSPANG 043657 27.56 8.44
22.CD9 cp9 P21926 25.41 680
23. Neutral sphingomyelinase 2 SMPD3 QONY59 71.03 552

aUniProtKB Acc. Numb., UniProt Knowledgebase Accession Number. BMW, Molecular weight. Cpl, Isoelectric poir
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Reproductive status

Diet

Intact sham-operated females (CO)

Standard laboratory food (SF)
High n—6/n~3 ratio diet i)
Low n—6/n—3 ratio diet- (DIl

Ovariectomized-placebo treated (OVX)

High n—6/n~3 ratio diet-(Dl)
Low n—-8/n=3 ratio diet- (D)

Ovariectomized-estradiol treated (OVX-E)

High n—6/n—3 ratio diet- (DI)
Low n—6/~3 ratio diet- (DIl
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ProteinID  Protein Name  Subcellular Location Ac-K Sites

PO7355 Annexin A2 Extracellular space, Extracellular 10
matrix
P04083 Annexin A1 Nucleus, Cytoplasm, Cell il
‘membrane
P0OS670  Vimentin Cytoplasm 2
QOBQES  «-Tubuin 1C Cytoplasm, Cytoskeleton 1
P68363  aTubuiniB  Cytoplasm, Cytoskeleton 1
P14618 Pyruvate kinase  Gytoplasm, Nucleus 2
QBPEY2  o-Tubuiin 3E Cytoplasm, Cytoskeleton. 1
P08758 Annexin A5 = a4
P21333  Filamin-A Cytoptasm, Cell cortex, 1
Cytoskeleton.
P62805 Histone H4 Nucleus, Chromosome 4
Q9GZZi  NAASO Gytoplasm 2
Q09472 HAT p300 Cytoplasm, Nucleus. 3
Q02793 CBP Cytoplasm, Nucleus. 2
Q09880 H2BIL Nucleus, Chromosome 7
P04406 GAPDH Cytoplasm, Cytoskeleton 4
PE8371  p-TubuindB  Cytoplasm, Cytoskeleton, 1
Nucleus
PO7437 B-Tubulin Cytoplasm, Cytoskeleton. 1
PO6733  Alpha-enolase  Cytoplasm, Gell membrane 4
043809 CPSFS Nucleus 1
P62028  Thymosinp-4  Cyloplasm, Cytoskeleton. 2
P22392  NME2 Cytoplasm, Nucleus 2
Qissz  Zyin Cytoplasm, Cytoskeleton, 2
Nucleus, Cell junction
P21796  VDACH Outer mitochondrial membrane. 1
P20962  Parathymosin  Nucleus 7
P08S59  PDHA Mitochondrial matrix 4
P06454  Prothymosina  Nucleus 5
68871 Hemoglobinp - 1
P02042 Hemoglobin & - 1
PO72  ALDOC - 1
PO4792  Heat shock protein Cytoplasm, Nucleus 1
beta-1
PO6703  Protein S100-A6  Nucleus envelope, Cell membrane 1
P00338 LDHAA Cytoplasm 4

We specified the subcelluar location of proteins and the number of acetylation sites. Lines
filed in blue represent the most relevant variations identified in PD models compared to
.
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ProteinID  ProteinName  Subecellular Location Ac-K Sites

PO7355 Annexin A2 Extracelular space, 10
Extracellular matrix
P04083 Annexin At Nucleus, Cytoplasm, Cel 2
membrane
PO8670 Vimentin Cytoplasm 4
Q9BQE3  Tubulina-1C Cytoplasm, Cytoskeleton 2
POB758 Annexin AS - 3
P21333 Filamin-A Cytoplasm, Cel cortex, 1
Cytoskeleton.
P62805 Histone Ha Nucleus, Chromosomme 3
Q9Gzz1 NAASO Cytoplasm 2
Q09472 HAT p300 Cytoplasm, Nucleus. 1
Q92793 cBP Cytoplasm, Nucleus. 2
Q99880 H2BIL Nucleus, Chromosome 47
PO4406 GAPDH Cytoplasm, Cytoskeleton 2
P68a71 Tubuiin p-48 Cytoplasm, Cytoskeleton,
Nucleus
PO7437 Tubuin p Cytoplasm, Cytoskeleton. 1
PO6733 Apha-enolase  Cytoplasm, Cell membrane 4
043809 CPSF5 Nucleus 1
P62328 Thymosin p-4 Cytoplasm, Cytoskeleton. 2
P22392 NME2 Cytoplasm, Nucleus 2
Q15942 Zyxin Cytoplasm, Cytoskeleton, 2
Nucleus, Cell junction
P21796 VDACH Outer mitochondial 1
membrane
P20962 Parathymosin Nucleus 2
PO6454 Prothymosina Nucleus 4
P68s71 Hemoglobin p - 1
P02042 Hemogiobin & - 1
PO9O72 ALDOC - 1
P06703 Protein S100-A6  Nucleus envelope, Cell 1
membrane
P00338 LDHAA Cytoplasm 4
PO4O7S ALDOA - 1
PO8133 ANXAS Cytoplasm 4
PO6748 NPM Cytoplasm, Nucleus 1
Q8NCAS  ZNT84 Nucleus 1
P33778 HeB18 Nucleus 3
P16401 Histone1.5 Nucleus 2

The subcellular location of proteins and the number of Ac-k sites.
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Groups Names Dates of Birth Genotypes

Cot LRRIK2 WT
Co Co2 1956-1977 LRRK2 WT
Cod LRRK2 WT
Cod LRRK2 WT
1PD1 LRRIK2 WT
PD 1PD2 19281954 LRRK2 WT
1PD3 LRRK2 WT
Gst G2019S Heterozygous
as Gs2 1945-1949 620198 Heterozygous
Gs3 G2019S Heterozygous
RG1 R1441G Heterozygous
RG RG2 1931-1942 R1441G Heterozygous
RG3 R1441G Heterozygous

The control group consists of four individuals, the IPD, GS and RG groups of three
individuals each. We present in this table the range age of each group, and the genotype
o sath inchisckl.
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miR-466c-3p- ] miR-466c-3pf —
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