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Editorial on the Research Topic 
The Molecular Mechanisms of Synaptic Plasticity Impairments in Alzheimer’s Disease

Synaptic plasticity, which is directly related to memory and learning processes, is determined by morphological and functional modifications of synapses. Long-term potentiation and long-term depression are two main manifested forms of synaptic plasticity. Dendritic spines are small, highly dynamic protruding structures in the dendritic membrane, which have specialized subdomains with specific functions in synaptic transmission and plasticity, including scaffolding proteins, ion channels, cytoskeleton components, signal transduction molecules, and postsynaptic density (a complex mainly consisted by AMPAR and NMDAR) (Saneyoshi et al., 2010; González-Burgos, 2012). Structural changes, such as spines elongation and contraction, shape variations, spine distribution/density and functions mediate synaptic plasticity (Chidambaram et al., 2019). Impairments of synaptic plasticity, such as spine shape and density alteration, lead to synaptic dysfunction and cognitive impairment, which is found in many neurodegenerative diseases, including Alzheimer’s disease (AD). Aberrant synaptic structure/morphology and decreased spine density in the hippocampus and neocortex is an early event and a major change, correlated with cognitive deficits in AD (Scheff et al., 1990; Scheff and Price, 2003), which usually appear well before neuronal loss. However, questions about the details and mechanisms of synaptic plasticity dysfunction in AD still warrant further studies, as in contrast with the well documented synaptic dysfunction elicited by pathological factors of accumulated phosphorylated tau and amyloid β peptide (Aβ). This topic focused on “The Molecular Mechanisms of Synaptic Plasticity Impairments in Alzheimer’s Disease,” and there were 21 manuscripts to be expected, 13 manuscripts actually submitted and 10 manuscripts accepted.
In this issue of frontiers, Mahaman et al. reviewed the role of STriatal-Enriched protein tyrosine phosphatase (STEP) in dendritic plasticity impairments in AD, whose level and activity are increased in AD via Aβ. STEP dephosphorylated and inactivated synaptic proteins via kinases such as Fyn, Pyk2 and ERK1/2 (Venkitaramani et al., 2009; Li et al., 2014), and it also led to the internalization of synaptic receptor complexes like GluN2B/GluN1 and GluA2/GluA1 subunits of NMDA and AMPA receptors, respectively (Poddar et al., 2010; Zhang et al., 2010). Furthermore, STEP dephosphorylated SPIN90 to dissociate from cofilin, and activated cofilin to depolymerize F-actin to G-actin. Together, increase of STEP led to synapse loss and dendritic plasticity impairments, and ultimately, resulting in cognitive deficits in AD. Transmembrane protein 59 (TMEM59) reported to associate with AD was introduced by Meng et al. They showed that TMEM59 haploinsufficiency rescued memory defects and synaptic plasticity dysfunction in 5×FAD mice, which overexpressing human APP and PSEN1 transgenes with a total of five AD-linked mutations: the Swedish (K670N/M671L), Florida (I716V), and London (V717I) mutations in APP, as well as M146L and L286V mutations in PSEN1, and rapidly developing severe amyloid pathology and presenting synaptic degeneration. The authors found that overexpression of TMEM59 in the hippocampus caused memory deficits and had a trend to induce synaptic plasticity impairment in wild-type mice, which suggesting its neurotoxic role. Interestingly, while TMEM59 overexpression had no effect on worsening synaptic defects and impaired memory in the 5×FAD mouse model of AD, though it significantly exacerbated AD-like pathologies by increasing levels of detergent-insoluble Aβ and Aβ plaques. They proposed that, due to a mild impact on cognitive and synaptic function impairments, overexpressing TMEM59 may not be able to further worsen the quickly degenerative phenotypes in 5×FAD mice.
As one of the main pathophysiologic markers in AD, hyperphosphorylated tau led to the dissociation of Tau/Fyn/PSD-95/NMDAR complex, the disruption of synaptic potentiation required for LTP (Frandemiche et al., 2014), and the reduction of functional dendritic spine number (Tracy and Gan, 2018). Overexpressing tau decreased NMDAR level by activation of STAT1 and inactivation of STAT3 (Li et al., 2019; Hong et al., 2020). Jiang et al. found that, PINK1 overexpression ameliorated the decreased dendritic spine density via autophagy activation to decrease total and phosphorylated tau. In addition to abnormal aggregated tau or Aβ, multiple other risk factors, such as aging, oxidative stress, calcium signal dysregulation, neuroinflammation, genetic and environmental factors, could induce synaptic plasticity defects. In this issue of frontier, a study demonstrated that maternal lead (Pb) exposure induced synaptic plasticity impairment of offspring by reducing GLUT4 protein level in the cell membrane as well as glucose uptake via the PI3K-Akt signaling pathway.
Mitochondrial dysfunction is a well-established early etiological event in AD, which decreases ATP production, changes cytoplasmic calcium concentrations, and increases ROS/NO production, consequently leading to synaptic plasticity abnormalities. Huang et al. and Chen et al., respectively, found that, tetramethylpyrazine or dauricine, the extract from the rootstock of traditional Chinese medicine, modified the mitochondrial protein profile of AD animal models to increase ATP production and some synapse-related protein expression, and ultimately, improved synaptic plasticity and cognition.
Most of the accepted articles in this research topic contributed to expand and deepen our understanding of the risk factors and its mechanisms for synaptic plasticity damage in AD, and we understand that gestational Pb exposure could induce synaptic plasticity impairment of offspring, and etramethylpyrazine and dauricine ameliorate synaptic plasticity, which both are not reported previously. However, some questions, which we have a lot of interest in, are missing in this topic. For example, is LTP impairment caused by directly reduced synapse numbers or decreased synaptic transmission efficiency? What are the inherent molecular mechanisms underlying the aberrant spine number loss (synaptic-associated protein loss, microglia-mediated synapse elimination, neuroinflammation, neuron apoptosis or death)? We hope that the articles in this topic will be of interest to a broad range of researchers working in dendritic plasticity in AD, stimulating experimental work relating to the mechanisms of synaptic plasticity impairments and therapeutic strategies. In a future topic collection, we would like to see more articles about new molecular strategies directly targeting to promote synaptic plasticity.
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Alzheimer’s disease (AD) is a progressive neurodegenerative disease associated with cognitive deficits and synaptic impairments. Amyloid-β (Aβ) plaque deposition, dystrophic neurite accumulation and neurofibrillary tangles are pathological hallmarks of AD. TMEM59 has been implicated to play a role in AD pathogenesis; however, the underlying mechanism remains unknown. Herein, we found that overexpression of TMEM59 in the hippocampal region led to memory impairment in wild type mice, suggesting its neurotoxic role. Interestingly, while TMEM59 overexpression had no effect on worsening synaptic defects and impaired memory in the 5xFAD mouse model of AD, it significantly exacerbated AD-like pathologies by increasing levels of detergent-insoluble Aβ and Aβ plaques, as well as dystrophic neurites. Importantly, haploinsufficiency of TMEM59 reduced insoluble Aβ levels, Aβ plaques, and neurite dystrophy, thereby rescuing synaptic plasticity and memory deficits in 5xFAD mice. Moreover, the level of TMEM59 in the brain of 5xFAD mice increased compared to wild type mice during aging, further corroborating its detrimental functions during neurodegeneration. Together, these results demonstrate a novel function of TMEM59 in AD pathogenesis and provide a potential therapeutic strategy by downregulating TMEM59.

Keywords: Alzheimer’s disease, amyloid-β, cognitive deficits, neurite dystrophy, synaptic plasticity, TMEM59


INTRODUCTION

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder characterized by abnormal accumulation and deposition of various amyloid-β (Aβ) peptides derived from amyloid-β precursor protein (APP), formation of neurofibrillary tangles containing hyperphosphorylated tau, synaptic dysfunction, neuroinflammation, neuronal death, and cognitive decline (Crews and Masliah, 2010; Huang and Mucke, 2012; Guerreiro and Bras, 2015; Kocahan and Dogan, 2017; DeTure and Dickson, 2019). So far no effective therapies are available to cure this devastating disease (Yu et al., 2019). Since social and financial burdens for AD have become enormous as our population ages, there is an urgent need to elucidate the detailed molecular mechanisms underlying AD pathogenesis, so that new targets may be identified for therapeutic development.

Transmembrane protein 59 (TMEM59) (also known as dendritic cell-derived factor 1, DCF1) is a type I transmembrane glycoprotein ubiquitously expressed in various tissues. One study found that TMEM59 overexpression in cells induced APP retention in the Golgi, thereby inhibiting APP cleavage by α- and β-secretases at the plasma membrane and in the endosomes, respectively, resulting in reduced Aβ production (Ullrich et al., 2010). In addition, the TMEM59 gene promoter region was found to be hypomethylated in postmortem frontal cortex of late-onset AD patients compared to controls; and methylation at this site was functionally associated with TMEM59 mRNA and protein levels (Bakulski et al., 2012). Microarray data analysis also revealed that TMEM59 gene expression was higher in AD patients than in controls (Guttula et al., 2012). Very recently another study reported that overexpression of TMEM59 reduced the cleavage of APP C99 fragment by γ-secretase and promoted learning and memory in drosophila expressing APP C99 (Li et al., 2020). All these studies suggest that TMEM59 is associated with AD. However, the exact role of TMEM59 in AD has yet to be fully determined.

In the current study, we explored the effects of TMEM59 on AD-associated phenotypes in mice and found that TMEM59 overexpression impaired memory in wild type (WT) mice and exacerbated Aβ and neurite pathologies in the 5xFAD mouse model of AD (Oakley et al., 2006). Importantly, TMEM59 haploinsufficiency rescued memory and synaptic plasticity deficits and reduced Aβ and neurite pathologies in 5xFAD mice. Moreover, we observed that TMEM59 expression was increased in the brain of 5xFAD mice.



MATERIALS AND METHODS


Animals

Tmem59 conditional knockout (Tmem59floxflox) mice were generated using a traditional homozygous recombination strategy with service provided by Cyagen Biosciences. Briefly, a homology region covering mouse Tmem59 exon3 to exon6 was subcloned into the targeting vector. One Loxp site was introduced into Tmem59 intron3, and another Loxp site together with a modified Rox-flanked Neo cassette was introduced into Tmem59 intron5 (Supplementary Figure 1A). After linearization, the targeting vector was transfected into C57BL/6 background mouse embryonic stem cells. After G418 selection and confirmation of successful homologous recombination of the targeting vector, positive clones were injected into mouse blastocysts, which were then implanted into pseudo-pregnant females. Born chimeric mice (F0) were crossed with C57BL/6 mice to generate F1 mice carrying the recombined allele. The Neo cassette flanked by modified Rox sites was self-deleted during mouse production, with a confidential design by Cyagen Biosciences. Tmem59+/– mice were generated by crossing Tmem59flox/flox mice with Zp3-Cre mice (kindly provided by Haibin Wang) (Cheng et al., 2018).

The PCR primers used for genotyping were as follows:

Tmem59flox/flox, forward-5′-GAGTAGATGATGCTGACATA GAC-3′,

reverse-5′-CCTCTAAGGAGCTTTCTAAGTG-3′;

Zp3-Cre, forward-5′-CAGATGAGGTTTGAGGCCACAG-3′,

reverse-5′-TTCTTGCGAACCTCATCACTC-3′;

Tmem59+/–, WT-forward-5′-GAGTAGATGATGCTGACAT AGAC-3′,

KO-forward-5′-GTAAGAAACTAGAACTGGGCTTG AGC-3′,

reverse-5′-CCTCTAAGGAGCTTTCTAAGTG-3′.

5xFAD mice (Oakley et al., 2006) were crossed with Tmem59+/– mice to generate 5xFAD; Tmem59+/– mice. All mice were maintained and bred at Xiamen University Laboratory Animal Center. Mouse experimental procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Animal Ethics Committee of Xiamen University.



Stereotactic Injection of Lentivirus

For TMEM59 overexpression in the hippocampus, WT and 5xFAD mice at 2 months of age were anesthetized, placed on a stereotaxic frame, and injected bilaterally with Lentivirus-EGFP control or Lentivirus-TMEM59-Flag (1 × 109 v.g./mL, OBiO Technology) into the hippocampal region at the following coordinates: anterior posterior, −2.0 mm; medial lateral, ±1.5 mm; and dorsal ventral, −2.0 mm using an automated stereotaxic injection apparatus (RWD Life Science). Two μL lentivirus was delivered at 0.20 μL/min to each lateral. After each injection, the syringe was left for 10 min and then withdrawn slowly.



Behavioral Tests

Mice at 6–7 months of age were subjected to behavioral tests including open field, Y maze and Morris water maze. Habituation was done in the testing room for more than 30 min at the beginning of each test day. All tests were carried out by researchers blinded to mouse genotype. Data were recorded and analyzed using Smart 3.0 video tracking system (Panlab, Harvard Apparatus).

For open field test (Tatem et al., 2014), each test mouse was placed in the center of the square box [40 cm (L) × 40 cm (W) × 40 cm (H)] and allowed to explore freely for 10 min. Time spent in the center and total distance of movement were measured.

For Y maze test (Miedel et al., 2017; Lachance et al., 2019), each test mouse was placed in the center of a “Y” shaped chamber [30 cm (L) × 6 cm (W) × 15 cm (H)] and allowed to enter into each arm freely for 5 min. The sequence of arm entries and total numbers of arms entered by each mouse was recorded. The percentage of alternation was calculated as the ratio of consecutive specific arm entries to the total arm entries.

The Morris water maze test (Vorhees and Williams, 2006; Bromley-Brits et al., 2011) was performed in a large circular pool (120 cm in diameter) filled with opaque water, in which a platform was hidden 1 cm below the water surface. Mice were subjected to two training trials per day for six consecutive days; and they were placed into the water facing the sidewalls of the pool from different start positions across trials. The time spent to reach and climb onto the platform (escape latency) was recorded. If a mouse failed to find the platform within 60 s, it was guided to the platform and allowed to stay on the platform for 10 s. On day 7, the platform was removed and a probe test for the mice was performed for 60 s. The time spent in each quadrant and the numbers of platform region crossings were recorded.



Electrophysiology

LTP was recorded as previously described (Penn et al., 2017). Briefly, mice were anesthetized with isoflurane. After decapitation, the brain was rapidly transferred into an ice-cold solution (64 mM NaCl, 2.5 mM KCl, 10 mM glucose, 1.25 mM NaH2PO4, 10 mM MgSO4, 26 mM NaHCO3, 120 mM sucrose, and 0.5 mM CaCl2). The acute hippocampal slices (400 μm thick) were cut using a vibratome (VT1200S, Leica). Slices were allowed to recover for 1 h at 32°C and incubated for at least 1h at room temperature before recording in artificial cerebrospinal fluid (aCSF: 126 mM NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose). All solutions were saturated with 95%O2/5%CO2 (volume/volume). fEPSPs were induced in the Schaffer collateral pathway with a two-concentrical bipolar stimulating electrode (FHC, Inc.). LTP was induced by two trains of stimuli at 100 Hz for 1 s with 30 s interval. fEPSP response was recorded for 1 h after tetanic stimulation. Data were acquired with Clampex 10.6 (Molecular Devices) and analyzed using Clampfit 10.6 software (Molecular Devices).



Western Blotting

Mouse hippocampal and cortical tissues were homogenized and lysed in RIPA lysis buffer (25 mM Tris–HCl [pH 7.6], 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, and 1% Non-idet P-40) supplemented with the Complete Protease and Phosphatase Inhibitor Cocktail (Roche). Protein concentrations were determined by a BCA Protein Assay Kit (Thermo Fisher Scientific) following the manufacturer’s instruction. 25 micrograms of total protein lysates were resolved using SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes. After blocking in 5% milk in 0.1% PBS/Tween-20, membranes were immunoblotted with indicated primary antibodies overnight at 4°C, and then incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. The antibodies used were: anti-TMEM59 (ABclonal, WG-03224D, 1:4000), anti-APP (22C11, Millipore, MAB348, 1:1000), anti-APP Carboxyl-terminus (369, 1:1000) (Xu et al., 1998), anti-Flag (Proteintech, 20543-1-AP, 1:1000), anti-α-tubulin (Millipore, MABT205, 1:5000), anti-β-actin (Cell Signaling Technology, 8457S, 1:2000), and HRP-conjugated secondary antibodies (Thermo Fisher Scientific, 31460 or 31430, 1:5000). Protein band intensity was quantified using the ImageJ software (National Institutes of Health).



Immunostaining

Mice were anesthetized and intracardially perfused with ice-cold PBS and 4% paraformaldehyde. Brains were harvested and post-fixed for 2–4 h at 4°C. Brains were washed in PBS and cryoprotected in 30% sucrose in PBS. Coronal sections (15 μm thick) were collected with a freezing microtome (Leica). The sections were washed in PBS and then blocked in blocking buffer (5% BSA and 0.2% Triton X-100) for 1 h at room temperature, and then subsequently incubated with primary antibodies against human Aβ (6E10, BioLegend, 803014, 1:400) and LAMP1 (Abcam, ab24170, 1:200) overnight at 4°C, and appropriate fluorescence-conjugated secondary antibodies (Thermo Fisher Scientific, A-11008, A-11005 or A-31577, 1:500) for 1 h at room temperature in the dark. Confocal images were acquired using the A1R (Nikon) or FV1000MPE-B (Olympus) confocal microscope. All images were processed with ImageJ to calculate the area of Aβ plaques and dystrophic neurites.



Aβ ELISA Assays

Hippocampal tissues of treated 5xFAD mice were sequentially extracted with Tris-buffered saline (TBS), TBS containing 1% Triton X-100 (TBSX), and guanidine-HCl (GuHCl) supplemented with the Complete Protease Inhibitor Cocktail (Roche) as described previously (Youmans et al., 2011). Aβ40 and Aβ42 levels were measured using Human Aβ40 and Aβ42 ELISA Kits (Thermo Fisher Scientific, KHB3481 for Aβ40 and KHB3441 for Aβ42), following the manufacturer’s instructions.



Oxygen Consumption Rate Measurement

Oxygen Consumption Rate (OCR) was studied using the Seahorse XF Cell Mito Stress Test Kit (Agilent, Santa Clara, CA, United States), with measurement on the Seahorse XFe 96 Extracellular Flux Analyzer (Agilent). Briefly, primary neurons from mice at embryonic day 16.5 (E16.5) were isolated and cultured for 7–10 days. 8–10 × 104 neurons per well were plated on a Seahorse XF 96 cell culture microplate. After baseline detection, 1 μM oligomycin, 1.5 μM FCCP, and 1 μM rotenone-antimycin A were injected sequentially into the assay micro-chambers. Data were analyzed using the Seahorse Wave 2.2.0 software package (Agilent).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 software. Data in figures were presented as mean ± SEM. Comparison of the mean values for multiple groups was performed using a one-way ANOVA or two-way ANOVA. Comparison of two groups was performed using unpaired t-test or Mann Whitney test. Exact sample sizes and statistical test used for each comparison were provided in corresponding figure legend. p < 0.05 was considered to be statistically significant.



RESULTS


TMEM59 Overexpression Causes Memory Deficits in Mice

To ascertain whether TMEM59 dysregulation influences AD pathology, we delivered lentivirus expressing either TMEM59 (Lenti-TMEM59, tagged with Flag) or EGFP as a control (Lenti-Control) into the mouse hippocampus bilaterally at 2 months of age (Figure 1A). Exogenous TMEM59 expression was confirmed in these mice at about 8 months of age, and had no significant effect on endogenous TMEM59 levels (Supplementary Figures 2A,B). At 6–7 months of age, we found that overexpression of TMEM59 in WT and 5xFAD mice did not affect their total moving distance and time spent in the center during open field tests, suggesting that TMEM59 overexpression has no effect on mouse locomotor activity and anxiety (Supplementary Figures 2G,H). It has been reported that 5xFAD mice display reduced anxiety only at 9–12 months of age in open field tests (Jawhar et al., 2012). Here our results also confirmed that 5xFAD mice had no anxiety change at 6–7 months of age.
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FIGURE 1. Overexpression of TMEM59 causes memory deficits in mice. (A) The schematic diagram of lentivirus constructs expressing TMEM59 (Lenti-TMEM59, L-59) or control (Lenti-Control, L-C) (upper panels), and their stereotactic injection into the hippocampal region (lower panel). (B) In Y maze tests, spontaneous alternation percentage of WT; L–C (n = 17), WT; L-59 (n = 10), 5xFAD; L-C (n = 19), and 5xFAD; L-59 (n = 16) mice were calculated for comparison. One-way ANOVA followed by Tukey’s post hoc test. (C–F) In Morris water maze tests, escape latencies during a 6-day training were recorded (C). Representative swimming paths (D), time spent in the target quadrant (E) and numbers of platform region crossings (F) during the probe test were also recorded. Comparisons were carried out for WT; L-C (n = 17), WT; L-59 (n = 10), 5xFAD; L-C (n = 19), and 5xFAD; L-59 (n = 16) mice. Two-way ANOVA followed by Tukey’s post hoc test for comparisons in (C), and one-way ANOVA followed by Tukey’s post hoc test for comparisons in (E,F). (G) Time course of fEPSP slopes in the hippocampal CA1 region in acute slices from WT; L-C, WT; L-59, 5xFAD; L-C, and 5xFAD; L-59 mice were recorded. (H) Quantifications and comparisons of average synaptic potentiation from the last 10 min shown in (G). n = 6 slices for WT; L-C, n = 8 slices for WT; L-59, n = 6 slices for 5xFAD; L-C, and n = 7 slices for 5xFAD; L-59 from 4 to 5 mice per group, Mann Whitney test. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.


As expected, 6–7 month-old 5xFAD mice showed short-term working memory deficits compared to WT mice in Y maze tests (Figure 1B). Interestingly, overexpression of TMEM59 impaired short-term working memory in WT mice without further deteriorating the deficits in 5xFAD mice (Figure 1B). In Morris water maze tests, 5xFAD mice showed impaired spatial learning and memory with decreased escape latency during the training and reduced time spent in the target quadrant and numbers of platform region crossings during the probe test compared to WT controls (Figures 1C–F). While TMEM59 overexpression had no effect on altering these behaviors in 5xFAD mice, its overexpression in WT mice significantly reduced time spent in the target quadrant during the probe test (Figure 1E).

We next recorded LTP to test the effect of TMEM59 overexpression on synaptic plasticity (Figure 1G). We found that LTP was impaired in 5xFAD mice compared to WT controls. Moreover, TMEM59 overexpression moderately reduced LTP in WT mice without further compromising LTP deficits in 5xFAD mice (Figure 1H). Together, these results suggest that overexpression of TMEM59 leads to memory and synaptic plasticity impairments.



TMEM59 Overexpression Exacerbates Aβ Deposition and Neurite Dystrophy in 5xFAD Mice

We also studied the impact of TMEM59 overexpression on Aβ plaque formation in 5xFAD mice. Immunofluorescence staining revealed that total Aβ plaque areas were dramatically increased in TMEM59-overexpressing 5xFAD mice compared to controls (Figures 2A,B). Total LAMP1-positive areas indicative of dystrophic neurites, as well as LAMP1-positive areas around each Aβ plaque were also markedly increased upon TMEM59 overexpression (Figures 2A,C,D). To further determine the effect of TMEM59 overexpression on Aβ, we carried out ELISA to measure Aβ levels in TBS-soluble, TBSX-soluble, and GuHCl-soluble extractions from mouse hippocampus, of which the formal two represent soluble or newly generated Aβ and the latter one represents detergent-insoluble deposited Aβ (Youmans et al., 2011). TMEM59 overexpression had no effect on Aβ40 and Aβ42 levels in TBS- and TBSX-soluble extractions (Figures 2E,F). However, Aβ40 and Aβ42 levels in the GuHCl-soluble fractions were significantly higher in TMEM59-overexpressing 5xFAD mice than in controls (Figure 2G). These findings reveal that TMEM59 upregulation exacerbates Aβ plaque deposition and neurite dystrophy in AD. One previous study showed that TMEM59 overexpression reduced APP glycosylation and Aβ generation (Ullrich et al., 2010). However, here we found that TMEM59 overexpression in the mouse hippocampus had no effect on levels of total APP, glycosylated APP, and APP processed α- and β-carboxyl-terminal fragment (CTF) (Supplementary Figures 2A,C–F).
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FIGURE 2. Overexpression of TMEM59 exacerbates Aβ plaque deposition and neurite dystrophy in 5xFAD mice. (A) Z-stack confocal images of Aβ plaques (in red) and dystrophic neurites (indicated by LAMP1, in green) in the coronal sections from 6 to 7 month-old 5xFAD; L-C and 5xFAD; L-59 mice. Original magnifications are 20×, scale bar, 100 μm. Zoom-in images are on the right, scale bar, 30 μm. (B,C) Quantifications and comparisons of the total area of Aβ plaques (B) and LAMP1-positive dystrophic neurites (C) shown in (A). n = 4 mice per group. (D) Quantifications and comparisons of the area of Aβ-associated LAMP1-positive dystrophic neurites per plaque shown in (A). 48 plaques from four 5xFAD; L-C mice and 47 plaques from four 5xFAD; L-59 mice were studied for analysis. (E–G) The levels of Aβ40 and Aβ42 in the hippocampus of TBS-extractions (E), TBSX-extractions (F), and GuHCl-extractions (G) from 8 month-old 5xFAD; L-C and 5xFAD; L-59 mice were measured by ELISA and compared. n = 6 mice per group. Data represent mean ± SEM. *p < 0.05, ns: not significant. Unpaired t-test.




TMEM59 Haploinsufficiency Reverses Memory and Synaptic Plasticity Deficits in 5xFAD Mice

To further evaluate the involvement of TMEM59 in AD, we first generated Tmem59 conditional knockout (Tmem59flox/flox) mice. By crossing them with Zp3-Cre mice, we obtained Tmem59 knockout (Tmem59–/–) mice (Supplementary Figures 1A–C). Crossing heterozygous Tmem59 knockout (Tmem59+/–) mice with 5xFAD mice resulted in the generation of WT, Tmem59+/– (59+/–), 5xFAD, and 5xFAD; Tmem59+/– (5xFAD; 59+/–) mice (Figure 3A). As expected, 6–7 month-old 59+/– and 5xFAD; 59+/– mice showed reduced TMEM59 protein levels in the hippocampus compared to respective controls (Supplementary Figures 3A–B). The time spent in the center and total moving distance in open field tests of 59+/– and 5xFAD; 59+/– mice were comparable to respective controls (Supplementary Figures 3G,H), suggesting that TMEM59 haploinsufficiency did not affect mouse locomotor activity and anxiety at this age. However, TMEM59 haploinsufficiency had a moderate effect on rescuing short-term working memory deficits in 5xFAD mice in Y maze tests (Figure 3B). In Morris water maze tests, TMEM59 haploinsufficiency in 5xFAD mice significantly increased their time spent in the target quadrant and numbers of platform crossings during the probe test (Figures 3C–F). Moreover, TMEM59 haploinsufficiency rescued impaired LTP in 5xFAD mice (Figures 3G,H). Together, these results suggest that TMEM59 haploinsufficiency can ameliorate memory and synaptic plasticity deficits in 5xFAD mice.
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FIGURE 3. TMEM59 haploinsufficiency attenuates memory and synaptic plasticity deficits in 5xFAD mice. (A) Schematic diagram for generating 5xFAD mice with TMEM59 haploinsufficiency. (B) In Y maze tests, spontaneous alternation percentage of WT (n = 15), 59+/– (n = 11), 5xFAD (n = 13), and 5xFAD; 59+/– (n = 11) mice were calculated for comparison. One-way ANOVA followed by Tukey’s post hoc test. (C–F) In Morris water maze tests, escape latencies during a 6-day training were recorded (C). Representative swimming paths (D), time spent in the target quadrant (E) and numbers of platform region crossings (F) during the probe test were also recorded. Comparisons were carried out for WT (n = 15), 59+/– (n = 11), 5xFAD (n = 13), and 5xFAD; 59+/– (n = 11) mice. Two-way ANOVA followed by Tukey’s post hoc test for comparisons in (C), and one-way ANOVA followed by Tukey’s post hoc test for comparisons in (E,F). (G) Time course of fEPSP slopes in the hippocampal CA1 region in acute slices from WT, 59+/–, 5xFAD, and 5xFAD; 59+/– mice were recorded. (H) Quantifications and comparisons of average synaptic potentiation from the last 10 min shown in (G). n = 8 slices from 4 to 5 mice per group, Mann Whitney test. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.




TMEM59 Haploinsufficiency Reduces Aβ Plaque Deposition and Neurite Dystrophy in 5xFAD Mice

We next studied the impact of TMEM59 haploinsufficiency on Aβ plaques in 5xFAD mice and found that Aβ plaque areas were reduced in 5xFAD; 59+/– mice compared to 5xFAD mice (Figures 4A,B). Total dystrophic neurites and dystrophic neurites surrounding individual Aβ plaque, indicated by LAMP1-positive staining, were also decreased in 5xFAD; 59+/– mice compared to controls (Figures 4A,C,D). We further measured Aβ levels by ELISA in sequential hippocampal extractions. Although not altered in TBS- and TBSX-soluble fractions, Aβ40 and Aβ42 levels were significantly decreased in GuHCl-soluble extractions in 5xFAD; 59+/– mice compared to controls (Figures 4E–G). These results suggest that TMEM59 haploinsufficiency reduces Aβ plaque deposition and dystrophic neurite accumulation in 5xFAD mice. We also explored APP glycosylation and processing in mice with TMEM59 haploinsufficiency. The results showed that glycosylated APP levels were slightly increased in 5xFAD; 59+/– mice compared to controls, whereas total APP and APP α-/β-CTF levels were not altered with TMEM59 haploinsufficiency (Supplementary Figures 3A,C–F).
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FIGURE 4. TMEM59 haploinsufficiency reduces Aβ plaque deposition and neurite dystrophy in 5xFAD mice. (A) Z-stack confocal images of Aβ plaques (in red) and dystrophic neurites (indicated by LAMP1, in green) in the coronal sections from 6 to 7 month-old 5xFAD and 5xFAD; 59+/– mice. Original magnifications are 20×, scale bar, 100 μm. Zoom-in images are on the right, scale bar, 30 μm. (B,C) Quantifications and comparisons of the total area of Aβ plaques (B) and LAMP1-positive dystrophic neurites (C) shown in (A). n = 4 mice per group. (D) Quantifications and comparisons of the area of Aβ-associated LAMP1-positive dystrophic neurites per plaque shown in (A). 43 plaques from four 5xFAD mice and 40 plaques from four 5xFAD; 59+/– mice were studied for analysis. (E–G) The levels of Aβ40 and Aβ42 in the hippocampus of TBS-extractions (E), TBSX-extractions (F), and GuHCl-extractions (G) from 8 month-old 5xFAD and 5xFAD; 59+/– mice were measured by ELISA and compared. n = 5 mice for 5xFAD, n = 6 mice for 5xFAD; 59+/–. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ns: not significant. Unpaired t-test.




TMEM59 Protein Levels Are Elevated in the Brain of 5xFAD Mice During Aging

Some previous studies reported that TMEM59 expression was increased in the brain of AD patients compared to controls (Bakulski et al., 2012; Guttula et al., 2012). Herein, we also observed that TMEM59 protein levels were elevated in 6–7 month-old 5xFAD mice compared to WT controls (Supplementary Figures 3A,B). To further determine the change of TMEM59 in AD, we studied TMEM59 levels in 5xFAD mice at different ages. We found that although hippocampal TMEM59 protein levels were comparable between 5xFAD mice and their littermate WT controls at 1.5 months of age, hippocampal TMEM59 levels were significantly elevated in 5xFAD mice compared to WT controls at 4 and 8 months of age (Figures 5A,B). Similarly, although TMEM59 protein levels in the cortex of 5xFAD mice were not altered at 1.5 and 4 months of age, they were significantly elevated at 8 months of age compared to WT controls (Figures 5A,C). These results indicate a correlation between TMEM59 elevation and AD and aging, and further support a detrimental role of TMEM59 elevation in synaptic functions and learning and memory.


[image: image]

FIGURE 5. TMEM59 protein levels are increased in 5xFAD mice during aging. (A) Protein lysates of hippocampal (Hip) and cortical (Ctx) tissues from WT and 5xFAD mice at different ages were subjected to western blotting to detect proteins indicated. (B,C) Hippocampal (B) and cortical (C) TMEM59 protein levels in (A) were quantified and compared to respective controls (set to 1.0). Data represent mean ± SEM, n = 4 mice per group. **p < 0.01, ***p < 0.001. Two-way ANOVA followed by Bonferroni’s post hoc test.




DISCUSSION

TMEM59 has been implicated to play a role in AD (Ullrich et al., 2010; Bakulski et al., 2012; Guttula et al., 2012). However, whether TMEM59 indeed modulates the pathology of AD, especially in animal models resembling AD phenotypes has yet to ascertained. In the present study, we observed that TMEM59 protein levels were significantly elevated in 5xFAD mice during aging; and this is consistent with the previous reports of high TMEM59 expression levels and low DNA methylation in the TMEM59 promoter region in AD patients compared to controls (Bakulski et al., 2012; Guttula et al., 2012), strengthening the correlation between TMEM59 and AD.

Cognitive impairment is regarded as a typical feature of AD in clinical diagnosis (McKhann et al., 2011). Herein, we found that lentivirus-mediated TMEM59 overexpression in the hippocampal region was sufficient to cause memory deficits and had a trend to impair synaptic plasticity in WT mice, implying that increased TMEM59 expression contributes to AD progression. However, TMEM59 overexpression did not exacerbate learning and memory and synaptic plasticity deficits in 5xFAD mice. One possible explanation is that the impacts of TMEM59 overexpression on cognitive and synaptic function impairments are mild and may not be able to further worsen the quickly degenerated phenotypes in 5xFAD mice. It is well-known that 5xFAD mice develop AD-like phenotypes very fast and such an aggressive phenotype in some ways is unphysiological to the human disease. Further study using models with relatively slow disease progression such as APP/PS1 and Tg2576 mice may be able to fully ascertain the contribution of TMEM59 elevation to AD progression.

Aβ is considered to be a prime culprit for AD pathogenesis and derived from APP through sequential cleavages by β-secretase and γ-secretase (Hardy, 2006; Zhang et al., 2011; Haass et al., 2012; Long and Holtzman, 2019). Aβ40 and Aβ42 are two major neurotoxic species among various Aβ species, with Aβ42 being more prone to aggregate into oligomers, fibrils and amyloid plaques in AD patients (Jarrett et al., 1993; Iwatsubo et al., 1994; Tu et al., 2014; Long and Holtzman, 2019). Interestingly, we found that TMEM59 overexpression exacerbated Aβ deposition in the brain of 5xFAD mice. We also studied Aβ40 and Aβ42 levels in 5xFAD mouse hippocampal fractions after sequential extraction by TBS, TBSX, and GuHCl, of which the formal two represent soluble or newly generated Aβ and the latter one represents detergent-insoluble deposited Aβ (Youmans et al., 2011; Zhong et al., 2019). Consistently, both Aβ40 and Aβ42 levels in GuHCl-soluble fractions were increased upon TMEM59 overexpression. However, TMEM59 overexpression had no effect on Aβ40 and Aβ42 levels in TBS- and TBSX-soluble fractions, implying that TMEM59 overexpression may not affect Aβ generation. This finding is in contrast to previous studies showing that TMEM59 overexpression could inhibit APP glycosylation and cell surface expression, as well as the cleavage of APP to generate Aβ in HEK293 cells (Ullrich et al., 2010), and that TMEM59 overexpression could reduce the γ-cleavage of APP C99 fragment and promote learning and memory in C99 transgenic drosophila (Li et al., 2020). Although our finding that APP glycosylation was increased in 5xFAD mice with TMEM59 haploinsufficiency is consistent with the observation that TMEM59 overexpression inhibited APP glycosylation (Ullrich et al., 2010), TMEM59 haploinsufficency had no effect on levels of total APP, APP α-/β-CTF, and soluble Aβ in vivo. One possibility for this discrepancy is that TMEM59 may have different effects on APP/Aβ metabolism in immortalized non-neuronal cell lines and animal models.

The formation of dystrophic neurites is also one pathological trait in AD (Holcomb et al., 1998; Guo et al., 2020). Many previous studies have demonstrated that LAMP1, a lysosomal marker for endo-lysosomal and autophagic vesicles, is enriched in dystrophic neurites and accumulates around Aβ plaques in AD mouse models (Condello et al., 2011; Gowrishankar et al., 2015; Yuan et al., 2016) as well as in AD patients (Terry et al., 1964; Barrachina et al., 2006; Hassiotis et al., 2018). Therefore, LAMP1 staining has been used as a marker for dystrophic neurites. Herein, we also found that TMEM59 overexpression resulted in increased staining of LAMP1, emphasizing the pathologic contribution of TMEM59 elevation on neurite dystrophy in AD.

One research group reported that complete knockout and nervous system-specific knockout of Tmem59 resulted in memory impairments in mice (Liu et al., 2018; Wang et al., 2019). In contrast, we found that TMEM59 haploinsufficiency had no effect on learning and memory and synaptic plasticity in WT mice. Importantly, TMEM59 haploinsufficiency reverses memory and synaptic plasticity deficits in 5xFAD mice. Consistently, TMEM59 haploinsufficiency reduces Aβ deposition, detergent-insoluble but GuHCl-soluble Aβ42 levels, as well as dystrophic neurites in the brain of 5xFAD mice. Therefore, downregulation of TMEM59 can provide protection in AD. We recently demonstrated TMEM59 deficiency in microglia resulted in elevated phagocytosis and mitochondrial respiration (Liu et al., 2020). Herein, we also found the basal respiratory capacity of mitochondria was enhanced in primary neurons derived from TMEM59 knockout mice when compared to controls (Supplementary Figures 4A,B). Therefore, one potential mechanism for TMEM59 haploinsufficiency to exert protection in AD is that TMEM59 haploinsufficiency increases microglial phagocytosis of Aβ and promotes cellular health.

In summary, our study demonstrates that an elevation of TMEM59 can exacerbate the pathological progress during aging, whereas downregulation of TMEM59 can ameliorate cognitive and synaptic deficits and pathologies in AD model mice. These findings strongly support the notion that TMEM59 plays an important role in AD pathogenesis and may provide a potential strategy for AD treatment.
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Gut bacterial dysbiosis plays a vital role in the development of Alzheimer’s disease (AD). However, our understanding of alterations to the gut fungal microbiota and their correlations with host immunity in AD is still limited. Samples were obtained from 88 Chinese patients with AD, and 65 age- and gender-matched, cognitively normal controls. Using these samples, we investigated the fungal microbiota targeting internal transcribed spacer 2 (ITS2) rRNA genes using MiSeq sequencing, and analyzed their associations with the host immune response. Our data demonstrated unaltered fungal diversity but altered taxonomic composition of the fecal fungal microbiota in the AD patients. The analysis of the fungal microbiota was performed using 6,585,557 high-quality reads (2,932,482 reads from the controls and 3,653,075 from the AD patients), with an average of 43,042 reads per sample. We found that several key differential fungi such as Candida tropicalis and Schizophyllum commune were enriched in the AD patients, while Rhodotorula mucilaginosa decreased significantly. Interestingly, C. tropicalis and S. commune were positively correlated with IP-10 and TNF-α levels. In contrast, C. tropicalis was negatively correlated with IL-8 and IFN-γ levels, and R. mucilaginosa was negatively correlated with TNF-α level. PiCRUSt analysis revealed that lipoic acid metabolism, starch and sucrose metabolism were significantly decreased in the AD fungal microbiota. This study is the first to demonstrate fecal fungal dysbiosis in stable AD patients at a deeper level, and to identify the key differential fungi involved in regulating host systemic immunity. The analysis of the fungal microbiota in AD performed here may provide novel insights into the etiopathogenesis of AD and pave the way for improved diagnosis and treatment of AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by a slow progression, which starts with mild memory loss and culminates in severe impairment of executive and cognitive functions. During the last decades, the prevalence of AD has been rapidly increasing due to the rise in life expectancy worldwide (Scheltens et al., 2016; Gaugler et al., 2019; Alzheimer’s Association, 2020). It is estimated that by 2050, one in every 85 people will be living with AD (Brookmeyer et al., 2007). However, at present there are no mechanistic therapies or disease-modifying therapies available for AD (Honig et al., 2018). As a result, a diagnosis of AD has become one of the most devastating that patients and their families can receive. The financial burden imposed by AD is formidable due to the care needed by the growing number of patients with AD and other dementias. Given the clinical and financial burdens of the disease, AD should be regarded as a global public health priority.

Increasing evidence recognizes AD as a multifactorial and heterogeneous disease with multiple contributors to its pathophysiology, which is not restricted to effects on the central nervous system, but also includes strong interactions with external factors such as the gut microbiota. At autopsy, AD is characterized by amyloid-beta (Aβ) plaques and neurofibrillary tangles (LaFerla et al., 2007; Kinney et al., 2018; Sepulcre et al., 2018; Chen et al., 2020; Wan et al., 2020). Recently, a genome-wide spatial transcriptomic analysis identified an amyloid plaque-induced gene network, suggesting that Aβ plays active roles in the development of AD (Chen et al., 2020). In fact, in the last decades, the progress made by accounts of AD etiopathology focusing on the nervous system remains limited. Recent studies of the gut–brain axis have highlighted the potential roles of the gut microbiota in the development of various brain diseases, including AD. Several studies have found an altered gut microbiota in AD patients, suggesting that the gut microbiota may be involved in AD pathogenesis (Vogt et al., 2017; Zhuang et al., 2018; Liu et al., 2019). Our group has also previously demonstrated that Clostridium butyricum and its metabolite butyrate can regulate the expression of Aβ, leading to an amelioration of cognitive deficits and neurodegeneration via modulation of the gut microbiota; these can therefore be considered to be potential psychobiotics (Sun et al., 2019a,b; Sun J. et al., 2020). Furthermore, a phase 3 clinical trial conducted in China by another group found that administering oligomannate led to a solid and consistent improvement in cognition in AD patients, suppressing gut dysbiosis and the associated phenylalanine/isoleucine accumulation, harnessing neuroinflammation, and reversing cognitive impairment (Wang et al., 2019). These findings indicate that gut dysbiosis can promote neuroinflammation during the progression of AD, while restoration of the gut microbiota may be a novel strategy for treating AD.

The gut microbiota is composed of a variety of microorganisms, including bacteria, viruses, fungi, and archaea. However, previous studies have mainly focused on the bacterial diversity and composition of the gut microbiota, while the fungal microbiota has not been explored extensively. Fungi are suggested to influence intestinal health and disease by suppressing the outgrowth of potential pathobionts, promoting immunoregulatory pathways, and modulating host metabolism (Huseyin et al., 2017; Ni et al., 2017; Sam et al., 2017; Chin et al., 2020). Several clinical studies have identified a distinct fungal microbiota dysbiosis in inflammatory bowel disease (IBD), primary sclerosing cholangitis, asthma, type 2 diabetes mellitus, chronic liver diseases, Parkinson’s disease and other neurological diseases, and even colorectal cancer (Hoarau et al., 2016; Sokol et al., 2017; Forbes et al., 2018; Coker et al., 2019; Cirstea et al., 2020; Jayasudha et al., 2020; Jiang et al., 2020; Lemoinne et al., 2020; Qiu et al., 2020; van Tilburg Bernardes et al., 2020; Ventin-Holmberg et al., 2020). Studies of animal models have found that commensal fungi can activate host-protective immune pathways related to epithelial barrier integrity, but can also induce reactions that contribute to events associated with IBD (Iliev and Cadwell, 2020). In addition, by interacting with the bacteriome and/or virome, the gut fungal communities appears to be a cofactor in inflammation and in the host immune response, and therefore may contribute to various disease progression. Therefore, alterations to the fungal microbiota might actively contribute to the development of AD. In this study, we employed fungal-specific internal transcribed spacer (ITS) amplicon sequencing of a cross-sectional AD cohort to investigate associations between the fungal gut microbiota and AD using the 16S rRNA high-throughput gene MiSeq platform. Furthermore, we performed correlation analysis between fungal taxa and clinical indicators to decipher their possible roles in the pathogenesis of AD.



MATERIALS AND METHODS


Subject Enrollment

A total of 88 Chinese patients with well-controlled AD, whose diagnoses were based on the criteria of the National Institute of Neurological and Communicative Diseases and Stroke/AD and Related Disorders Association, were recruited from Lishui, Zhejiang province (China) from February 2019 to November 2019, along with 65 cognitively normal subjects as controls. The cognitive and functional status of each subject was scored using the Mini-Mental State Examination (MMSE, Chinese version), the current version in the Wechsler Adult Intelligence Scale series (WAIS-IV, published in 2008), and the Barthel Index of instrumental activities of daily living. Each participant was scanned using magnetic resonance imaging (MRI), with all AD patients diagnosed as showing brain atrophy. The detailed demographic data and medical history (including hypertension, diabetes mellitus, hypercholesterolemia, coronary heart disease, diarrhea, and constipation) were collected using a set of questionnaires. Exclusion criteria included: family history of dementia; any kind of other neurodegenerative disease such as Parkinson’s disease; confirmed mental illness such as schizophrenia; any kind of tumor; antibiotic, prebiotic, probiotic, or synbiotic administration during the previous month; known active infections such as viral, bacterial, or fungal infections; and other diseases such as inflammatory bowel disease, irritable bowel syndrome, or other autoimmune diseases. The protocols for the study were approved by the Ethics Committee of Lishui Second People’s Hospital (Zhejiang, China) and written informed consent was obtained from each of the subjects or their guardian before enrollment.



Fecal Sample Collection and DNA Extraction

Approximately 2 g of fresh fecal sample was collected from each subject in a sterile plastic cup, and stored at −80°C after preparation within 15 min, until its subsequent use. Metagenomic DNA was extracted from 300 mg homogenized feces using a QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions, with additional glass-bead beating steps performed using a Mini-Beadbeater (FastPrep; Thermo Electron, Boston, MA, United States). The amount of DNA was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Electron). The integrity and size were verified by electrophoresis on a 1.0% agarose gel containing 0.5 mg/ml ethidium bromide. All DNA samples were stored at −20°C prior to further analysis.



Amplicon Library Construction and Sequencing

Amplicon libraries were constructed using Illumina sequencing-compatible and barcode-indexed fungal PCR primers ITS3 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGC TTATTGATATGC-3′), which target ITS2 rRNA genes (Degnan and Ochman, 2012). All PCR reactions were performed using HiFi HotStart ReadyMix (KAPA Biosystems) according to the manufacturer’s protocol and approximately 50 ng extracted DNA per reaction. Thermocycling conditions were set at 95°C for 1 min, 53°C for 1 min, then 72°C for 1 min for 30 cycles, followed by a final extension at 72°C for 5 min. All PCR reactions were performed in 50 μl triplicates and combined after PCR. The amplicon library was prepared using a TruSeq DNA sample preparation kit (Illumina, San Diego, CA, United States). Prior to sequencing, the PCR products were extracted with the MinElute Gel Extraction Kit (QIAGEN) and quantified on a NanoDrop ND-1000 spectrophotometer (Thermo Electron) and a Qubit 2.0 Fluorometer (Invitrogen). The purified amplicons were then pooled in equimolar concentrations and the final concentration of the library was determined using the Qubit 2.0 Fluorometer. Negative DNA extraction samples (lysis buffer and kit reagents only) were amplified and sequenced as contamination controls. Sequencing was performed on a MiSeq instrument (Illumina) using a 300 × 2 V3 kit together with the PhiX Control V3 library (Illumina) (Ling et al., 2019; Wang et al., 2019). MiSeq sequencing and library construction were performed by technical staff at Hangzhou KaiTai Bio-lab.



Bioinformatic Analysis

The ITS sequence dataset generated by the MiSeq run were first merged and demultiplexed into per-sample data using QIIME version 1.9.0 with default parameters (Caporaso et al., 2010). Chimera sequences were detected and removed using USEARCH version 7 software based on the UCHIME algorithm (Edgar et al., 2011). The open-reference operational taxonomic unit (OTU) pick was then performed using USEARCH version 7 referenced against the Greengenes database version 13.8 at 97% sequence similarity (Edgar, 2010; McDonald et al., 2012). OTUs containing a number of sequences <0.005% of the total number of sequences were discarded, as recommended (Navas-Molina et al., 2013). This resulted in an OTU table, which was used for subsequent downstream analysis.

To perform the taxonomic assignment, the most abundant sequence from each OTU was chosen as the representative sequences from that OTU. Taxonomic assignment of individual datasets was performed by classifying the data according to the UNITE database1 (Abarenkov et al., 2010). Alpha diversity was calculated based on the sequence similarity at the 97% level using QIIME software and Python scripts to calculate a range of estimators, including: index of observed species, abundance-based coverage estimator (ACE), Chao1 estimator, Shannon, Simpson, evenness, and PD whole tree. Sequence coverage was assessed in Mothur software based on calculating rarefaction curves and Good’s coverage (Good, 1953; Schloss et al., 2009). Beta diversity was estimated based on the Jaccard, Bray–Curtis, unweighted UniFrac, and weighted UniFrac distances calculated with 10× subsampling in QIIME. These distances were visualized following principal coordinate analysis (PCoA) of the data (Lozupone and Knight, 2005). Hierarchical clustering was performed and a heatmap was generated using a customized script developed in the R statistical package, with Spearman’s rank correlation coefficient as the distance measure. The output file was further analyzed using the Statistical Analysis of Metagenomic Profiles (STAMP) software package version 2.1.3 (Parks et al., 2014).

To perform the predictive functional analyses, PiCRUSt software version 1.0.0 was used to identify predicted gene families and associated pathways from the inferred metagenomes of taxa of interest identified during the compositional analyses; this analysis is based on the close link between phylogeny and function (Langille et al., 2013). Predicted functional genes were categorized based on the Clusters of Orthologous Groups (COG) database and on the Kyoto Encyclopedia of Genes and Genome (KEGG) orthology (KO), and then compared across patient groups using STAMP. Pathways and enzymes were assigned using the KEGG database options built into the pipeline. Pathways that were non-prokaryotic, had <2 sequences in each cohort, or had a difference in mean proportions <0.1% were excluded from the analysis. The characterization of microorganismal features differentiating the gastric microbiota was performed using the linear discriminant analysis (LDA) effect size (LEfSe) method2 for biomarker discovery, which emphasizes both statistical significance and biological relevance (Segata et al., 2011). Based on a normalized relative abundance matrix, the LEfSe method uses the Kruskal–Wallis rank sum test to detect features with significantly different abundances between assigned taxa and then performs LDA to estimate the effect size of each feature. A significant alpha threshold of 0.05 and an effect size threshold of 3 were used to identify all of the biomarkers discussed in this study.



Systemic Inflammatory Cytokines Analysis

Serum samples were obtained from the participants using their fasting blood in the early morning. The following cytokines were quantified using a 27-plex magnetic bead based immunoassay kit (Bio-Rad, Hercules, CA, United States): interleukin-1β (IL-1β), IL-1 receptor antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, eotaxin, fibroblast growth factor-basic (FGF-basic), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFN-γ), interferon gamma-inducible protein 10 (IP-10), monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), platelet-derived growth factor (PDGF-bb), MIP-1β, regulated upon activation normal T-cell expressed and secreted (RANTES), tumor necrosis factor-alpha (TNF-α), and vascular endothelial growth factor (VEGF). The Bio-Plex 200 system (Bio-Rad) was used to analyze Bio-Rad 27-plex human group I cytokines, with the Bio-Plex assay performed according to the manufacturer’s directions. The results were expressed as picograms per milliliter (pg/mL) using standard curves integrated into the assay and the Bio-Plex Manager v5.0 software (Bio-Rad), yielding reproducible intra-and inter-assay CV values of 5–8%.



Statistical Analysis

White’s nonparametric t-test, the independent t-test, or the Mann-Whitney U-test were applied to analyze continuous variables. Pearson’s chi-square test or Fisher’s exact test were used to analyze categorical variables between groups. Spearman’s rank correlation test was used to perform correlation analyses. Statistical analysis was performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, United States) and STAMP version 2.1.3 (Parks et al., 2014). R and GraphPad Prism v6.0 software were used to prepare graphs. All of the tests of significance performed were two sided, with p < 0.05 or corrected p < 0.05 considered statistically significant.



Accession Number

The sequence data from this study are deposited in the GenBank Sequence Read Archive with the accession number SRP292858.



RESULTS


Subject Characteristics

Eighty-eight stable AD patients and 65 age- and gender-matched cognitively normal, healthy controls were enrolled in the present study (Table 1). All participants were older than 65 years of age. There were no significant differences between the healthy controls and the AD patients in terms of gender, body mass index, drinking, or smoking, or in terms of comorbidities with hypertension, hypercholesterolemia, diabetes mellitus, or coronary heart disease (all ps > 0.05). However, MMSE, WAIS, and Barthel scores were clearly lower in AD patients than in the healthy controls (all ps < 0.05).


TABLE 1. The fundamental information of subjects.
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Unaltered Overall Structure of the Fungal Microbiota in Stable AD

In the present study, 6,585,557 high-quality reads (2,932,482 reads from the controls and 3,653,075 from the AD patients) were obtained for subsequent analysis of the fungal microbiota, with an average of 43,042 reads per sample. Good’s coverage was 99.99% in healthy controls and 99.98% in AD patients, respectively, suggesting that most of the fungal phylotypes (546 OTUs) in the AD-associated fungal microbiota were successfully identified. Interestingly, the calculated fungal alpha-diversity indices, including the Shannon and Simpson indices, show no significant changes of the AD-associated fungal microbiota relative to that of the healthy controls (Figures 1A,B); however, there was a trend toward increasing fungal diversity in the stable AD patients. In terms of the richness indices, there were no significant changes in ACE, Chao1, and observed OTUs in stable AD patients compared with healthy controls (Figures 1C–E; all ps > 0.05). Rarefaction plots reached a plateau for fungal species in both the AD and the control samples. We next assessed and compared the beta diversity of the fungal microbiota in AD patients to that in healthy controls based on the Bray–Curtis, Jaccard, unweighted UniFrac, and weighted UniFrac algorithms. The AD and control groups could not be divided into different clusters (Adonis test, p > 0.01; Figures 1F–I). In addition, the Venn diagram showed more unique phylotypes in AD patients than those in healthy controls (Figure 1J). Taken together, the alpha- and beta-diversity analyses demonstrate that the overall structure of the fungal microbiota in stable AD patients did not change obviously compared with that in the healthy controls.
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FIGURE 1. Fungal diversity and richness of the fecal microbiota in Chinese AD patients. The diversity indices of Shannon (A) and Simpson (B), and the richness indices of the observed species (C), ACE (D), and Chao1 (E) were used to evaluate the overall structure of the fungal microbiota in the stable AD patients and the healthy controls. The data are presented as mean ± standard deviation. Unpaired t-tests (two tailed) were used to analyze the variation between the groups. Principal coordinate analysis (PCoA) plots of individual fungal microbiota based on Bray–Curtis (F), Jaccard (G), and unweighted (H) and weighted (I) UniFrac distances in the AD patients and the healthy controls. Each symbol represents a sample. The Venn diagram illustrates the overlap of OTUs in the fungal microbiota between the two groups (J).




Taxonomic Alterations of Fecal Fungi in Stable AD

The compositions of the fungal microbiota in the stable AD patients and healthy controls were assessed at different taxonomic levels (Figure 2). Overall, four phyla, 20 classes, 52 orders, 97 families, 148 genera, and 247 species were identified by this sequencing analysis. Among the fungal taxa, the phylum Ascomycota dominated the fungal microbiota, while Basidiomycota was observed as the second most abundant phylum in both the AD and control groups. At the family level, Saccharomycetales family Incertae sedis, Trichocomaceae, Meruliaceae, Pleosporaceae, Trichosporonaceae, Schizophyllaceae, and Sclerotiniaceae were found to be dominant in the fungal microbiota, when unclassified fungal taxa were excluded. Interestingly, we found that a greater number of fungal families were observed in the AD patients compared with the healthy controls. At the genus level, classified genera including Candida, Aspergillus, Debaryomyces, Trichosporon, Wickerhamomyces, Schizophyllum, Phlebia, and Asterotremella were abundant in the fungal microbiota, both in the AD patients and the healthy controls. At the species level, fungal taxa including Candida albicans, Candida tropicalis, Candida parapsilosis, Schizophyllum commune, Phlebia cf. subserialis MS42b, Asterotremella sp., Candida metapsilosis, and Wickerhamomyces anomalus were observed and classified. C. albicans, C. tropicalis, and C. parapsilosis were the most abundant species in the fungal microbiota, both in the AD patients and the healthy controls. Using the LEfSe method, discriminant analysis showed that many key taxa were clearly different between the AD and control groups (LDA score >2, p < 0.05; Figure 3). Although the Basidiomycota/Ascomycota ratio is considered to be an indicator of fungal dysbiosis, we found no significant differences in these two abundant phyla between the AD patients and the healthy controls (Coker et al., 2019). The LEfSe analysis revealed that most of the differential fungi could be classified at the species level. C. parapsilosis, Hannaella sp. CMON52, C. apicola, Cystofilobasidium capitatum, C. xylopsoci, C. zeylanoides, Malassezia globosa, Trichosporon veenhuisii, Bullera unica, Millerozyma farinosa, and Rhodotorula mucilaginosa were enriched in the healthy controls, while C. tropicalis, Trametes versicolor, S. commune, Davidiella tassiana, Exophiala dermatitidis, and Erythrobasidium hasegawianum were prevalent in stable AD patients. The abundances of the most numerous Candida species, such as C. albicans, did not show obvious changes between the two groups. Despite most of these differential species not being abundant, our results do nevertheless indicate fungal dysbiosis in stable AD patients.
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FIGURE 2. Overall fungal microbiota composition in stable AD patients and healthy controls in phylum, family, genus, and species levels.
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FIGURE 3. Differential fungal taxa between the stable AD patients and the healthy controls. The LEfSe identified the taxa with the greatest differences in abundance between the AD patients and healthy controls. Only the taxa meeting a significant LDA threshold value of >2 are shown. These differential fungi could be used as potential biomarkers to distinguish AD patients from healthy controls.




Fungal Functional Alterations in AD

To identify metabolic and functional changes in the fungal microbiota between the AD patients and the controls, we used PiCRUSt to analyze the functional potential of the microbiota based on closed-reference OTU picking. We compared 105 KEGG pathways at level 3 and identified five KEGG categories with clearly differential abundances between the AD patients and the controls. The following KEGG categories decreased prominently in stable AD patients (p < 0.05; Figure 4): “lipoic acid metabolism,” “cell cycle – Caulobacter,” “starch and sucrose metabolism,” “lysine degradation,” and “phosphotransferase system (PTS).” These fungal functional alterations might participate in the pathogenesis and development of AD.
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FIGURE 4. PiCRUSt-based examination of the fungal microbiome of the stable AD patients and the healthy controls. The different fungal functions were evaluated between them based on two-sided Welch’s t-test. Comparisons between the groups for each KEGG functional category (level 3) are shown by percentage. The Benjamini–Hochberg method was used for multiple testing correction based on the false discovery rate (FDR) through STAMP.




Correlations Between Key Differential Fungi and Host Immunity

We found that the AD-associated clinical indicators we examined, including the MMSE, WAIS, and Barthel scores, were significantly lower in the stable AD patients compared with the healthy controls (p < 0.01). Using the Bio-Plex Pro human cytokine group I panel 27-plex analysis, we found that, in the AD patients relative to the healthy controls, levels of anti-inflammatory cytokines (such as IFN-γ) and several chemokines (such as IL-8, MCP-1, and MIP-1a) were significantly lower (ps < 0.05), while levels of pro-inflammatory cytokines (such as TNF-α) were markedly higher (ps < 0.05); furthermore, the level of IP-10 was also lower in the AD patients (ps < 0.05). Next, we investigated correlations between the key differential fungi and the altered cytokines using Spearman’s rank correlation (Figure 5). We found that the enriched abundance of C. tropicalis in AD correlated negatively with levels of IL-8 and IFN-γ, but correlated positively with levels of IP-10 and TNF-α (ps < 0.05). However, the abundance of C. parapsilosis, which was prevalent in healthy controls, was not correlated with altered cytokine levels. The abundance of another AD-enriched fungi, S. commune, was positively correlated with levels of TNF-α and IP-10 (ps < 0.05). The abundance of R. mucilaginosa, a non-abundant fungi that was enriched in healthy controls, was negatively correlated with the level of TNF-α (p < 0.05). Thus, these results indicate that the altered key differential fungi regulated the systemic immune response in the AD patients, and may actively contribute to the development and progression of AD.
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FIGURE 5. Correlations between pro- and anti-inflammatory cytokines and chemokines with altered concentrations and the relative abundance of the key differential fungi. Correlation between the relative abundance of Candida tropicalis and the levels of IL-8 (A), IFN-γ (B), IP-10 (C), and TNF-α (D); the relative abundance of Schizophyllum commune and the levels of TNF-α (E) and IP-10 (F); the relative abundance of Rhodotorula mucilaginosa and the levels of TNF-α (G). Spearman’s rank correlation (R) and probability (P) were determined to evaluate the statistical importance.




DISCUSSION

In the present study, we observed fungal microbiota dysbiosis in Chinese patients with stable AD for the first time. Using high-throughput sequencing techniques, we found that alterations to several key differential fungi were associated with AD, and showed clear correlations with the host immune response. These altered fungal taxa may play vital roles in the development and progression of AD.

The human gut microbiota is a complex and diverse ecosystem composed of bacteria, fungi, viruses, and archaea (Hamad et al., 2017). Of course, bacteria represent the majority of the microbial communities that inhabit the human gut, and their roles and mechanisms in human health and disease have been elucidated extensively. Maintaining a healthy balance of gut bacteria can promote good health, and indeed several previous studies have reported that AD pathology is closely correlated with alterations in gut bacterial profiles (Vogt et al., 2017; Zhuang et al., 2018; Li B.Y. et al., 2019; Liu et al., 2019). This suggests that human gut bacteria may play crucial roles in the etiopathology of AD, such that these key differential bacteria could be used as potential targets for non-invasive diagnosis and treatment of AD. Unlike the bacterial community in the human gut, the composition and diversity of the fungal microbiota remains largely unexplored, because of the relatively low abundance of fungi in the human gut, combined with their neglect in research employing culture-based and molecular analyses (Marchesi, 2010). Nevertheless, intestinal fungi represent an important component of the microbiota in the human gastrointestinal tract that interacts with gut immune cells to maintain a healthy gut (Leonardi et al., 2018; Bacher et al., 2019). The gut fungal microbiota has recently been recognized as a novel and important player in the pathophysiology of intestinal and extraintestinal diseases (Huseyin et al., 2017), and is known to have a profound influence in modulating local as well as peripheral immune responses (Li X.V. et al., 2019). Because of the relatively low abundance of fungi in the human gastrointestinal tract (comprising only 2% of the human gut microbiota) (Anandakumar et al., 2019), little is known about their ability to influence human health and disease. With the advent of deep sequencing technologies, the composition and diversity of the fungal microbiota has been revealed, deepening and clarifying our understanding of the roles and mechanisms of intestinal fungi in host homeostasis (Iliev and Leonardi, 2017; Scheffold et al., 2020; Zhang et al., 2020; Zou et al., 2020). Recent studies have unveiled the potential roles that fungi play in modulating host immune homeostasis and inflammatory disease (Standaert-Vitse et al., 2006; Wheeler et al., 2016; Sokol et al., 2017; Yang et al., 2017; Cirstea et al., 2020; Huang et al., 2020; Jiang et al., 2020). However, the fungal microbiota is still a novel and emerging topic of research that continues to lag behind the level of research and understanding we have of the bacteriome. Prior to this study, there have not been any studies focusing on the roles and mechanisms of gut fungal communities in AD, nor in any other neurodegenerative disorder. Nevertheless, the in-depth analysis of the AD-associated fungal microbiota present here might provide novel insights into the development, progression, and treatment of AD.

Fungal species detected in the human body mainly belong to three different phyla: Ascomycota, Basidiomycota, and Zygomycota (Gouba et al., 2013). Most fungal species can be considered commensal or mutualistic, while several yeast and filamentous fungi have been proved to be pathogenic (Parfrey et al., 2011). In the present study, we obtained more than 40,000 reads per sample, allowing us to characterize fungal diversity and composition in depth. In terms of the overall structure of the AD-associated fungal microbiota, we found no significant differences in alpha- and beta-diversity in the stable AD patients compared with the healthy controls. The finding of a lack of alteration to the fungal diversity differs from the alterations to bacterial diversity observed in AD patients; however, the results of the fungal microbiota analysis presented here are consistent with those observed in Parkinson’s disease (Cirstea et al., 2020). Other studies of the fungal microbiota in healthy adults have reported similar findings, including that the fungal microbiota is dominated by yeast and exhibits low fungal diversity and abundance, and high inter-individual variability (Nash et al., 2017; Auchtung et al., 2018). Liu et al. (2019) found that fecal microbial diversity decreased in AD patients compared with healthy controls. Given the significant inter-subject variability in our data, PCoA based on the Bray–Curtis, Jaccard, unweighted UniFrac, and weighted UniFrac algorithms was unable to divide the two groups into different clusters. In contrast, a prior study reported significant compositional differences in the intestinal bacteriome between AD patients and healthy controls based on PCoA using the Bray–Curtis dissimilarity (Liu et al., 2019). Thus, the unaltered diversity of the AD-associated fungal microbiota observed in this study might imply that stable AD does not change the overall structure of the fungal microbiota.

In contrast to bacterial 16S analyses, for which well-established, commonly accepted databases of sequences are available, fungal ITS analysis is relatively undeveloped (Tang et al., 2015), with the UNITE database (see text footnote 1) probably being the most commonly used fungal ITS database. Overall, we were able to classify our fungal ITS reads into different taxonomic levels, but for many of these reads, it was not possible to assign them into specific taxa based on the UNITE database. In the present study, we identified three phyla in the AD-associated fungal microbiota, including Ascomycota, Basidiomycota, and Zygomycota, with most of sequences being assigned to the phylum Ascomycota. Recently, Coker et al. demonstrated that the Ascomycota/Basidiomycota ratio can be considered to be an indicator of fungal dysbiosis (Coker et al., 2019). However, in the present study, we found no significant difference in the Ascomycota/Basidiomycota ratio between the stable AD patients and the healthy controls. This may relate to the stable AD status of the patients, who were not receiving drug treatment. At the genus level, eight genera, namely Candida, Aspergillus, Debaryomyces, Trichosporon, Wickerhamomyces, Schizophyllum, Phlebia, and Asterotremella were the most abundant in the fecal fungal microbiota and exhibited different levels of prevalence in the AD patients compared with the healthy controls. Specifically, we found that Aspergillus, Schizophyllum, and Epicoccum were enriched in the AD patients, while Rhodotorula, Millerozyma, Sporobolomyces, Bullera, Hannaella, Kazachstania, and Tilletiopsis were more prevalent in the healthy controls. These alterations to fungal microbiota composition suggest fungal dysbiosis in the AD-associated fungal microbiota. Furthermore, LEfSe analysis identified several AD-enriched fungal species, including C. tropicalis, Trametes versicolor, S. commune, Davidiella tassiana, Exophiala dermatitidis, and Erythrobasidium hasegawianum, which belong to the genera mentioned above. In contrast, other species, such as C. parapsilosis, Hannaella sp. CMON52, C. apicola, and R. mucilaginosa, were prevalent in the healthy controls. Taken together, these species could be used as potential biomarkers for the non-invasive diagnosis of AD. As with bacteria, fungi can be beneficial to host immunity, but they can also exert deleterious effects under pathological conditions associated with disease. Among the altered fungal species identified in the present study, C. tropicalis, which is one of the most abundant pathogenic species in the central nervous system (Sanches et al., 2019), was found to be increased significantly in AD patients. Furthermore, we found that the abundance of C. tropicalis was negatively correlated with levels of IL-8 and IFN-γ, and positively correlated with those of IP-10 and TNF-α. Our data suggest that C. tropicalis might participate in actively regulating the host systemic immune response. Similarly, S. commune, a sap-rot Basidiomycota and cosmopolitan species, also exhibited immunomodulatory properties. As with C. tropicalis, we found that the enriched abundance of S. commune in AD patients correlated positively with levels of IP-10 and TNF-α. In contrast, the abundance of another species, R. mucilaginosa, was reduced significantly in the AD-associated fungal microbiota. Our correlation analysis found that the abundance of R. mucilaginosa correlated negatively with the level of TNF-α. In addition, the inferred function of the fungal microbiota also changed significantly in the AD patients. Five KEGG pathways were significantly decreased in AD patients, namely: “lipoic acid metabolism,” “cell cycle – Caulobacter,” “starch and sucrose metabolism,” “lysine degradation,” and “phosphotransferase system (PTS).” Previous studies have demonstrated that lipoic acid can function as a novel anti-inflammatory and neuroprotective treatment for AD and related dementias (Holmquist et al., 2007; Maczurek et al., 2008; Sancheti et al., 2014). Sun C. et al. (2020) found that the biological pathway “starch and sucrose metabolism” was associated with serum metabolomic biomarkers that were able to distinguish AD patients from healthy controls. Of course, the relationships between alterations to key functional fungi (especially non-abundant fungi) or inferred functions and AD are still unclear. Collectively, alterations to the composition of the fungal gut microbiota, especially to key functional fungi, and changes in inferred functions actively participate in the development and progression of AD by regulating the host immune response and modulating host metabolic processes.

This study of the fungal microbiota in AD is the first to be conducted, but it did have several limitations. Firstly, the fungal ITS sequencing-based community analysis targeted ITS3/ITS4 with specific PCR primers, which successfully enabled ITS sequencing reads with an average length of nearly 350 bp. However, many ITS sequences could not be correctly annotated and were instead simply annotated as “fungi,” which affected the subsequent analyses of these data. Longer ITS sequences, metagenomic sequences, or the use of well-established fungal databases might help to improve taxonomic assignment. Secondly, most of the fungi identified belonged to non-abundant fungal taxa (with low relative abundance) and could not be detected in all samples, exhibiting a low detection rate. The significant inter-subject variations might have influenced the identification of clinically important fungal species. Thirdly, contamination from food could not be completely excluded in the process of collecting feces; thus, several of the fungal species identified might be associated with the food supplement. Fourthly, AD patients with a newly diagnosed onset were not enrolled in our study. Including these patients in the study might have allowed changes in the abundance patterns of the fungal microbiota to be understood more clearly.

In summary, the present study was the first to analyze the fungal microbiota in AD patients. Although fecal fungal diversity did not change significantly between the AD patients and the healthy controls, the composition of the fungal microbiota was significantly altered. Several key fungal species, including C. tropicalis, Trametes versicolor, S. commune, Davidiella tassiana, Exophiala dermatitidis, Erythrobasidium hasegawianum, were enriched in the AD-associated fungal microbiota, while abundances of C. parapsilosis, Hannaella sp. CMON52, C. apicola, and R. mucilaginosa clearly decreased. Key functional fungi, such as C. tropicalis, S. commune, and R. mucilaginosa, were shown to actively participate in regulating the host systemic immune response. The large, case–control study presented here provides novel insights in the etiopathogenesis of AD and paves the way for improved diagnosis and treatment of AD in the future.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: GenBank Sequence Read Archive with the accession number SRP292858.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Lishui Second People’s Hospital (Zhejiang, China). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ZL, SW, and MZ conceived and designed the experiments. ZL, XY, YC, LS, XL, RJ, and MZ performed the experiments. ZL, XY, LS, and MZ analyzed the data. ZL, XL, and LS wrote and edited the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was funded by the grants of the National Natural Science Foundation of China (81771724, 31700800, and 81790631), National S&T Major Project of China (2018YFC2000500), S&T Major Project of Lishui (2017YSKZ-01 and 2017ZDYF04), Lishui & ZJU Cooperation Project (2018zdhz07), and Foundation of China’s State Key Laboratory for Diagnosis and Treatment of Infectious Diseases.



ACKNOWLEDGMENTS

The authors thank all of the participants who recruited patients in this study.


FOOTNOTES

1http://unite.ut.ee/repository.php

2http://huttenhower.sph.harvard.edu/galaxy/


REFERENCES

Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, I. J., Eberhardt, U., Erland, S., et al. (2010). The UNITE database for molecular identification of fungi–recent updates and future perspectives. New Phytol. 186, 281–285. doi: 10.1111/j.1469-8137.2009.03160.x

Alzheimer’s Association (2020). 2020 Alzheimer’s disease facts and figures. Alzheimers Dement. 16, 391–460. doi: 10.1002/alz.12068

Anandakumar, A., Pellino, G., Tekkis, P., and Kontovounisios, C. (2019). Fungal microbiome in colorectal cancer: a systematic review. Updates Surg. 71, 625–630. doi: 10.1007/s13304-019-00683-8

Auchtung, T. A., Fofanova, T. Y., Stewart, C. J., Nash, A. K., Wong, M. C., Gesell, J. R., et al. (2018). Investigating colonization of the healthy adult gastrointestinal tract by fungi. mSphere 3:e00092-18. doi: 10.1128/mSphere.00092-18

Bacher, P., Hohnstein, T., Beerbaum, E., Röcker, M., Blango, M. G., Kaufmann, S., et al. (2019). Human Anti-fungal Th17 immunity and pathology rely on cross-reactivity against Candida albicans. Cell 176, 1340.e15–1355.e15. doi: 10.1016/j.cell.2019.01.041

Brookmeyer, R., Johnson, E., Ziegler-Graham, K., and Arrighi, H. M. (2007). Forecasting the global burden of Alzheimer’s disease. Alzheimers Dement. 3, 186–191. doi: 10.1016/j.jalz.2007.04.381

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

Chen, W. T., Lu, A., Craessaerts, K., Pavie, B., Sala Frigerio, C., Corthout, N., et al. (2020). Spatial transcriptomics and in situ sequencing to study Alzheimer’s Disease. Cell 182, 976.e19–991.e19. doi: 10.1016/j.cell.2020.06.038

Chin, V. K., Yong, V. C., Chong, P. P., Amin Nordin, S., Basir, R., and Abdullah, M. (2020). Mycobiome in the gut: a multiperspective review. Mediators Inflamm. 2020:9560684. doi: 10.1155/2020/9560684

Cirstea, M. S., Sundvick, K., Golz, E., Yu, A. C., Boutin, R. C. T., Kliger, D., et al. (2020). The gut mycobiome in Parkinson’s disease. J. Parkinsons Dis. (in press). doi: 10.3233/jpd-202237

Coker, O. O., Nakatsu, G., Dai, R. Z., Wu, W. K. K., Wong, S. H., Ng, S. C., et al. (2019). Enteric fungal microbiota dysbiosis and ecological alterations in colorectal cancer. Gut 68, 654–662. doi: 10.1136/gutjnl-2018-317178

Degnan, P. H., and Ochman, H. (2012). Illumina-based analysis of microbial community diversity. ISME J. 6, 183–194. doi: 10.1038/ismej.2011.74

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381

Forbes, J. D., Bernstein, C. N., Tremlett, H., Van Domselaar, G., and Knox, N. C. (2018). A Fungal world: could the gut mycobiome be involved in neurological disease? Front. Microbiol. 9:3249. doi: 10.3389/fmicb.2018.03249

Gaugler, J., James, B., Johnson, T., Marin, A., Weuve, J., and Alzheimer’s disease (2019). 2019 Alzheimer’s disease facts and figures. Alzheimers Dement. 15, 321–387. doi: 10.1016/j.jalz.2019.01.010

Good, I. J. (1953). The population frequencies of species and the estimation of population parameters. Biometrika 40, 237–264. doi: 10.2307/2333344

Gouba, N., Raoult, D., and Drancourt, M. (2013). Plant and fungal diversity in gut microbiota as revealed by molecular and culture investigations. PLoS One 8:e59474. doi: 10.1371/journal.pone.0059474

Hamad, I., Ranque, S., Azhar, E. I., Yasir, M., Jiman-Fatani, A. A., Tissot-Dupont, H., et al. (2017). Culturomics and amplicon-based metagenomic approaches for the study of fungal population in human gut microbiota. Sci. Rep. 7:16788. doi: 10.1038/s41598-017-17132-4

Hoarau, G., Mukherjee, P. K., Gower-Rousseau, C., Hager, C., Chandra, J., Retuerto, M. A., et al. (2016). Bacteriome and mycobiome interactions underscore microbial dysbiosis in familial Crohn’s Disease. mBio 7:e01250-16. doi: 10.1128/mBio.01250-16

Holmquist, L., Stuchbury, G., Berbaum, K., Muscat, S., Young, S., Hager, K., et al. (2007). Lipoic acid as a novel treatment for Alzheimer’s disease and related dementias. Pharmacol. Ther. 113, 154–164. doi: 10.1016/j.pharmthera.2006.07.001

Honig, L. S., Vellas, B., Woodward, M., Boada, M., Bullock, R., Borrie, M., et al. (2018). Trial of solanezumab for mild dementia due to Alzheimer’s Disease. N. Engl. J. Med. 378, 321–330. doi: 10.1056/NEJMoa1705971

Huang, C., Yu, Y., Du, W., Liu, Y., Dai, R., Tang, W., et al. (2020). Fungal and bacterial microbiome dysbiosis and imbalance of trans-kingdom network in asthma. Clin. Transl. Allergy. 10:42. doi: 10.1186/s13601-020-00345-8

Huseyin, C. E., O’Toole, P. W., Cotter, P. D., and Scanlan, P. D. (2017). Forgotten fungi-the gut mycobiome in human health and disease. FEMS Microbiol. Rev. 41, 479–511. doi: 10.1093/femsre/fuw047

Iliev, I. D., and Cadwell, K. (2020). Effects of intestinal fungi and viruses on immune responses and inflammatory bowel diseases. Gastroenterology S0016-5085, 35564–35565. doi: 10.1053/j.gastro.2020.06.100

Iliev, I. D., and Leonardi, I. (2017). Fungal dysbiosis: immunity and interactions at mucosal barriers. Nat. Rev. Immunol. 17, 635–646. doi: 10.1038/nri.2017.55

Jayasudha, R., Das, T., Kalyana Chakravarthy, S., Sai Prashanthi, G., Bhargava, A., Tyagi, M., et al. (2020). Gut mycobiomes are altered in people with type 2 diabetes mellitus and diabetic retinopathy. PLoS One 15:e0243077. doi: 10.1371/journal.pone.0243077

Jiang, L., Stärkel, P., Fan, J. G., Fouts, D. E., Bacher, P., and Schnabl, B. (2020). The gut mycobiome: a novel player in chronic liver diseases. J. Gastroenterol. (in press). doi: 10.1007/s00535-020-01740-5

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M., and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s disease. Alzheimers Dement. 4, 575–590. doi: 10.1016/j.trci.2018.06.014

LaFerla, F. M., Green, K. N., and Oddo, S. (2007). Intracellular amyloid-beta in Alzheimer’s disease. Nat. Rev. Neurosci. 8, 499–509. doi: 10.1038/nrn2168

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

Lemoinne, S., Kemgang, A., Ben Belkacem, K., Straube, M., Jegou, S., Corpechot, C., et al. (2020). Fungi participate in the dysbiosis of gut microbiota in patients with primary sclerosing cholangitis. Gut 69, 92–102. doi: 10.1136/gutjnl-2018-317791

Leonardi, I., Li, X., Semon, A., Li, D., Doron, I., Putzel, G., et al. (2018). CX3CR1(+) mononuclear phagocytes control immunity to intestinal fungi. Science 359, 232–236. doi: 10.1126/science.aao1503

Li, B. Y., He, Y. X., Ma, J. F., Huang, P., Du, J. J., Cao, L., et al. (2019). Mild cognitive impairment has similar alterations as Alzheimer’s disease in gut microbiota. Alzheimers Dement. 15, 1357–1366. doi: 10.1016/j.jalz.2019.07.002

Li, X. V., Leonardi, I., and Iliev, I. D. (2019). Gut Mycobiota in Immunity and Inflammatory Disease. Immunity 50, 1365–1379. doi: 10.1016/j.immuni.2019.05.023

Ling, Z., Shao, L., Liu, X., Cheng, Y., Yan, C., Mei, Y., et al. (2019). Regulatory T cells and plasmacytoid dendritic cells within the tumor microenvironment in gastric cancer are correlated with gastric microbiota dysbiosis: a preliminary study. Front. Immunol. 10:533. doi: 10.3389/fimmu.2019.00533

Liu, P., Wu, L., Peng, G., Han, Y., Tang, R., Ge, J., et al. (2019). Altered microbiomes distinguish Alzheimer’s disease from amnestic mild cognitive impairment and health in a Chinese cohort. Brain Behav. Immun. 80, 633–643. doi: 10.1016/j.bbi.2019.05.008

Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235. doi: 10.1128/AEM.71.12.8228-8235.2005

Maczurek, A., Hager, K., Kenklies, M., Sharman, M., Martins, R., Engel, J., et al. (2008). Lipoic acid as an anti-inflammatory and neuroprotective treatment for Alzheimer’s disease. Adv. Drug Deliv. Rev. 60, 1463–1470. doi: 10.1016/j.addr.2008.04.015

Marchesi, J. R. (2010). Prokaryotic and eukaryotic diversity of the human gut. Adv. Appl. Microbiol. 72, 43–62. doi: 10.1016/s0065-2164(10)72002-5

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z., Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6, 610–618. doi: 10.1038/ismej.2011.139

Nash, A. K., Auchtung, T. A., Wong, M. C., Smith, D. P., Gesell, J. R., Ross, M. C., et al. (2017). The gut mycobiome of the human microbiome project healthy cohort. Microbiome 5:153. doi: 10.1186/s40168-017-0373-4

Navas-Molina, J. A., Peralta-Sanchez, J. M., Gonzalez, A., McMurdie, P. J., Vazquez-Baeza, Y., Xu, Z. J., et al. (2013). Advancing our understanding of the human microbiome using QIIME. Method Enzymol. 531, 371–444. doi: 10.1016/B978-0-12-407863-5.00019-8

Ni, J., Wu, G. D., Albenberg, L., and Tomov, V. T. (2017). Gut microbiota and IBD: causation or correlation? Nat. Rev. Gastroenterol. Hepatol. 14, 573–584. doi: 10.1038/nrgastro.2017.88

Parfrey, L. W., Walters, W. A., and Knight, R. (2011). Microbial eukaryotes in the human microbiome: ecology, evolution, and future directions. Front. Microbiol. 2:153. doi: 10.3389/fmicb.2011.00153

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494

Qiu, X., Zhao, X., Cui, X., Mao, X., Tang, N., Jiao, C., et al. (2020). Characterization of fungal and bacterial dysbiosis in young adult Chinese patients with Crohn’s disease. Therap. Adv. Gastroenterol. 13:1756284820971202. doi: 10.1177/1756284820971202

Sam, Q. H., Chang, M. W., and Chai, L. Y. (2017). The fungal mycobiome and its interaction with gut bacteria in the host. Int. J. Mol. Sci. 18:330. doi: 10.3390/ijms18020330

Sanches, M. D., Mimura, L. A. N., Oliveira, L. R. C., Ishikawa, L. L. W., Garces, H. G., Bagagli, E., et al. (2019). Differential behavior of non-albicans Candida species in the central nervous system of immunocompetent and immunosuppressed mice. Front. Microbiol. 9:2968. doi: 10.3389/fmicb.2018.02968

Sancheti, H., Kanamori, K., Patil, I., Díaz Brinton, R., Ross, B. D., and Cadenas, E. (2014). Reversal of metabolic deficits by lipoic acid in a triple transgenic mouse model of Alzheimer’s disease: a 13C NMR study. J. Cereb. Blood Flow Metab. 34, 288–296. doi: 10.1038/jcbfm.2013.196

Scheffold, A., Bacher, P., and LeibundGut-Landmann, S. (2020). T cell immunity to commensal fungi. Curr. Opin Microbiol. 58, 116–123. doi: 10.1016/j.mib.2020.09.008

Scheltens, P., Blennow, K., Breteler, M. M., de Strooper, B., Frisoni, G. B., Salloway, S., et al. (2016). Alzheimer’s disease. Lancet 388, 505–517. doi: 10.1016/s0140-6736(15)01124-1

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/Aem.01541-09

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Sepulcre, J., Grothe, M. J., d’Oleire Uquillas, F., Ortiz-Terán, L., Diez, I., Yang, H. S., et al. (2018). Neurogenetic contributions to amyloid beta and tau spreading in the human cortex. Nat. Med. 24, 1910–1918. doi: 10.1038/s41591-018-0206-4

Sokol, H., Leducq, V., Aschard, H., Pham, H. P., Jegou, S., Landman, C., et al. (2017). Fungal microbiota dysbiosis in IBD. Gut 66, 1039–1048. doi: 10.1136/gutjnl-2015-310746

Standaert-Vitse, A., Jouault, T., Vandewalle, P., Mille, C., Seddik, M., Sendid, B., et al. (2006). Candida albicans is an immunogen for anti-Saccharomyces cerevisiae antibody markers of Crohn’s disease. Gastroenterology 130, 1764–1775. doi: 10.1053/j.gastro.2006.02.009

Sun, C., Gao, M., Wang, F., Yun, Y., Sun, Q., Guo, R., et al. (2020). Serum metabolomic profiling in patients with Alzheimer disease and amnestic mild cognitive impairment by GC/MS. Biomed. Chromatogr. 34:e4875. doi: 10.1002/bmc.4875

Sun, J., Xu, J., Yang, B., Chen, K., Kong, Y., Fang, N., et al. (2020). Effect of clostridium butyricum against microglia-mediated neuroinflammation in Alzheimer’s Disease via regulating gut microbiota and metabolites butyrate. Mol. Nutr. Food Res. 64:e1900636. doi: 10.1002/mnfr.201900636

Sun, J., Liu, S. Z., Ling, Z. X., Wang, F. Y., Ling, Y., Gong, T. Y., et al. (2019a). Fructooligosaccharides ameliorating cognitive deficits and neurodegeneration in APP/PS1 Transgenic mice through modulating gut microbiota. J. Agrc. Food Chem. 67, 3006–3017. doi: 10.1021/acs.jafc.8b07313

Sun, J., Xu, J., Ling, Y., Wang, F., Gong, T., Yang, C., et al. (2019b). Fecal microbiota transplantation alleviated Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic mice. Transl. Psychiatry 9:189. doi: 10.1038/s41398-019-0525-3

Tang, J., Iliev, I. D., Brown, J., Underhill, D. M., and Funari, V. A. (2015). Mycobiome: approaches to analysis of intestinal fungi. J. Immunol. Methods 421, 112–121. doi: 10.1016/j.jim.2015.04.004

van Tilburg Bernardes, E., Gutierrez, M. W., and Arrieta, M. C. (2020). The fungal microbiome and asthma. Front. Cell Infect. Microbiol. 10:583418. doi: 10.3389/fcimb.2020.583418

Ventin-Holmberg, R., Eberl, A., Saqib, S., Korpela, K., Virtanen, S., Sipponen, T., et al. (2020). Bacterial and fungal profiles as markers of infliximab drug response in inflammatory bowel disease. J. Crohns Colitis jjaa252. (in press). doi: 10.1093/ecco-jcc/jjaa252

Vogt, N. M., Kerby, R. L., Dill-McFarland, K. A., Harding, S. J., Merluzzi, A. P., Johnson, S. C., et al. (2017). Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. U. K. 7:13537. doi: 10.1038/S41598-017-13601-Y

Wan, Y. W., Al-Ouran, R., Mangleburg, C. G., Perumal, T. M., Lee, T. V., Allison, K., et al. (2020). Meta-analysis of the Alzheimer’s disease human brain transcriptome and functional dissection in mouse models. Cell Rep. 32:107908. doi: 10.1016/j.celrep.2020.107908

Wang, X., Sun, G., Feng, T., Zhang, J., Huang, X., Wang, T., et al. (2019). Sodium oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit Alzheimer’s disease progression. Cell Res. 29, 787–803. doi: 10.1038/s41422-019-0216-x

Wheeler, M. L., Limon, J. J., Bar, A. S., Leal, C. A., Gargus, M., Tang, J., et al. (2016). Immunological consequences of intestinal fungal dysbiosis. Cell Host Microbe 19, 865–873. doi: 10.1016/j.chom.2016.05.003

Yang, A. M., Inamine, T., Hochrath, K., Chen, P., Wang, L., Llorente, C., et al. (2017). Intestinal fungi contribute to development of alcoholic liver disease. J. Clin. Invest. 127, 2829–2841. doi: 10.1172/jci90562

Zhang, C. B., Ren, C. H., Wang, Y. L., Wang, Q. Q., Wang, Y. S., and Weng, Q. B. (2020). Uncovering fungal community composition in natural habitat of Ophiocordyceps sinensis using high-throughput sequencing and culture-dependent approaches. BMC Microbiol. 20:331. doi: 10.1186/s12866-020-01994-2

Zhuang, Z. Q., Shen, L. L., Li, W. W., Fu, X., Zeng, F., Gui, L., et al. (2018). Gut microbiota is altered in patients with Alzheimer’s Disease. J. Alzheimers Dis. 63, 1337–1346. doi: 10.3233/Jad-180176

Zou, R., Wang, Y., Duan, M., Guo, M., Zhang, Q., and Zheng, H. (2020). Dysbiosis of gut fungal microbiota in children with autism spectrum disorders. J. Autism. Dev. Disord. (in press). doi: 10.1007/s10803-020-04543-y


Conflict of Interest: 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 © 2021 Ling, Zhu, Liu, Shao, Cheng, Yan, Jiang and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 05 February 2021
doi: 10.3389/fcell.2020.624339






[image: image2]

Dauricine Attenuates Spatial Memory Impairment and Alzheimer-Like Pathologies by Enhancing Mitochondrial Function in a Mouse Model of Alzheimer's Disease

Chongyang Chen1†, Pan Liu1†, Jing Wang1, Haitao Yu1, Zaijun Zhang2, Jianjun Liu1, Xiao Chen1, Feiqi Zhu3* and Xifei Yang1*


1Shenzhen Key Laboratory of Modern Toxicology, Shenzhen Medical Key Discipline of Health Toxicology (2020-2024), Shenzhen Center for Disease Control and Prevention, Shenzhen, China

2Key Laboratory of Innovative Chemical Drug Research in Cardio-Cerebrovascular Diseases, Institute of New Drug Research and Guangzhou, Jinan University College of Pharmacy, Guangzhou, China

3Cognitive Impairment Ward of Neurology Department, The Third Affiliated Hospital of Shenzhen University Medical College, Shenzhen, China

Edited by:
Gong-Ping Liu, Huazhong University of Science and Technology, China

Reviewed by:
Keqiang Ye, Emory University, United States
 Xiaochuan Wang, Huazhong University of Science and Technology, China
 Fei Liu, New York State Institute for Basic Research in Developmental Disabilities, United States

*Correspondence: Xifei Yang, xifeiyang@gmail.com
 Feiqi Zhu, zfqzsu2004@aliyun.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 31 October 2020
 Accepted: 07 December 2020
 Published: 05 February 2021

Citation: Chen C, Liu P, Wang J, Yu H, Zhang Z, Liu J, Chen X, Zhu F and Yang X (2021) Dauricine Attenuates Spatial Memory Impairment and Alzheimer-Like Pathologies by Enhancing Mitochondrial Function in a Mouse Model of Alzheimer's Disease. Front. Cell Dev. Biol. 8:624339. doi: 10.3389/fcell.2020.624339



Alzheimer's disease (AD) is characterized by extracellular amyloid plaques composed of β-amyloid (Aβ) and intracellular neurofibrillary tangles containing hyperphosphorylated tau protein. No effective therapy is available for this disease. In this study, we investigated the potential therapeutic effects of dauricine (DAU), a benzyl tetrahydroisoquinoline alkaloid, on AD, and found that DAU administration significantly improved cognitive impairments in 3xTg-AD mice by decreasing Aβ plaques and hyperphosphorylated tau and increasing the hippocampal ATP level. Proteomic and western blot analyses revealed that DAU treatment mainly modified the expression of proteins involved in mitochondrial energy metabolism, such as Aco2, Ndufs1, Cox5a, and SDHB, and that of synapse-related proteins such as Syn1 and Syn2. Pathway analysis revealed that DAU modulated the tricarboxylic acid cycle, synaptic vesicle cycle, glycolysis, and gluconeogenesis in 3xTg-AD mice. Our study suggests that DAU may be a potential drug for the treatment of AD.
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INTRODUCTION

Alzheimer's disease (AD) is an age-dependent neurodegenerative disease. Patients with AD show language obstacle, loss of motor capacity, and inability for self-care as the disease progresses (Burns and Iliffe, 2009). By 2050, the number of people aged 65 and older with AD may rise to 13.8 million (Hebert et al., 2013). Both, the initiation of AD and deterioration in AD, involve protein degradation, inflammation, mitochondrial dysfunction, and synaptic loss (Querfurth and Laferla, 2010; Bonet-Costa et al., 2016). However, single-target drugs designed for these mechanisms have failed in clinical trials (Frautschy and Cole, 2010; Golde et al., 2011). Thus, developing multiple-target drugs may be an alternative strategy, which is more promising for delaying the onset of AD.

Recently, natural compounds with multiple biological activities have aroused widespread interest in the field of AD (Andrade et al., 2019). Dauricine (DAU) is an isoquinoline alkaloid and is extracted from the rootstock of a traditional Chinese medicine, Menispermum dauricum DC. In ischemic models, it has been demonstrated that DAU protects neurons and inhibits cell apoptosis by regulating mitochondrial function (Li and Gong, 2007; Wang et al., 2020). In addition, DAU can ameliorate tau hyperphosphorylation (Wang et al., 2005) and promote β-amyloid (Aβ)1−42 clearance by releasing bradykinin (Pu et al., 2018). Our group has previously confirmed the neuroprotective effect of DAU on AD model cells (Liu et al., 2018). However, its beneficial effects and the underling mechanisms in vivo are unknown and require further investigation in AD animal models.

The present study aimed to investigate whether, and how, DAU could moderate AD pathologies and AD-related learning and memory deficits in an AD mouse model. We found that DAU administration significantly attenuated cognitive impairments in 3xTg-AD mice by decreasing Aβ plaques and hyperphosphorylated tau and increasing the hippocampal ATP level. Mechanically, DAU treatment mainly modified the expression of synapse-related proteins and proteins involved in the mitochondrial energy metabolism. Moreover, pathway analysis showed that DAU modulated glycolysis and gluconeogenesis in 3xTg-AD mice. Our study suggests that DAU may be a potential drug for the treatment of AD.



MATERIALS AND METHODS


Reagents

We purchased DAU (stated purity ≥ 98%) from Shanghai Aladdin Biochemical Technology (CAS: 524-17-4, D115683, Shanghai, China) and have listed the antibodies in Supplementary Table 1.



Treatment of Experimental Animals

Triple transgenic AD mice (3xTg-AD; strain: APPSwe, PS1M146V, and TauP301L) and wild-type (WT) mice (strain: B6129SF2/J) were purchased from the Jackson Laboratory (Maine, USA). We intraperitoneally injected 8 month-old female transgenic and wild mice with DAU (1 or 10 mg/kg) and saline of equivalent volume, respectively, for 2 months. Each group comprised 13 mice, and DAU dose was based on a previous study (Jin et al., 2010). The mouse age was based on the pathological stages of 3xTg-AD mice (Oddo et al., 2003). After 2 months of DAU treatment, cognitive abilities of all the animals were assessed. All animals were sacrificed after behavioral tests, for further studies. Animal experiments and manipulation were approved by the Shenzhen Center for Disease Control and Prevention. We made efforts to minimize animal suffering and reduce the number of mice used.



Behavioral Test
 
Step-Down Passive Avoidance Test

After DAU administration, short-term learning and memory of all mice were evaluated with the step-down passive avoidance test, as previously reported (Kameyama et al., 1986; Zhou et al., 2019). For the training test, each mouse was gently placed on a platform and an electrical shock (36 V) was delivered through grid floor for 5 min. After 24 h, the training and retention tests were performed. Each mouse was placed on the platform and the electrical shock was delivered and all the data were recorded for analysis.



Morris Water Maze Test

After step-down passive avoidance test, hippocampal-dependent spatial learning and memory of all mice were evaluated using the Morris water maze (MWM) test. In brief, mice were trained for 5 consecutive days to find a platform in the water maze. During the training session, each mouse was placed into water, facing the wall, starting from one of the four quadrants, and a computer tracking program was started. The swim time was set to 60 s. The timer was paused once the mouse climbed on the platform. Thereafter, the mouse was removed from the pool. Alternatively, the mouse was placed on the platform for an additional 15 s. The probe trial was performed 6 days after the training session. The platform was removed, and the mouse was allowed to swim freely for 2 min before being removed from the pool. The tracks were recorded by a computer program.




Proteomic Analysis
 
Protein Preparation and Labeling

After behavioral tests, mice were sacrificed for sample collection. The protocol of proteomic analysis has been reported previously (Huang et al., 2018). Half of the mice hippocampus were lysed in 500 μL DIGE specific lysis buffer for 30 min on ice and centrifuged at 12,000 g for 20 min at 4°C. Thereafter, the supernatant was collected. Each sample supernatant was mixed with lysis buffer to remove salt using a centrifugal filter. After protein quantification, each protein sample was diluted to a final concentration of 5 μg/μL. Thereafter, the sample (5 μL) was labeled with Cy3 or Cy5 in the dark for 30 min. Samples pooled from each group were stained by Cy2, the internal standard. Finally, protein labeling was terminated by adding 10 mM lysine. The labeled protein was mixed into a group and rehydration buffer and 0.002% bromophenol blue were added. Thereafter, they were transferred onto immobilized pH gradient strips.



2-Dimensional Electrophoresis

Briefly, after isoelectric-focusing (IEF), the strips were equilibrated and loaded on the top of 12.5% SDS-PAGE gels. Thereafter, protein separation in the second dimension was performed using an Etan DALTsix electrophoresis system at 15°C. The gels were run at 1 W/gel for 1 h followed by 11 W/gel for 6 h. Finally, gels were scanned using a Typhoon TRIO Variable Mode Imager, with resolution set at 100 μm for image acquisition.



Image Analysis

The DeCyder software package was used for DIGE gel analysis. Briefly, the gel image was imported into the software and processed with the Differential In-gel Analysis. Each protein spot in the Cy3 or Cy5 channel was normalized to the corresponding spot in the Cy2 channel. The differentially expressed protein spots (p < 0.05) were isolated for further study.



In-gel Digestion by Trypsin and Mass Spectrometry

A total of 1-mg protein sample was used for in-gel digestion. In brief, after staining the gels, the differentially expressed spots were manually isolated from the stained gel. A piece from each gel was transferred into a 1.5 mL tube and digested with trypsin at 37°C overnight. The digested peptides were used for mass spectrometry (MS) analysis using an AB SCIEX MALDI-TOF/TOF 5800 mass spectrometer. MASCOT (Matrix Science, UK) was used for database searching against the SwissProt mouse protein database.



Bioinformatics Analysis

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics Resources 6.8 was used for functional enrichment analysis. Pathway analysis was performed using Wikipathways (https://www.wikipathways.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (https://www.kegg.jp/kegg/). The protein–protein interaction (PPI) network analysis was visualized using Cytoscape 3.7.1 software.




Western Blot Analysis

The sample was lysed with RIPA lysis buffer. The protein concentration was measured by the BCA method. The sample supernatant was mixed with loading buffer and heated for 10 min at 100°C. Thereafter, samples were separated on an 8–12% SDS–PAGE gel, transferred onto a PVDF membrane, and blocked with 5% skim milk. After blocking, the membranes were incubated with primary antibodies (Supplementary Table 1) followed by a secondary antibody. Finally, the membranes were exposed with enhanced chemiluminescence kit and protein quantification was performed using ImageJ software.



Immunohistochemistry Analysis

The mouse brain sections embedded in paraffin were deparaffinized and rehydrated by xylene treatment followed by gradual ethanol treatment (100–70%). Thereafter, the sections were blocked and incubated with a primary antibody, AT8 or 6E10, at 4°C overnight. After incubation with primary antibody, the sections were stained using a DAB kit. The images were observed under a microscope (Olympus BX60, Tokyo, Japan). We used Image-pro plus 6.2 for image quantify analysis.



Detection of the ATP Level

The ATP assay kit (Beyotime, Haimen, China) was used to detect the ATP level in hippocampal tissues. Briefly, samples were extracted using ATP lysis buffer and quantified by the BCA method. The reaction mixture, containing either the sample or standard (100 μL) with ATP detection fluid (100 μL), was incubated at room temperature for 3–5 min. A microplate reader with luminometer function was used to measure the ATP level. The ATP level was calculated as nmol/mg protein.



Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical analyses were performed using ANOVA (equal variance) or Welch's ANOVA (unequal variance). SPSS 21.0 software was used for data analysis. A p < 0.05 indicated significant difference among the groups.




RESULTS


DAU Treatment Ameliorated Cognitive Impairment in 3xTg-AD Mice

First, we treated 8 month-old 3xTg-AD mice with DAU for 2 months and employed step-down passive avoidance and MWM tests to evaluate the effect of DAU on cognitive function. We found that compared with WT mice, 3xTg-AD mice had a shorter step-down latency and more paw dip counts during the 2 test days, indicating memory deficits in 3xTg-AD mice (Figures 1A–D). Interestingly, treatment with 10 mg/kg/d DAU significantly improved cognitive capacity of 3xTg-AD mice, as evidenced by increased step-down latency and less paw dip counts (Figures 1A–D). However, treatment with 1 mg/kg/d DAU could only rescue the error numbers and paw dip counts were unchanged (Figures 1A–D), indicating partial efficiency at low dosage. Thereafter, we performed MWM test to further evaluate the effect of DAU on spatial memory improvement. No difference was found among the groups during the 5 day training (Supplementary Figure 1). However, in the probe trial, DAU treatment at both low and high dosages resulted in robust rescue of memory dysfunction (Figures 1E–I). Overall, these data suggested that DAU treatment can improve cognitive capacity of 3xTg-AD mice.


[image: Figure 1]
FIGURE 1. DAU improves the spatial learning and memory abilities of 3xTg-AD mice. (A,B) The latency in the retention test and the number of errors on the first day. (C,D) The latency in the retention test and the number of errors on the second day. (E–I) Morris water maze (MWM) test. (E) Crossing number, (F) probe time, (G) the percentage of distance traveled in the correct quadrant, (H) the percentage of time spent in the correct quadrant, and (I) the representative swimming path. Data are presented as mean ± SEM. *p < 0.05, ****p < 0.0001 vs. WT saline group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 3xTg-AD saline group. &&p < 0.01 vs. 3xTg-AD-1 mg/kg/d group. N = 10–14 for each group.




DAU Treatment Reduced Aβ Accumulation and Tau Hyperphosphorylation

Extracellular amyloid plaques of Aβ and intracellular neurofibrillary tangles of hyperphosphorylated tau protein are the two characteristic pathologies in AD brain. Both of them contribute to the cognitive disorder in patients with AD. To explore the effect of DAU on these pathologies, we used 6E10 antibody, which recognizes 1–16 amino acids of Aβ, and AT8 antibody, which recognizes PHF-tau at Ser202/Thr205. Immunohistochemical staining revealed that Aβ accumulation in the hippocampal CA1 and cortical regions was significantly reduced after DAU treatment (10 mg/kg/d) (Figures 2A,B). Meanwhile, the positive staining of AT8 significantly reduced in the hippocampal CA1 region (Figures 2E,F). Further, Western blot analysis was performed to detect tau phosphorylation at serine 404, 262, and 396, and threonine 231 or unphosphorylated tau (Tau1) (Figures 2C,D). In 3xTg-AD mice, compared with vehicle-injected mice, DAU treatment both at 1 and 10 mg/kg/d significantly decreased the level of tau hyperphosphorylation. Interestingly, reversal of tau hyperphosphorylation at pT231 was more efficient with 10 mg/kg/d DAU than 1 mg/kg/d DAU. These data indicated that DAU treatment is beneficial in AD pathologies.


[image: Figure 2]
FIGURE 2. DAU reduced the levels of Aβ and hyperphosphorylated tau in 3xTg-AD mice. (A,B) Immunohistochemical staining of the CA1, CA3, and cortex of 3xTg-AD mice with 6E10 and quantitative statistics of positive staining (n = 3 per group). (C,D) Western blot analysis for the expression level of pT231, p404, p262, p396, Tau1, and Tau5 (n = 4 per group). (E,F) Immunohistochemical staining of the CA1 region of 3xTg-AD with AT8 and quantitative statistics of positive staining (n = 3 per group). Data are presented as mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. WT vehicle group. #p < 0.05, ##p < 0.01 vs. 3xTg-AD saline group. &p < 0.05 vs. 3xTg-AD-1mg/kg/d group.




Proteomic Analysis Revealed That DAU Treatment Improved Mitochondrial Function

To explore how DAU treatment ameliorated AD pathologies and improved spatial memory, 2D-DIGE separation and MS identification were performed to detect protein changes in the hippocampus of 3xTg-AD mice. We found that 45 proteins were differentially expressed in WT mice compared with 3xTg-AD mice, 51 proteins in 3xTg-AD treated with 1 mg/kg/d DAU compared with 3xTg-AD mice, and 20 proteins in 3xTg-AD mice treated with 10 mg/kg/d DAU compared with 3xTg-AD mice (Supplementary Table 2). Heat maps present the change in expression of differentially expressed proteins in different mouse groups (Supplementary Figure 2). DAVID was used to determine the biological process and molecular functions of differentially expressed proteins (Figures 3A–C). Biological process analysis revealed that differentially expressed proteins were mainly enriched in the tricarboxylic acid (TCA) cycle, ATP metabolic process, glutathione metabolic process, and oxidative stress response process in 3xTg-AD mice, compared with WT mice. Molecular function analysis revealed that these proteins were mainly enriched in nucleotide binding, poly(A) RNA binding, and protein kinase binding (Figure 3A). Similarly, differentially expressed proteins were found to be enriched in substantia nigra development, intermediate filament polymerization or depolymerization, neurofilament bundle assembly, regulation of axon diameter, intermediate filament bundle assembly, and axon development by biological process analysis and in ATP binding, protein binding, and poly(A) RNA binding (Figure 3B) by molecular function analysis in 3xTg-AD mice treated with 1 mg/kg/d DAU compared with vehicle-treated 3xTg-AD mice. Further, we found that DAU treatment (10 mg/kg/d) resulted in the enrichment of these proteins in the ATP metabolic process, protein folding and transport, ATP biosynthesis, retina homeostasis, and neurotransmitter secretion by biological process analysis, and in nucleotide binding, protein binding, and ATP binding by molecular function analysis (Figure 3C). DAVID annotation revealed that the proteins differentially expressed in 3xTg-AD mice, compared with WT mice, were mainly involved in mitochondrial energy metabolism, suggesting a role of mitochondrial dysfunction in AD progression. However, DAU treatment not only rescued abnormal mitochondrial energy metabolism but also improved synaptic function. These results indicated that modifications in mitochondrial function and synaptic function may contribute to the beneficial effects of DAU treatment on AD.
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FIGURE 3. Gene Ontology enrichment analysis for the differentially expressed proteins. (A) The biological process and molecular function analyses of the differentially expressed proteins in 3xTg-AD mice. (B) 1 mg/kg/d DAU-treated 3xTg-AD mice and (C) 10 mg/kg/d DAU-treated 3xTg-AD mice.


Further, we used String and Wiki pathway databases to analyze PPIs and delineate enriched signaling pathways (Figures 4, 5). The interaction of differential proteins was enriched in synaptic function, pyruvate metabolism, oxidative stress response, and the synaptic vesicle cycle, ATP metabolic process, electron transport chain, and TCA cycle in 3xTg-AD mice compared with WT mice (Figure 4A). DAU treatment (1 or 10 mg/kg/d) distinctly changed proteins in the pathway of mitochondrial energy metabolism (electron transport chain, glycolysis, and gluconeogenesis) and synaptic function (synaptic vesicle cycle; Figures 4B,C). The PPI analysis revealed that the differentially expressed proteins were mainly enriched in mitochondrial energy metabolism. Additionally, the expression level of the same proteins in other mouse groups, showed in PPI maps, were reversed after DAU treatment. These include synaptic function proteins (Synapsin-1 [Syn1], Synapsin-2 [Syn2]) and mitochondrial energy metabolism proteins (NADH-ubiquinone oxidoreductase 75 kDa subunit [Ndufs1], ATP synthase subunit O [ATP5o], isocitrate dehydrogenase [NAD] subunit alpha [Idh3a], aconitate hydratase [Aco2]).


[image: Figure 4]
FIGURE 4. Protein–protein interaction analysis of the differentially expressed proteins using the STRING database. (A) The protein–protein interaction (PPI) maps of the differentially expressed proteins in untreated 3xTg-AD mice vs. WT mice. (B) The PPI maps of the differentially expressed proteins in 1 mg/kg/d DAU-treated 3xTg-AD mice vs. untreated 3xTg-AD mice. (C) The PPI maps of the differentially expressed proteins in 10 mg/kg/d DAU-treated 3xTg-AD mice vs. untreated 3xTg-AD mice. Visualization of PPI maps in Cytoscape 3.7.1 software: green represents downregulation and red represents upregulation.
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FIGURE 5. Pathway analysis of the differentially expressed proteins. Pathway analysis using Clue GO software and the p-value was set at <0.05. (A) Comparison of pathways of the dysregulated proteins between untreated 3xTg-AD mice and WT mice. (B) Comparison of pathways of the dysregulated proteins between 1 mg/kg/d DAU-treated 3xTg-AD mice and untreated 3xTg-AD mice. (C) Comparison of pathways of the dysregulated proteins between 10 mg/kg/d DAU-treated 3xTg-AD mice and untreated 3xTg-AD mice.


Pathway analysis showed that differentially expressed proteins were mainly involved in pathways related to mitochondrial energy metabolism (Figure 5). Briefly, compared with WT mice, 3xTg-AD mice showed pathways in TCA cycle, oxidative phosphorylation and bacterial invasion of epithelial cells. Treatment with 1 mg/kg/d DAU had an effect on pathways mainly associated with Parkinson disease, glycolysis, gluconeogenesis, the TCA cycle, and the synaptic vesicle cycle. However, treatment with 10 mg/kg/d DAU had an effect only on glycolysis and gluconeogenesis. Thus, we focused on mitochondrial energy metabolism and used Cytoscape software to determine the detailed expression change of proteins in the TCA cycle and electron transport chain in mitochondrial energy metabolism. The TCA cycle and electron transport chain in 3xTg-AD mice vs. WT mice are presented in Supplementary Figures 3A,B, and those in 3xTg-AD-1 mg/kg/d mice vs. 3xTg-AD mice are presented in Supplementary Figures 3C,D. Pathway analysis revealed that Aco2, Ndufs1, mitochondrial cytochrome b-c1 complex subunit 1 (Uqcrc1), mitochondrial cytochrome b-c1 complex subunit 2 (Uqcrc2), and mitochondrial ATP synthase subunit alpha (ATP5a1) proteins were upregulated after 1 mg/kg/d DAU treatment. Similarly, at 10 mg/kg/d DAU dose, the mitochondrial proteins (Ndufs1 and Uqcrc1) and glycolysis and gluconeogenesis proteins (fructose-bisphosphate aldolase A [Aldoa] and triosephosphate isomerase [Tpi1]) were upregulated after treatment (Supplementary Table 2). Moreover, the expression level of Aco2, the key enzyme for the conversion of citrate to isocitrate (ICT; an important biological process in the TCA cycle), was reversed in DAU-treated 3xTg-AD mice compared with vehicle-treated 3xTg-AD mice. These results indicated that DAU treatment may reverse the defects of mitochondrial energy metabolism in 3xTg-AD mice and benefit mitochondrial function. In addition, synaptic proteins (Syn1 and Syn2) were upregulated, whereas oxidative stress protein (mitochondrial superoxide dismutase [Mn-Sod2] and Peroxiredoxin-1[Prdx1]) were downregulated after DAU treatment. The reversed expression of Syn1 and Syn2 in DAU-treated 3xTg-AD mice revealed synaptic protection.



Western Blot Analysis and Functional Detection Proved That DAU Treatment Ameliorated Mitochondrial Function in 3xTg-AD Mice

To further confirm the differentially expressed proteins screened by proteomics, we performed western blot analysis to measure the altered concentrations of Prdx1, Sod2, Syn1, Syn2, Aco2, and Ndufs1 proteins. Compared with untreated 3xTg-AD mice, the expression level of Sod2 was significantly decreased, whereas the expression levels of Syn1, Syn2, and Ndufs1were significantly increased in 10 mg/kg/d DAU-treated 3xTg-AD mice. Moreover, the expression level of Aco2 was significantly increased in 1 mg/kg/d DAU-treated 3xTg-AD mice (Figures 6A–F). Further, we measured the expression of electron transport chain proteins (mitochondrial succinate dehydrogenase [ubiquinone] iron-sulfur subunit [SDHB-complex II], mitochondrial cytochrome b-c1 complex subunit Rieske (UQCRFS1-complex III), mitochondrial cytochrome c oxidase subunit 5A [Cox5a-complex IV], mitochondrial ATP synthase subunit d [ATP5H-complex V]), and the ATP level in 3xTg-AD mice to evaluate the beneficial effects of DAU on mitochondria. The expression levels of Aco2, SDHB-complex II, and Cox5a-complex IV proteins were significantly increased in 1 mg/kg/d DAU-treated 3xTg-AD mice, whereas in 10 mg/kg/d DAU-treated 3xTg-AD mice, the expression level of Ndufs1-complex I was significantly increased, UQCRFS1-complex III and SDHB-complex II showed an upregulated trend (Figures 6E,F). However, the ATP level was only significantly increased in 10 mg/kg/d DAU-treated 3xTg-AD mice (Figure 6G). These data indicated that DAU indeed improved the mitochondrial function in 3xTg-AD mice, especially at 10 mg/kg/d dosage. The upregulation of Syn1 and Syn2 proteins in 3xTg-AD mice after DAU treatment indicated that DAU may simultaneously modulate synaptic function in AD progression.
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FIGURE 6. Verification of protein dysregulation and measurement of electron transport chain protein and hippocampal ATP levels. (A,B) The changes in the expression levels of oxidative stress proteins—Prdx1 and Sod2. (C,D) The expression levels of synaptic function proteins—CPLX1, Synapsin I, and Synapsin II. (E,F) The change in the expression levels of Aco2 and election transport chain proteins—Ndufs1, SDHB, UQCRFS1, Cox5a, and ATP5H. (G) Hippocampal ATP levels in each group. The data are presented as mean ± SEM. *p < 0.05, **p < 0.01 vs. WT saline group. #p < 0.05, ##p < 0.01 vs. 3xTg-AD saline group. &p < 0.05 vs. 3xTg-AD-1 mg/kg/d group. N = 4 for each group.





DISCUSSION

DAU, a bisbenzylisoquinoline alkaloid, is isolated from dauricum DC, and can treat various diseases such as cardiac ischemia, angina, and inflammation, as well as inhibit angiogenesis in tumors and promote apoptosis in tumor cells (Xia et al., 2002; Tang et al., 2009; Yang et al., 2010). Our previous study showed that DAU treatment attenuated hyperphosphorylation of tau and production of Aβ in N2a/APP cells (Liu et al., 2018). In this study, we further confirmed that DAU can improve cognitive impairment and neurodegeneration in 3xTg-AD mice. Treatment with 10 mg/kg/d DAU can significantly improve the learning and memory ability of AD mice in step-down passive avoidance and MWM tests and decrease Aβ (6E10) and phosphorylated tau (AT8) positive staining. Moreover, Western blot analysis showed that DAU treatment could reduce phosphorylated tau at the dose of 1 mg/kg/d. Pathological changes of Aβ and tau proteins are consistent with the findings of our previous in vitro study (Liu et al., 2018). In the in vitro study, DAU treatment inhibited APP processing to reduce Aβ production and attenuated tau pathology through PP2A and p35/25, and the main mechanism may have involved antioxidant stress. The homeostatic health of mitochondria contributed to the attenuation of Aβ and tau pathologies (Fang et al., 2019). In this study, it was found that DAU treatment improved mitochondrial function, and that the antioxidant effect may benefit the attenuation of tau phosphorylation and Aβ production.

Proteomics analysis revealed that the biological functions of differentially expressed proteins in three different mouse groups mainly involved mitochondrial energy metabolism. Consistent with the biological function, the differentially express proteins were enriched in the following signaling pathways: the TCA cycle, oxidative phosphorylation, glycolysis, and gluconeogenesis. In terms of mitochondrial energy metabolism, DAU treatment increased the expression of Ndufs1-complex I, SDHB-complex II, and Cox5a-complex IV, and modified the expression of the Ndufs1-complex I and ATP5o- complex V of electron transport chain in 3xTg-AD mice. In DAU-treated 3xTg-AD mice, the expression levels of Aco2 and Idh3a in the TCA cycle were modified. In agreement with these findings, the functional analysis showed an increase in the hippocampal ATP level in 3xTg-AD mice, suggesting that DAU improved mitochondrial energy metabolism. Moreover, DAU treatment increased the expression of Aco2—an enzyme that catalyzes the interconversion of citrate to ICT via cis-aconitate in the second step of the TCA cycle, and is essential for normal cell metabolism (Robbins and Stout, 1989; Gardner et al., 1995). Compared with the WT mice, the expression of Aco2 was decreased and the down-stream protein Idh3a, a catalytic subunit of the enzyme which catalyzes the decarboxylation of ICT into alpha-ketoglutarate, was increased in 3xTg-AD mice. Therefore, decreased expression of Aco2 and abnormally increased expression of Idh3a suppressed the TCA cycle and thus, the function of electron transport chain and energy metabolism. In contrast, DAU treatment rescued the mitochondrial energy metabolism deficit.

In the TCA cycle, the expression level of Aco2, an upstream independent regulatory enzyme, was different in DAU-treated and vehicle-treated 3xTg-AD mice. Idh3a is only a subunit of Idh3, a catalytic enzyme. Because DAU administration modified the expression of Aco2 in 3xTg-AD, and the TCA cycle being an upstream and important process of energy metabolism, Aco2 may be the key target of DAU treatment for regulating mitochondrial energy metabolism. A previous study revealed that Aco2 expression and activity were decreased in the peripheral blood of patients with AD and MCI (Mangialasche et al., 2015), which is consistent with our observation in this study. Additionally, Aco2 was sensitive to increased oxidative stress, which inactivated Aco2 activity (Tabrizi et al., 1999). DAU treatment decreased the expression of Sod2, resulting in increased ROS levels (De Leo et al., 1998). Sod2, an important enzyme that regulates mitochondrial ROS, and is closely related to mitochondrial function (Brand, 2010; Cox et al., 2018), was decreased in 3xTg-AD mice. DAU treatment modified the expression of Sod2 in 3xTg-AD mice, compared with WT mice. Thus, these data indicated that DAU not only improved mitochondrial function but also exerted antioxidant protective effects.

The energy supply is essential for synaptic activity (Harris et al., 2012). DAU treatment moderated the expression level of proteins involved in the synaptic vesicle cycle in 3xTg-AD mice. DAU administration reversed the expression level of Synaptosomal-associated protein 25 (Snap25)—a protein involved in the molecular regulation of neurotransmitter release (Blasi et al., 1993) and Dynamin-1 (Dnm1), in producing microtubule bundles, and in synaptic vesicle endocytosis (Raimondi et al., 2011). Moreover, Syn1 and Syn2 are involved in the regulation of neurotransmitter secretion (Rosahl et al., 1995), and Syn1 deficiency increases seizure propensity (Li et al., 1995) and alters short-term synaptic plasticity (Rosahl et al., 1993). Our result showed that DUA treatment increased the expression levels of Syn1, Syn2, and CPLX1, which positively regulated synaptic vesicles (Cao et al., 2013). Improved mitochondrial energy metabolism and upregulated synaptic proteins suggested that defects in synaptic function could be prevented by DAU treatment in 3xTg-AD mice.

In summary, this study revealed that DAU can significantly improve learning and memory impairment and AD-like pathologies. The mechanism of action of DAU may be the improvement of mitochondrial function and the modification of some key mitochondrial proteins, synaptic proteins, and antioxidant proteins in AD mice (Figure 7). Our data suggest DAU has the potential to be developed for the treatment of AD.
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FIGURE 7. Hypothetical mechanisms of action of DAU.
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Intracellular deposition of hyperphosphorylated tau has been reported in the brain of epilepsy patients, but its contribution to epileptic seizures and the association with spatial cognitive functions remain unclear. Here, we found that repeated optogenetic stimulation of the excitatory neurons in ventral hippocampal CA1 subset could induce a controllable epileptic seizure in mice. Simultaneously, the mice showed spatial learning and memory deficits with a prominently elevated total tau and phospho-tau levels in the brain. Importantly, selective facilitating tau degradation by using a novel designed proteolysis-targeting chimera named C4 could effectively ameliorate the epileptic seizures with remarkable restoration of neuronal firing activities and improvement of spatial learning and memory functions. These results confirm that abnormal tau accumulation plays a pivotal role in the epileptic seizures and the epilepsy-associated spatial memory impairments, which provides new molecular target for the therapeutics.
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INTRODUCTION

Epilepsy is characterized by spontaneously recurring epileptic seizures, with cognitive decline generally occurring as a major comorbidity (So and Penry, 1981; Breuer et al., 2016; Witt and Helmstaedter, 2017). The degree of the epilepsy-induced cognitive impairments varies, depending on the age at seizure onset; location, frequency, and duration of epilepsy; and the history of antiepileptic medication (Avanzini et al., 2013; Witt and Helmstaedter, 2017; Feldman et al., 2018), with the mechanisms not yet fully understood, to date. As a result, there is currently no targeted therapeutic strategy to prevent or halt the development the cognitive decline in epilepsy patients (Paudel et al., 2019).

Hyperphosphorylation and intracellular accumulation of tau protein dysregulate microtubule assembly and aggravate the formation of neurofibrillary tangles, thus remodeling neuronal synapses and exacerbating cognitive decline in a collection of diseases named tauopathies, including Alzheimer disease (AD; Wang et al., 2014; Wang and Mandelkow, 2016; Yang and Wang, 2018). Recent studies also revealed prominent accumulation of hyperphosphorylated tau in the brain of temporal lobe epilepsy patients (Tai et al., 2016; Smith et al., 2019). Given that epilepsy and early stage AD share many neurological characters and psychiatric symptoms (Kanner, 2009; Cheng et al., 2015; Zarea et al., 2016), we wonder whether tau pathology also contributes to the cognitive deficits in epilepsy. Furthermore, although knockdown or knockout of tau proteins have been evidenced to significantly attenuate neuronal network hyperexcitability in the brain of mice with epilepsy (DeVos et al., 2013; Holth et al., 2013), whether and how the abnormal accumulation of hyperphosphorylated tau dysregulates neuronal firing activities thus to affect epileptic seizures in epilepsy still remain to be elucidated.

The current epileptic animal models, produced by systemic or focal injection of convulsant agents such as kainic acid or pilocarpine, always show more extensive neuronal damages than those observed in the clinical patients, and the animal death rate is high (Morimoto et al., 2004). Recently, optogenetics has been used to induce sporadic seizures with high temporal and spatial specificity in animal studies (Osawa et al., 2013; Khoshkhoo et al., 2017; Cela et al., 2019). In the present study, we found that optogenetic stimulation of vCA1 excitatory neurons could induce a controllable epileptic seizure with spatial memory deficit in mice. Simultaneously, tau hyperphosphorylation and accumulation were shown, while targeted reducing phospho-tau accumulation attenuated optogenetics-induced epileptic seizures with improved spatial learning and memory.



RESULTS


Optogenetic Stimulating vCa1 Excitatory Neurons Induces Epileptic Seizures With Impaired Spatial Learning and Memory

To establish a mouse model of temporal lobe epilepsy with high spatiotemporal controllability of seizures, we stereotaxically injected pAAV-CaMKIIα-ChR2(H134R)-mCherry into unilateral mice ventral hippocampal CA1 (vCA1) (Figures 1A–C). Mice received optogenetic stimulation once each day for 14 consecutive days (block 1) or 21 days (block 2) to mimic sporadic and repeated seizures in clinic (Figure 2A).


[image: image]

FIGURE 1. Optogenetic stimulation of ventral hippocampal excitatory neurons induces controllable epileptic seizures. (A) Schematic illustrates the locations of optic fiber and recording electrode. (B) Experimental procedures of virus injection, optic fiber and electrode implantation, optogenetic seizure induction. (C) A representative image showing the AAVs-mediated mCherry expression in the ventral hippocampus. Scale bar, 500 μm. (D) The representative images show typical seizure behavior (MRS stages 2–5) and the latency to generalized seizures (upper). Repeated optogenetic stimulation of vCA1 excitatory neurons induced typical seizure behavior, and the latency to generalized seizures was decreasing during repeated induction that showed seizure threshold declined over time (bottom). (E,F) Optogenetic hyperactivation of vCA1 excitatory neurons (i.e., blue light on) induced epileptiform neuronal activities in the primary motor cortex (M1). The local field potential (LFP) amplitude in M1 significantly increased during the phase of incubation and generalized seizures (shortened as S). The mice injected with AAV-mCherry were tested as non-seizure controls. Repeat-measures one-way ANOVA followed by Tukey multiple-comparisons tests, **p < 0.01, ***p < 0.001, compared with the baseline, n = 8 in each group. (G,H) Optogenetic induction of seizures increased the power spectra density (PSD) of LFP in the phase of incubation and generalized seizures. Repeated-measures one-way ANOVA followed by Tukey multiple-comparisons tests. **p < 0.01, ***p < 0.001, compared with the baseline, n = 8 in each group. Values are presented as the mean ± SEM.
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FIGURE 2. Optogenetic induction of repeated seizures impairs spatial learning and memory without causing anxiety-like behaviors or hippocampal neuron loss in mice. (A) Experimental procedures of virus injection, optic fiber implantation, optogenetic seizure induction, and behavioral tests. (B) Repeated seizure induction caused spatial learning deficits shown by the increased escape latency during training phase. Repeated-measures ANOVA followed by Tukey multiple-comparisons tests, *p < 0.05. (C,D) Repeated seizure induction caused spatial memory deficits shown by the decreased number of target quadrant crossings in water maze test (B) and the representative heatmaps (C) show traveling time and the trace. Unpaired t test, *p < 0.05. (E,H) Repeated but controllable seizures did not induce anxiety-like behavior shown by the unchanged central time (D) and traveled distance (E) in open field test, and the increased open arm stay during elevated plus maze test (F). The representative heatmaps (G) show traveling time and the trace. Unpaired t test, *p < 0.05. (I) Repeated but controllable seizures did not induce neuron loss in the granular cell layer (GCL) of dorsal and ventral hippocampus measured by Nissl staining (p > 0.05). Scale bars were as indicated in each panel. n = 6 mice in each group. Unpaired t tests. Values are presented as the mean ± SEM.


Optogenetically hyperactivating vCA1 excitatory neurons with blue light (482 nm, 20 Hz) induced epileptiform discharges in ipsilateral primary motor cortex (M1) (Figure 1D). The amplitude and power spectra density (PSD) of M1 local field potential (LFP) were increased prominently during incubation and ictal periods of epilepsy (Figures 1E–H). Consistently, behavioral seizures of stages 2–6 by modified Racine scale (MRS; Racine, 1975; Haas et al., 1990) were observed (Figure 1D, upper; Video 1). As expected, the epileptic seizures gradually stopped following the cessation of optogenetic stimulation. Further studies revealed that the latency to generalized seizures (MRS stage ≥ 4) decreased with repeated induction of epilepsy over time (Figure 1D, bottom).

By Morris water maze (MWM) test, we observed that repeated seizures for 14 consecutive days (block 1) increased the latency to find the hidden platform at days 3–4 during the training phase (Figure 2B, block 1). Besides, epileptic mice also showed decreased target quadrant crossings at day 6 (Figure 2C, block 1). These data indicate that repeated seizures impair both spatial learning and memory of mice. To examine the effect of longer repeat seizures on spatial learning and memory, we stimulated the mice for another 7 consecutive days (block 2). The additional optogenetic stimulation could also induce epileptic seizures with more serious impairments of spatial learning and memory in MWM test (block 2 in Figures 2B–D).

The optogenetics-induced seizures did not affect the time and distance of mice traveled in the central area in open-field test (Figures 2E,F) nor changed the ratio of open-arm entries in the elevated-plus maze test (Figures 2G,H). These results indicated that the repeated induction of seizures using optogenetics did not induce significant anxiety-like behavior, which was generally reported in typical epileptics models (Baxendale et al., 2005; Inostroza et al., 2012; Scott et al., 2017; Yogarajah and Mula, 2019).



Epileptic Seizure Induces Phospho-Tau Accumulation Without Hippocampal Neuron Loss in Mice

We next examined the effect of repeated seizures on tau. The levels of tau phosphorylated at the Ser199/Ser202/Thr205 epitope (recognized by the AT8 antibody) significantly elevated both in the cortex and hippocampus of mice after 21 times of repetitive optogenetic induction of seizures (Figures 3A–C). The total tau (recognized by the Tau5 antibody) was also upregulated in the hippocampus of mice with epilepsy (Figures 3A–D).
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FIGURE 3. Repeated seizures upregulate phosphorylated and total tau levels in the hippocampus and cortex of mice. Repeated seizures increased phospho-tau (AT8) and total tau (Tau5) levels in hippocampus and cortex measured by Western blotting (A,B) and immunostaining (C,D). n = 3 mice in each group. Unpaired t-tests, *p < 0.05, **p < 0.01. Scale bars were as indicated in each panel. Values are presented as the mean ± SEM.


No significant loss of hippocampal neurons was detected after repeated induction of seizures (Figure 2I), although the neuron death was commonly seen in the drug-induced epilepsy models (Morimoto et al., 2004). These data also suggest that the seizures-induced learning and memory deficits were not caused by neuron death.



Selectively Facilitating Tau Degradation Using a Proteolysis-Targeting Chimera Effectively Ameliorates Seizures and the Associated Memory Deficits

To directly test the contribution of seizures-induced elevation of phospho-tau and total tau to the seizure inductions and spatial learning and memory impairments, we used a novel small-molecule proteolysis-targeting chimera termed C4 to selectively promote tau degradation (more key information about C4 at https://www.cnipa. gov.cn/with a patent publication number CN111171113A).

Mice received repeated opto-stimulation for 14 days and were subcutaneously administered C4 (3 mg/kg, twice a week for 4 weeks) (Figure 4A), and then the levels of phospho-tau and total were measured. The results showed that C4 efficiently downregulated both phospho-tau (AT8 epitope) and total tau in the cortex and hippocampus of the epileptic mice (Figures 4B–D). Tau reduction by C4 ameliorated the optogenetics-induced seizures as shown by a prolonged latency to generalize seizures, decreased seizure duration, and the severity of seizure compared with vehicle-administered controls (Figures 5A–G). Although C4 showed limited effects in alleviating the seizures-induced spatial learning deficits during the training phase in MWM test (Figure 5H), C4 significantly improved the spatial memory as indicated by the increased target quadrant crossings (Figures 5I,J).
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FIGURE 4. C4 selectively facilitates tau degradation in the optogenetically inducible mouse model of epilepsy. (A) Experimental procedure of virus injection, seizure induction, C4 administration, and behavioral tests. (B–D) C4 administration diminished the repeated seizure-induced elevation of total tau and phospho-tau levels in hippocampus and cortex measured by immunostaining (B) and Western blotting (C,D). n = 4 mice in each group. One-way ANOVA followed by Tukey multiple-comparisons tests, *p < 0.05. Scale bars were as indicated in each panel. Values are presented as the mean ± SEM.
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FIGURE 5. Selectively facilitating tau degradation by C4 alleviates the optogenetics-induced epileptic seizures and the associated spatial memory deficits. (A–C) Blue light on did not change basal PSD in primary motor cortex (M1) at day 1, whereas C4 treatment significantly downregulated the PSD in M1 at day 14 during light-on. n = 3 mice in each group, unpaired t tests, *p < 0.05. (D,E) C4 prolonged the latency of generalized seizures of mice. n = 7–9 mice in each group. Repeated-measures ANOVA followed by Tukey multiple-comparisons tests, *p < 0.05. Unpaired t-tests, **p < 0.01. (F,G) C4 tended to decrease the seizure duration and severity of seizure stages at day 14. Unpaired t tests, *p < 0.05. (H–J) C4 showed limited effect on improving the repeated seizures-induced spatial learning impairments in the water maze training phase. n = 9–10 mice in each group. Repeated-measures ANOVA followed by Tukey multiple-comparisons tests, *p < 0.05, compared with the non-seizure Ctrl group. (I,J) C4 significantly alleviated the seizures-induced spatial memory impairments. One-way ANOVA followed by Tukey multiple-comparisons tests, *p < 0.05. Values are presented as the mean ± SEM.


These data together indicate that tau accumulation plays a critical role in repeated seizures and spatial cognitive impairment; targeting tau is promising in alleviating seizures and the associated spatial memory deficits in epilepsy.



DISCUSSION

Optogenetics provides excellent tools to control neuronal activities with high spatiotemporal specificity (Mondoloni et al., 2019), which gains increasing attention in the study of epilepsy (Choy et al., 2017; Tønnesen and Kokaia, 2017). There are several advantages of these optogenetics-based models compared with classical drug-induced status epileptics models. First, optogenetic tools enable cell type- and location-specific induction of seizures. In the present study, we targeted ventral hippocampal excitatory neurons to mimic the etiology of temporal lobe epilepsy. Second, optogenetics brings higher accuracy for quantitatively controlling the onset, frequency, and severity of seizures. Third, by contrast to classical drug-induced status epileptics models, which generally cause approximately 10–44% animals death (Auladell et al., 2017; Welzel et al., 2020), optogenetics-inducible epilepsy model has higher success rate and repeatability and almost no mortality. In the present study, we established a novel mice model of optogenetically inducible sporadic epilepsy with high spatiotemporal specificity and stable repeatability.

Tau is a microtubule-associated protein mainly engaged in the microtubule stabilization and axonal transport under physiological conditions. Hyperphosphorylation of tau hinders its degradation, thus leading to the aggregation of tau and forming of neurotoxic paired helices (Sadqi et al., 2002). Abnormal accumulation of hyperphosphorylated tau in the hippocampus or appearance of neuropil threads and NFTs in the resected epileptogenic temporal lobe has been reported in a majority of epilepsy patients (Tai et al., 2016; Smith et al., 2019). Consistently, we found that repeated induction of seizures prominently elevated phosphorylated and total tau levels in the cortex and hippocampus. However, whether and how the tau pathology is involved in epilepsy remain not fully understood. Here, using a specific chimera to facilitate tau degradation in an optogenetically inducible mice model of epilepsy, we found a contribution of intraneuronal phospho-tau accumulation to epileptic seizures and associated spatial memory deficits.

However, molecular mechanisms underlying how epilepsy resulted in phospho-tau accumulation still remain to be elucidated. Given that the tau hyperphosphorylation and accumulation generally resulted from upregulated activity of kinase, such as cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase-3β (GSK-3β), or downregulated protein phosphatase 2A (PP2A) activity (Iqbal et al., 2009)I, the observed increase of phospho-tau in epilepsy might also be attributed to the dysfunction of these kinase or phosphatases. Indeed, increased activity of glutamatergic neurons has been reported to induce tau hyperphosphorylation through PP2A inhibition by releasing of synaptic Zinc in cultured hippocampal neurons and brain slices of AD mice (Sun et al., 2012). Similarly, CDK5 and GSK-3β were both reported to be overactivated in temporal lobe epilepsy (Liu et al., 2017). Whether these proteins change in the optogenetics-induced epilepsy and their direct links to the abnormal tau accumulation still remain to be elucidated.

Another intriguing question is how the intraneuronal accumulation of phospho-tau dysregulates epileptic seizures. The hyperphosphorylation and abnormal aggregation of tau protein might directly affect neural network activities by causing microtubule depolymerization (Verstraelen et al., 2017) or result in excitation/inhibition imbalance by dysregulating the release of neurotransmitters (Holth et al., 2013; Sánchez et al., 2018). However, it seems currently elusive how tau accumulation determines neuronal network activities. Although mice expressing mutated human tau exhibited suppressed neuronal activity (Busche et al., 2019; Sohn et al., 2019), selective overexpressing human tau in GABAergic interneurons resulted in hyperactivation of neighboring excitatory neurons (Zheng et al., 2020). It deserved further investigation how the hyperphosphorylated tau was distributed in different subsets of neurons in epilepsy.

We have previously evidenced that intracellular accumulation of hyperphosphorylated tau dysregulated neuronal plasticity and interneuronal transmissions in AD (Yin et al., 2016; Ye et al., 2020), the most common form of dementia in the elderly. In fact, neuronal hyperactivation and epileptic seizure were commonly reported in the early stage of AD (Lam et al., 2017; Baker et al., 2019). Thus, the pathological tau-induced neuronal dysfunctions, like those in AD, might also at least partly contribute to the cognitive impairment in epilepsy.

Most importantly, we found that specifically reducing tau with a proteolysis-targeting chimera in the brain significantly inhibited epileptic seizures, as well as alleviated spatial memory impairment in our mice model. Consistently, non-selectively facilitating tau dephosphorylation by enhancing the enzyme activity of PP2A with sodium selenite effectively prolonged the time of epilepsy induction, and reduced the number and degree of seizures (Jones et al., 2012; Liu et al., 2016). Moreover, knocking down or out of the endogenous tau also reduced the frequency and severity of seizures in mice (DeVos et al., 2013; Holth et al., 2013; Gheyara et al., 2014).

Taken together, the present study found that optogenetic overactivation of vCA1 excitatory neurons induced epileptic seizures and cognitive impairments, associating with abnormal accumulation of phospho-tau in hippocampal neurons. Further studies revealed that specific facilitating tau removal partly rescued the epileptic seizures and the associated spatial memory deficits. These findings confirm that abnormal tau accumulation plays a pivotal role in optogenetics-induced epileptic seizures, and targeting tau may be promising in treatment of epilepsy.



MATERIALS AND METHODS


Animals

Adult (8–12 weeks) male C57BL/6 mice weighing 20–30 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All mice were housed in groups of four to five per cage and were housed under a 12-h light–dark cycle (lights on at 7:00 PM and off at 7:00 AM) at a stable temperature (23–25°C). Food and water were available ad libitum. All animal studies had complied with all relevant ethical regulations for the animal testing and research and were approved by institutional guidelines and the Animal Care and Use Committee of Huazhong University of Science and Technology.



Virus Injection and Optic Fiber Cannula Implantation

Mice were anesthetized with 1% pentobarbital sodium (35 mg/kg) and head-fixed in a stereotactic frame (RWD, Shenzhen, China). Eyes were coated with erythromycin ointment to avoid strong light exposure. The scalp was incised along the skull midline after sterilizing with iodophors. pAAV-CaMKIIα-ChR2(H134R)-mCherry (500 nL, 2–5 × 109 pfu/mL; OBio Technology Shanghai, China) was injected into the vCA1 (AP –3.2 mm, ML +3.2 mm, DV –4.5 mm) at a rate of 50 nL/min. The needle syringe was kept for 10 min before withdrawal. The skin was sutured and then sterilized with iodophors. The mice were put on a heat lamp to revive. Three weeks after virus injection, optic fiber cannulas (NA = 0.37, Newdoon, China) were implanted into the vCA1 of mice (AP –3.2 mm, ML +3.2 mm, DV –4.1 mm). Four screws (RWD, Shenzhen, China) were anchored around the fiber cannulas with dental cement. Mice were put back into the cage for reviving postoperation.



Optogenetic Stimulation and Seizures Induction

Mice were handled for consecutive 3 days before seizure induction and were temporarily anesthetized with isoflurane. The fiber cannulas were connected to a plug line with FC/PC joint at both ends. Seizures were induced 10 s after the mice woke up. Laser output is controlled by a function generator (Tektronix, China, NO. AFG 3022B). After many trials, the stimulation parameters were finally set as 20 Hz, blue light (472 nm), duty cycle 10%, pulse wave. The actual output power of optical fiber outlet was 2.8 mW/mm2 (when the waveform generator was not connected, the output power of optical fiber outlet was 43.2 mW/mm2). Mice behaviors were recorded using a digital camera. The severity of mice seizures was evaluated according to MRS (Racine, 1975; Haas et al., 1990): stage 1, facial convulsions, chewing behavior in the mouth; stage 2, chewing and rhythmic head nodding; stage 3, unilateral forelimb clonus; stage 4, bilateral forelimb clonus with rearing, standing on hind limb; stage 5, rearing and repeated falling; stage 6, wild running, jumping. Stages 1 to 3 were considered as focal seizures, and stages 4–6 considered generalized seizures. The time from stimulation onset to stage 4 was recorded as latency to generalized seizures in this study. There were some differences between Test 1 (Figures 1, 2) and Test 2 (Figure 4) in the duration of epileptic induction. The laser was turned off until stage 6 in Test 1, whereas stage 4 in Test 2. After the seizure induction, the mice were anesthetized by isoflurane, and the fiber was removed from their heads.



Local Field Potentials Recording in vivo

Three weeks after virus injection into the vCA1, a 16-channel electrode was implanted into the ipsilateral M1 (+1.5 mm AP, +1.5 mm ML, –1.5 mm DV). The ground of the electrode was connected to two screws attached to the skull. Mice skin was sutured and then sterilized with iodophors. Mice were allowed 1 week for recovery postoperation before in vivo recording. Each mouse was handled for 5 min and adapted in a box for 10 min before the first time of recording. LFPs in M1 and mouse behaviors were recorded using a Recording System (Plexon, Hong Kong, China). Data were stored for offline analysis with 16-bit format, visualized in Neuro Explore. Amplitude and PSD of LFPs were analyzed in default parameters: shift (0.5 s), number of frequency values (8,192), normalization (log of PSD), show frequency from 0 to 150 HZ. Baseline signals were recorded before the laser was turned on. When the seizure induction began, mice behaviors were observed carefully, and the optogenetic stimulation was stopped at an appropriate time. After the final electrophysiological recording, the mice were killed, and the electrodes locations were confirmed by brain slice section.



Open Field Test

The apparatus was a 60-cm × 60-cm × 50-cm plastic box. The floor was divided into nine equal squares, among which the whole central area takes up 50%. The individual mouse was placed in the center opposite to experimenter. Each mouse was allowed to explore freely for 5 min. Mice behaviors were recorded by a camera. The time and distance that the mice traveled in the central area were analyzed.



Elevated-Plus Maze Test

The elevated plus maze consisted of two enclosed arms (30 cm × 5 cm × 20 cm) and two open arms (30 cm × 5 cm). The apparatus was elevated to 50 cm above the floor. Mice were placed individually in the center of the maze facing the open arm opposite to the experimenter. The time mice spent in the open/closed arms were recorded through tracking the center of the body. The mice explored freely for 5 min.



Morris-Water Maze Test

The spatial learning and memory of mice were assessed by Morris-Water Maze test. For spatial learning, mice were trained in the maze to find a hidden platform for five consecutive days, three trials per day with an interval of 30 min from 2:00 to 5:00 PM each day. In each trial, mice started from one of the four quadrants facing the wall of the pool. Each trial ended when the animal climbed onto the platform. If the mice did not find the platform within 60 s, they were guided to the platform and allowed to stay on the platform for 15 s. The swimming path and time mice used to find the platform (escape latency) during training, as well as time mice pass through the previous platform quadrant in the test phase, were recorded by a video camera fixed to the ceiling, 1.5 m from the water surface.



Western Blotting

Mice brains were removed, and the cortex and hippocampus were dissected on ice. Samples were homogenized with RIPA lysis buffer (Beyotime). Proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes (Merck Millipore) and then blocked with 5% bovine serum albumin (BSA). Blots were probed with polyclonal rabbit anti-Tau5 (1:1,000; cat no. MAB361, Millipore), polyclonal rabbit anti-AT8 (1:1,000; cat no. MN1020, Thermo), and polyclonal rabbit anti-α-tubulin (1:1,000; cat no. T9026, Sigma) and were then incubated with horseradish peroxidase–conjugated secondary antibodies and visualized by an enhanced chemiluminescence substrate system (Santa Cruz, CA, United States). Blots were visualized using an Odyssey Imaging System (LI-COR Biosciences) and quantitatively analyzed by ImageJ.



Immunostaining

Mice were sacrificed 1 day after the last trial of WMW test and then anesthetized and perfused through ventriculus sinister with 0.9% NaCl for 5 min and then phosphate buffer containing 4% paraformaldehyde for 5 min. Brain were cryoprotected in 25% and 30% sucrose solutions in turn for 2 days. The next day, brains were cut into 30-μm sections using a cryostat microtome (CM1900, Leica). For immunohistochemistry, free-floating sections were blocked with 3% H2O2 in anhydrous methanol for 30 min, and non-specific sites were blocked with BSA for 30 min at room temperature. Sections were then incubated overnight at 4°C with Tau5 (1:200; cat no. MAB361, Millipore) or AT8 (1:200; cat no. MN1020, Thermo) antibodies. Immunoreactions were developed using a DAB-staining kit (ZSGB-BIO). For immunofluorescence, sections were thoroughly washed with PBS-T [phosphate-buffered saline (PBS) containing 0.1% Triton X-100] and incubated overnight with monoclonal mouse Tau 5 (1:200; cat no. MAB361, Millipore) or AT8 (1:200; cat no. MN1020, Thermo) antibodies. After that, the sections underwent PBS-T washes (three times, 5 min each), followed by 1-h incubation with the secondary antibody at 37°C. Finally, the slice underwent three more washes and counterstained with DAPI. Images were taken by two-photon laser-scanning confocal microscope (LSM710, Zeiss).



Nissl Staining

Mice brain slices were selected and rinsed with PBS for 5 min and then moved to the adhesive slides with a brush and dried naturally. The tar-purple dye drops about 500 μL were spread evenly over the brain slices. Then, the slices dyed for about 10–15 min, distilled water for 1 min, 75% alcohol, 80% alcohol, 95% alcohol, and anhydrous ethanol for 1 min each, and finally made transparent with xylene for 30–60 min. Slices were sealed with neutral resin and dried naturally.



Statistical Analyses

All data were analyzed and plotted using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, United States). One-way analysis of variance (ANOVA), Tukey multiple-comparisons post hoc tests, and two-tailed unpaired t tests were used. P < 0.05 was considered significant. Data were shown as mean ± SEM.
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Maternal Lead Exposure Impairs Offspring Learning and Memory via Decreased GLUT4 Membrane Translocation
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Lead (Pb) can cause a significant neurotoxicity in both adults and children, leading to the impairment to brain function. Pb exposure plays a key role in the impairment of learning and memory through synaptic neurotoxicity, resulting in the cognitive function. Researches have demonstrated that Pb exposure plays an important role in the etiology and pathogenesis of neurodegenerative diseases, such as Alzheimer’s disease. However, the underlying mechanisms remain unclear. In the current study, a gestational Pb exposure (GLE) rat model was established to investigate the underlying mechanisms of Pb-induced cognitive impairment. We demonstrated that low-level gestational Pb exposure impaired spatial learning and memory as well as hippocampal synaptic plasticity at postnatal day 30 (PND 30) when the blood concentration of Pb had already recovered to normal levels. Pb exposure induced a decrease in hippocampal glucose metabolism by reducing glucose transporter 4 (GLUT4) levels in the cell membrane through the phosphatidylinositol 3 kinase-protein kinase B (PI3K-Akt) pathway. In vivo and in vitro GLUT4 over-expression increased the membrane translocation of GLUT4 and glucose uptake, and reversed the Pb-induced impairment to synaptic plasticity and cognition. These findings indicate that Pb exposure impairs synaptic plasticity by reducing the level of GLUT4 in the cell membrane as well as glucose uptake via the PI3K-Akt signaling pathway, demonstrating a novel mechanism for Pb exposure-induced neurotoxicity.

Keywords: lead, learning and memory, hippocampus synaptic plasticity, glucose transporter 4, PI3K-Akt


HIGHLIGHTS

Maternal (pregnancy/gestational) Pb exposure at a low level induces offspring spatial learning and memory deficits via reducing glucose uptake through the down-regulation of GLUT4 membrane translocation.
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INTRODUCTION

The developing brain is particularly vulnerable to lead (Pb) exposure, which causes persistent behavioral and emotional disturbances, such as cognitive dysfunction, including deficits in executive functioning, attention, and memory (Mills et al., 2011). Not only that, but as the course of the disease lengthens, the brain damage induced by Pb exposure can eventually develop into dementia (Genuis and Kelln, 2015). Researches have confirmed that chronic Pb exposure is an important risk factor for Alzheimer’s disease related neurodegenerative diseases (Bihaqi and Zawia, 2013). In previous studies, animals exposed to Pb during the perinatal (during gestation through weaning), early postnatal [during postnatal day (PND) 1 through weaning], or late postnatal (during weaning and later) periods were used to evaluate the effects of Pb neurotoxicity on the brain and the underlying mechanisms (Brody et al., 1994). Regardless of the exposure time window, these studies and ours collectively revealed that developmental Pb exposure significantly impairs spatial learning and memory (Hu et al., 2014, 2016; Wang et al., 2016).

As the hippocampus is sensitive to Pb exposure and plays a critical role in spatial learning and memory, which is the basis of cognitive ability (Barha and Galea, 2013), the hippocampus has become a research focus for Pb exposure-induced neurotoxicity (Anderson et al., 2013). Pb exposure during development impairs hippocampus-dependent spatial learning and memory via modifying the levels of N-methyl-D-aspartate (NMDA) receptor-dependent brain-derived neurotrophic factors (BDNFs) (Neal et al., 2010), hippocampal long-term potentiation (LTP) (Liu et al., 2012), genomic features (Anderson et al., 2013), and epigenetic regulation by manipulating the expression of DNA methyl-cytosine-binding proteins and methyltransferases (Schneider et al., 2013). Previous animal studies on this topic have enriched our knowledge regarding Pb exposure-induced neurotoxicity. Unfortunately, most of the findings have not been translated to clinical applications. Chelation therapy remains the primary method to treat child Pb poisoning as it helps to lower blood Pb levels while alleviating significant Pb-induced cognitive impairment (Rogan et al., 2001; Bhattacharya et al., 2007). Studies have demonstrated that Pb can accumulate in the blood of pregnant women and subsequently enter the fetus through the placental barrier, eventually leading to fetal mental retardation and long-term adverse effects on offspring learning and memory functions. Moreover, this damage is irreversible, even the damage from low-level Pb exposure to pregnant women (Zartarian et al., 2017; Ettinger and Brown, 2018). Therefore, further clarification of the underlying mechanisms for the impairment of learning and memory induced by environmental Pb exposure is essential.

Glucose is the most important and unique energy substance in the brain and plays a key role in maintaining the structural and functional integrity of neurons in the brain (Im et al., 2019; Yun et al., 2019). It is also reported to be one of the main neuro-modulators that promote brain learning and memory (Smith et al., 2011). Consequently, glucose metabolic disorders always cause cognitive impairments (Kleinridders et al., 2014). Studies have reported that Pb exposure alters the activities of enzymes involved in the glucose metabolic process, which can lead to abnormal glucose metabolism and eventually results in brain energy metabolic disorders (Yun and Hoyer, 2000; Ahmad et al., 2018). Additionally, recent research has shown that Pb exposure causes glucose tolerance and insulin resistance (Mostafalou et al., 2015). Several hypotheses have been proposed for the mechanism by which glucose metabolic disorders cause cognitive impairments. These include the “hippocampal hypothesis” (McNay et al., 2000), which posits that cognitive activity can deplete extracellular glucose in the hippocampus and that exogenous glucose administration reverses the depletion while enhancing task performance. Additionally, the “insulin hypothesis” (de la Monte et al., 2011) suggests that major abnormalities in brains with fetal alcohol spectrum disorder (FASD) are mediated by impairments in insulin/insulin-like growth factor (IGF) signaling. However, the specific mechanism for the learning and memory deficits induced by glucose metabolic disorders remains unclear and needs to be further explored.

Glucose transporters (GLUTs) include more than ten protein families. Among these transporters, GLUT4 is expressed in the central nervous system (CNS) and contributes to synapse formation in the hippocampus (Reagan, 2002). During learning and memory formation, GLUT4 is translocated into neuronal membranes and provides a glucose supply to neurons to maintain the structural and functional integrity of synapses through a process involving the phosphatidylinositol 3 kinase-protein kinase B (PI3K-Akt) signaling pathway (Piroli et al., 2007; Grillo et al., 2009; Chiu and Cline, 2010). However, it remains unclear whether Pb exposure has an impact on GLUTs and whether this influence leads to spacial memory impairment. In this study, a gestational Pb exposure (GLE) rat model was established and the cognition of the rats was assessed. Through morphological analysis (Golgi-Cox staining) and LTP recording in the hippocampal cornu ammonis 1 (CA1) region of the offspring, we investigated the effect of low-level gestational Pb exposure on hippocampal synaptic plasticity and examined how the offspring’s spatial learning and memory functions were affected at PND 30 using Morris water maze (MWM) experiments. Furthermore, the hippocampal glucose metabolism was measured using Positron Emission Tomography-Computed Tomography (PET-CT) scanning and the GLUT4 membrane translocation and expression of hippocampal neurons were measured using immunofluorescence staining and western blot (WB). Finally, we investigated the effects of GLUT4 alterations on hippocampal synaptic plasticity and the offspring’s spatial learning and memory functions by over-expressing GLUT4 in vivo and in vitro. We found that Pb exposure interfered with the expression and translocation of GLUT4 while reducing the glucose supply in hippocampal neurons, leading to spacial memory deficits.



MATERIALS AND METHODS


Study Design

A low-level GLE rat model was established by feeding Pb solutions to female Sprague-Dawley (SD) rats. The experimental gestational rats were randomly assigned to two groups (control and Pb-exposed). Tissue samples were collected from embryonic rats on day 18∼19 (E18∼19) for primary hippocampal neuronal culture and the offspring rats were used in all other experiments in this study. A previous study showed that there are significant differences between female and male infants and children in the GLE model (Gilbert et al., 2005; Fox et al., 2008); thus, only male offspring rats were used in the current study to reduce bias. For morphological analysis (Golgi-Cox staining), basilar dendrites from CA1 pyramidal neurons in plates 58∼63 were selected for analysis. An investigator blinded to the study conditions performed neuron selection and tracing. Pyramidal neurons were identified based on the unique triangular shape of their soma and their apical extensions toward the apical surface. β-actin was employed as the internal reference protein in all WB tests. The animal protocol and experiments were approved by the Laboratory Animal Welfare and Ethics Committee of the Fourth Military Medical University.



Animals and GLE Model

In this study, SD rats were used as experimental animals and were subjected to a 12-h light/dark cycle in a 24°C temperature-controlled room. The animals could obtain food and water at will. Based on the research reports by Gilbert et al. (2005) and Fox et al. (2008) as well as our previous study (Zhao et al., 2018), a dose of 109 ppm was chosen to establish the low-level GLE model. Adult female rats raised alone were randomly divided into two groups: the control group received regular water and the Pb-exposed group was exposed to 109 ppm Pb through drinking solutions containing 0.02% Pb acetate (Fisher Scientific, Pittsburgh, PA, United States). This protocol was initiated 2 weeks before mating and continued throughout the gestation period up to PND 10. The weights of the offspring were recorded on PNDs 0, 10, 21, and 30.



Pb Concentration Analysis

Rats were taken from the control and Pb-exposed groups at PNDs 0, 10, 21, and 30 (n = 6, respectively), anesthetized with an intraperitoneal (i.p.) injection of sodium pentobarbital (60 mg/kg), and sacrificed by decapitation. Venous blood and hippocampal tissues digested by organic tissue solvents were used to determine the Pb concentration. The PerkinElmer 600 atomic absorption spectrometer (AAS) (PerkinElmer, United States) was used to analyze the blood samples and a plasmaQuad3 plasma mass spectrograph (VG Elemental, United Kingdom) was used to analyze the tissue samples.



MWM Tasks

The MWM was used to evaluate the spatial learning and memory of the rats at PND 30 based on the time they took to find an invisible platform. After 5 days of training, the test was performed and the mean time the rats required to reach the platform was recorded. The DigiBehave system (Jiliang Software Company, Shanghai, China) was used to record the routes taken by the rats. The percentage of rats that arrived at the target quadrant within 2 min was calculated. The detailed protocol was described in our previous study (Zhao et al., 2018).



Golgi-Cox Staining and Morphological Analysis


Golgi-Cox Staining

The rats were anesthetized with i.p. injections of 100 mg/kg sodium pentobarbital and cardiac perfusion was performed with 0.9% saline. The rat brains were subsequently extracted for Golgi-Cox staining.



Identification of Target Figures

For each animal, five sections from the hippocampal region were selected. Pyramidal neurons were identified based on the unique triangular shape of their soma and the extensions of their apex toward the apical surface. Basilar dendrites from the hippocampal pyramidal neurons in plates 58–63 in the CA1 region were selected for analysis. Note that neuronal selection and tracing were performed by an experimenter who was blinded to the experimental conditions.



Neuronal Plasticity Analysis

In order to collect information about the changes in the complexity of the dendritic tree, all basal dendritic segments and the cell body of each neuron were reconstructed using a computer-based neuron-tracking system (Bitplane Imaris, Bitplane AG, Zürich, Switzerland). The spines on a terminal dendrite at the tip of the third order from each selected neuron were counted at a magnification of 1000× to measure the spine density (minimal length 20 μm). The spine structure and spine density of each selected dendrite were assessed using the Bitplane Imaris software.

Please refer to our previous study for the specific procedures used in the above experiment (such as detailed steps for Golgi-Cox staining, observation under a microscope, specific inclusion criteria for the Golgi-impregnated neurons in our study, and spine reconstruction and classification) (Zhao et al., 2018).



Hippocampal LTP Recordings


Slice Preparations

The offspring rats were decapitated at PND 30 after anesthesia (n = 6, respectively). The brains were quickly removed and immersed in pre-cooled oxygenated (nearly 0°C, 95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) containing (in mM): dextrose 10, KCl 5, NaCl 124, NaHCO3 26, NaH2PO4 1.25, MgCl2 1.25, and CaCl2 2.5, pH = 7.30∼7.45. Subsequently, the hippocampus of one hemisphere was extracted and sliced (300 μm) using a sliding microtome (Leica VT1000S, Germany). The hippocampal slices were allowed to recover in ACSF at room temperature (RT) for at least 1 h.



Electrophysiological Recordings

One slice at a time was transferred into the recording chamber (BSC-HT Med. Sys., United States) where the slice was continuously perfused with 28∼30°C ACSF (95% O2/5% CO2) at a rate of 1 mL/min. Field excitatory postsynaptic potentials (fEPSPs) were recorded by placing a bipolar stimulating electrode in the Schaffer/commissural fibers while a glass micropipette recording electrode (diameter: 3∼5 μm, resistance: 1∼3 MΩ) was positioned in the dendrites of a CA1 pyramidal cell. The evoking interval for the fEPSPs was 50 s. LTP was induced with a 100 Hz high-frequency stimulation (HFS) for 1 s after recording the baseline responses for 10 min. LTP referred to an increase in the EPSP slope relative to the baseline response (100%) for 40∼45 min after the application of a tetanic stimulus.



Radioligand Preparation and Positron Emission Tomography/Computed Tomography (PET/CT) Imaging

Fluoro-deoxy-glucose (FDG) scanning was performed in the Small Animal Imaging Core at the Department of Nuclear Medicine, Xijing Hospital. The rats received a tail vein injection of 18F-FDG at a dose of 5 μCi/g in saline according to their weights before imaging. After 40 min of uptake while awake, a combination of 5% isoflurane and 95% O2 was used to anesthetize the rats. The rats were placed in the dedicated PET-CT camera animal enclosure (nanoScan PET/CT, Mediso) in a head-prone position and high-density PET image reconstruction and CT attenuation correction scanning were performed. The body temperature of the rats was maintained at 37°C via a heating pad. All images were measured with a Derenzo phantom and reconstructed with the Tera-TomoTM 3D PET engine. In order to quantify the FDG, the regional SUV was quantified with PMOD version 3.801 (PMOD Technologies, Zurich, Switzerland) to obtain the FDG uptake, which was expressed as the SUV.



Hippocampal Neuron Culture and Virus Transfection

The hippocampal tissue of embryos from normal pregnant SD rats from embryonic day 18∼19 (E18∼19) without Pb exposure was extracted for hippocampal neuron culture and transfection. The hippocampus tissue from E18∼19 of SD rat was extracted in pre-cooled D-Hank solution. Aspirating tissue pieces with as little solution as possible (about 1 mm3), and then accutase (Gibco, United States) was added and incubated for enough time at 37°C. After digestion, accutase solution and clasts were removed, Neurobasal (Gibco, United States) media supplemented with B27 and glutamax (GIBCOBRL, United States) was added to suspend the cells. Whereafter, the cells were planted at 2 × 105 cells/mL in 6-well plates precoated by poly-L-lysine. The medium was exchanged every 2 days. In the subsequent experiment, neurons were transfected with the corresponding virus of over-expression GLUT4 at 1 μl (2.5 × 109 ifu/ml) per well for 6-well plates at DIV 6 while cultures were treated with lead acetate (1 μM, Sigma-Aldrich, United States) for 5 days. The details were the same as in our previous study (Zhao et al., 2018).



Cell Membrane Protein Extraction and Western Blot Analysis

The membrane protein of the hippocampus and primary cultured hippocampal neurons were collected. Equal amounts of protein samples (50 μg) were used for WB analysis as described in our previous study (Zhao et al., 2018). The following were the primary antibodies used in the experiment: GLUT4 (ab654), GLUT1 (ab115730), and GLUT3 (ab41525) (dilution ratio 1:200, Abcam), and β-actin (A5441, dilution ratio 1:1000, Sigma). The peroxidase-conjugated secondary antibodies were F0382 and F9137 (dilution ratio 1:1000, Sigma).



Immunofluorescence Staining

The rats were anesthetized on PDN 30 with 100 mg/kg sodium pentobarbital (i.p.) and cardiac perfusion was performed with 0.9% saline. Some of the brains in each group were extracted for immunofluorescence staining as described in our previous study (Zhao et al., 2018). The primary antibodies and dilution criterions were as follows: ab654, rabbit anti-GLUT4, 1:200; ab177487, mouse anti-NeuN, 1:400; ab7260, and mouse anti-GFAP, 1:800 (Abcam, United States). The secondary antibodies were as follows: A-21145, Alexa Fluor 594, A-11008, and Alexa Fluor 488 (1:1000, Molecular Probes, Invitrogen). All sections were incubated with Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, United States) for 15 min while avoiding light.



Glucose Intake Test

Since day DIV 7 to DIV 12 is the primary time period of dendritic spine growth (Zhao et al., 2018), therefore, to establish Pb-exposure model in vitro, 1 μM of Pb acetate (Sigma-Aldrich, United States) was added to the cultured hippocampal neurons for 5 days in this period. On DIV 12, the primary culture medium for the hippocampal neurons was replaced with sugar-free neurobasal medium and the neurons were further cultured for 2 h. Afterward, the neurons were cultured with 100 μM 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-6-deoxy-glucose (2-NBDG) and 1 μg/ml insulin for 30 min. The cells were subsequently collected for flow cytometry after being resuspended in PBS.



Construction of Neuron-Specific AAV-GLUT4 and Virus Injection

To produce neuron-specific recombination adeno-associated virus (rAAV), the GLUT4 gene was sub-cloned into plasmids (pAOV-SYN-MCS-EGFP-3FLAG) containing a neuron-specific human synapsin I promoter (hSyn) to generate recombinant plasmids (pAOV-SYN-Slc2a4-P2A-EGFP- 3FLAG) by the company Obio Technology Corp., Ltd (Shanghai, China). AAV-293 cells were then transfected with AAV Rep/Cap expression plasmid, AAV helper plasmid (pAAV Helper), and pAOV-SYN-Slc2a4-P2A-EGFP-3FLAG simultaneously to obtain rAAV (AAV-GLUT4-GFP). Subsequently, viral particles were purified via iodixanol step-gradient ultracentrifugation. The genomic titer (2.5∼3.5 × 1012 genomic copies per ml) was determined using quantitative polymerase chain reaction (qPCR). Rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) before brain stereo localization injection and placed on a brain stereoscopic positioning injector in a prostrate position to maintain the head level. The bregma and lambda point were identified using a locator and confirmed to be at the same level according to the rat brain map. Specific locations in the hippocampus were also determined (bregma backward 3.96 mm, the midline around 3 mm, bregma down 3.2 mm). A skull drill was used to mark the desired locations on the skull by lightly drilling until the skull cracked, after which the drilling was stopped immediately. According to the set parameters, the needle was slowly inserted at the designated positions and a total amount of 1 μl virus was slowly injected in each site at a speed of 0.05 μl/min. The needle was not moved until the injection was completed and the virus had spread, after which the needle was slowly withdrawn. The micro-injector was moved to a marked position on the other side and the virus was injected in the same manner. After the injection in the bilateral hippocampi was completed, the scalp of the rat was sutured.



Spinal Analyses of Cultured Neurons

Each experiment was conducted at least three times in this study. Data used for the calculations were presented as the mean ± SEM from a minimum of three independent biological samples. The final results were analyzed with the student’s T-test when the number of groups was two, and multiple comparisons were analyzed using one-way analysis of variance (ANOVA) with Dennett’s post hoc test. All analyses were performed using the Statistical Package for the Social Sciences (SPSS 20.0) software. p < 0.05 was considered to indicate a statistical difference.



Statistics

Each experiment was carried out at least three times in this study. Data used for the calculations were presented as the mean ± SEM from a minimum of three independent biological samples. The final results were analyzed with the T-test when the number of groups was two, and multiple comparisons were analyzed using one-way ANOVA with Dennett’s post-test. All analyses were performed with SPSS 20.0 software. The levels of significance were represented with the following symbols: ∗p < 0.05 and ∗∗p < 0.01. P < 0.05 was considered to indicate a statistical difference.



RESULTS


Low-Level Maternal Pb Exposure Impaired Spatial Learning and Memory in the Offspring

Lead (Pb) exposure was initiated 2 weeks before mating, maintained throughout gestation, and terminated 10 days after the progeny were born (Figure 1A). There were no significant differences in the body weights of the offspring at PNDs 0, 10, 21, and 30 between the Pb-exposed and control groups (p = 0.9736, p = 0.7677, p = 0.9188, p = 0.9172) (Figure 1B). Blood Pb levels were substantially elevated in the Pb-exposed offspring at PNDs 0, 10, and 21 (p < 0.0001, p = 0.0001, p = 0.0021) (Figure 1C). Though the blood Pb levels in the offspring were not significantly different between the two groups, hippocampal Pb levels were significantly higher in the Pb-exposed offspring at PND 30 (p < 0.0001) (Figure 1D). We found that maternal Pb exposure impaired the offspring’s learning and memory abilities, evidenced by longer escape latency during the 5 training days (p = 0.009, p = 0.0026, p = 0.0019, p = 0.003, p = 0.0015) (Figure 1E) and a significantly shorter amount of time spent in the target quadrant where the platform was originally located (p = 0.0037) (Figure 1F) on the testing day compared to those in the control group.
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FIGURE 1. Accumulation of Pb in the hippocampus of PND30 rats and its influence on learning and memory. (A) Establishment of Pb exposure model. Female SD rats were given Pb acetate solutions to drink (0 or 0.02%) beginning 2 weeks before mating until PND 10. (B) Body weights and (C) Blood Pb levels. The concentration of blood Pb in the experimental rats was measured at PND 0, 10, 21, and 30. (D) Pb levels in the hippocampus region. (E,F) Analysis of MWM results. The MWM tests were only measured at PND30. Data are expressed as mean ± SE, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.




Low-Level Maternal Pb Exposure Impaired Hippocampal Dendritic Plasticity

Dendritic plasticity is the basis of learning and memory functions. To investigate the underlying mechanisms for the cognitive deficits induced by maternal Pb exposure, we first determined the dendritic plasticity through Golgi Staining and electrophysiology. We reconstructed and analyzed the dendritic spines of pyramidal neurons in the CA1 region using the Imaris software (Figures 2A–C). Pb exposure significantly decreased both the basal (p = 0.0018, p = 0.0017, p = 0.0066) (Figure 2D) and apical (p = 0.0021, p = 0.0037, p = 0.04) (Figure 2E) dendritic spine density of hippocampal CA1 region neurons compared to those in the control group. We found that maternal Pb exposure significantly reduced the fEPSP slope of LTP in the CA1 region (Figure 2F) in the offspring (p = 0.0096) (Figures 2G,H). Taken together, maternal Pb exposure impaired hippocampal dendritic plasticity.
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FIGURE 2. Hippocampal Pb accumulation and impairment of synaptic plasticity in PND30 rats. (A,B) Golgi Staining for basal and apical dendritic spines in hippocampal CA1 region. Scale bars = 100 μm in (A) and 10 μm in (B). (C) Imaris reconstruction of the dendritic spines of pyramidal neurons in CA1 region. Scale bar = 10 μm. (D,E) Statistical analysis of the effect of Pb exposure on basal and apical spines. For each group, data are expressed as mean ± SE of spines per 10 μm (16 neurons/8 rats for all groups), *p < 0.05, **p < 0.01. (F) LTP induced by high-frequency tetanic stimulation. Simulations were applied to the CA3 regions of the hippocampus and the signal was collected at the CA1 region. Scale bar = 500 μm. (G,H) LTP in hippocampal regions CA3-CA1. Abscissa represented the time of tetanic stimulation. N = 16 slices per 8 rats in each group. The patch-clamp recordings showed that the fEPSP slope for rat hippocampal LTP in the Pb-exposed group was significantly reduced compared with that in the control group. Data are expressed as mean ± SE, **p < 0.01. SO, stratum oriens; PCL, pyramidal cell layer; SR, stratum radiatum; SL-M, stratum lacunosum-moleculare; DG, dentate gyrus.




Maternal Pb Exposure Reduced Glucose Metabolism in the Offspring Hippocampus

Positron Emission Tomography-Computed Tomography PET-CT scanning was used to analyze the effects of maternal Pb exposure on glucose metabolism in the offspring brain (Figure 3A). The glucose uptake profiles in the offspring hippocampus, olfactory bulb, and amygdala are shown in Figure 3B. The results showed that the levels of glucose metabolism in the hippocampus, amygdala, and olfactory bulb in the Pb-exposed group were significantly reduced compared with those in the control group. The standard uptake value (SUV) for the hippocampus were 3.52 ± 0.12 in the control group and 3.06 ± 0.16 in the Pb-exposed group (p = 0.0418). The corresponding values for the olfactory bulb were 3.49 ± 0.14 and 2.93 ± 0.21 (p = 0.0487) and the values for the amygdala were 2.84 ± 0.09 and 2.46 ± 0.14 (p = 0.048), respectively (Figure 3C, n = 6).
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FIGURE 3. Effect of low-level gestational Pb exposure on glucose uptake in rat brain. (A) Representative images of experimental rat brains. (B) Representative images of glucose uptake in different brain areas ([18F]-FDG microPET/CT) in the experimental rats at the last scanning point. (C) Statistical analysis of PET-CT scanning data. PET-CT results indicated that maternal Pb exposure at a low level significantly reduced the level of glucose metabolism in the rat hippocampus. *p < 0.05, n = 6 per group.




Maternal Pb Exposure Led to Alterations in Rat Hippocampal Neuron GLUT4 Levels and Membrane Translocation

Glucose plays a vital role in maintaining the integrity of synaptic structures and functions (McNay and Gold, 2002; Im et al., 2019; Yun et al., 2019). The disruption of brain glucose metabolism can impair neuronal synaptic plasticity, which in turn affects brain function. We found that the protein levels of GLUT1 and GLUT3 in the offspring hippocampus were not significantly different between the two groups (p = 0.5869, p = 0.8793) (Figures 4A,B); however, the GLUT4 protein level was significantly lower in the Pb-exposed group (p = 0.0012) (Figure 4B). The membrane protein levels of GLUT4 in the hippocampal neurons of the Pb-exposed offspring were significantly reduced compared with those in the control group (p = 0.0014) (Figures 4C,D), and the phosphorylated level of Akt (p-Akt) was lower (p < 0.0001) (Figures 4C,D). The results showed that exogenous insulin alone was capable of inducing a significant increase in Akt phosphorylation and GLUT4 translocation (p = 0.0016, p = 0.0058) in the normal group (Figures 4E–G). However, in the Pb exposure group, insulin treatment neither reversed the phosphorylation level of Akt nor changed the level of GLUT4 membrane translocation (p = 0.1357, p = 0.1456) (Figures 4E–G).
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FIGURE 4. Effects of Pb exposure on GLUT4 expression and membrane translocation in rat hippocampus. (A–D) Effects of Pb exposure on the expression of GLUTs, PM-GLUT4, and p-Akt. There were no remarkable changes in GLUT3 and GLUT1 expression in Pb-exposed rat hippocampus, but the GLUT4 expression was significantly reduced. The expression levels of PM-GLUT4 and p-Akt were significantly reduced. Among them, caveolin-1 served as the loading control of PM-GLUT4, and β-actin for other proteins. (E–G) Effects of insulin on PM-GLUT4 and p-Akt expression levels. Insulin stimulation significantly increased the expression of p-Akt in rat hippocampus but did not reverse the decrease of p-Akt expression in the Pb-exposed group. N = 6 per group, **p < 0.01, ***p < 0.001, ****p < 0.0001. vs. control. The band intensity was statistically analyzed based on the percentage relative to the control. (H,I) Immunofluorescence staining. (J,K) Statistical results of signal intensity of GLUT4 expression in neuron in CA1 and DG regions of the hippocampus in rats. The results showed that GLUT4 and NeuN were significantly double-labeled in the CA1 and DG regions of the hippocampus in rats, and double-labeling in the Pb-exposed group was significantly reduced compared to the control group levels. Immunofluorescence staining indicated that GLUT4 and GFAP were not double-labeled in the hippocampal CA1 and DG regions of rats. Scale bars = 50 μm. Data were represented as mean ± SEM and counted based on data from a minimum of three independent experiments, **p < 0.01, ***p < 0.001.


GLUT4 co-localized with NeuN (Figure 4H) but not glial fibrillary acidic protein (GFAP) (Figure 4I) in the hippocampal CA1 and dentate gyrus (DG) regions, which means that the GLUT4 proteins express in neurons of hippocampus, not astrocytes during brain development in rat offspring. We also found that compared with the control, the immunoreactivity of GLUT4 significantly decreased in the CA1 and DG regions (p = 0.003, p = 0.0098) (Figures 4J,K). These data suggest that gestational Pb exposure causes a decrease in the total and membrane levels of GLUT4 in hippocampal neurons.



Over-Expression of GLUT4 in vitro Increased Glucose Uptake and Reversed Synaptic Plasticity in the Pb-Exposed Group

The glucose uptake of neurons was significantly reduced after Pb exposure (p = 0.0092) (Figure 5A). Compared with the control group, the expression levels of total and membrane GLUT4 proteins as well as p-Akt proteins in the Pb-exposed group were significantly decreased (p = 0.0012, p = 0.0011, p = 0.0015) (Figures 5B,C). Exogenous insulin was administered to primary hippocampal neurons and the insulin signaling pathway was assessed to determine the effect on the membrane translocation of GLUT4 (Figure 5D). The results showed that the p-Akt levels and membrane translocation of GLUT4 were significantly increased after insulin treatment alone (p = 0.0016, p = 0.0022). However, insulin treatment in the Pb-exposed group did not reverse the reduced levels of p-Akt and plasma membrane (PM)-GLUT4 proteins (p = 0.1245, p = 0.3444) (Figures 5E,F).
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FIGURE 5. Effects on the glucose uptake and GLUT4, PM-GLUT4, and p-Akt expression in primary hippocampal neurons in the Pb-exposed rats. (A) Effect of Pb exposure on the glucose uptake. Using 2-NBDG combined with flow cytometry, glucose uptake in primary cultured rat hippocampal neurons was analyzed. Flow cytometry results showed that glucose uptake was significantly reduced in primary cultured hippocampal neurons after treatment with 1 μmol/L Pb acetate compared with the levels in the control group. (B,C) Effect of Pb exposure on expression of glycometabolism-related proteins in the brain. The expression levels of GLUT4, PM-GLUT4, and pAkt proteins in primary cultured hippocampal neurons were dramatically reduced in the Pb-exposed rats. (D–F) p-Akt and PM-GLUT4 expression after insulin stimulation in rat primary cultured hippocampal neurons. Insulin stimulation led to the significant increase of p-Akt and PM-GLUT4 protein levels in the control rat hippocampus, but did not reverse the decreased levels in Pb-exposed rats. Among them, caveolin-1 served as the loading control of PM-GLUT4, and β-actin for other proteins. **p < 0.01, n = 6 per group. Statistical analysis of the band intensity measured as a percentage of the control.


After GLUT4 over-expression (Figures 6A,B), the transmembrane levels of GLUT4 in the primary hippocampal neurons of the Pb-exposed group were significantly increased (p = 0.0091, p = 0.0099) (Figure 6C), whereas glucose uptake by hippocampal neurons in the Pb-exposed group was significantly decreased (p = 0.0116, p = 0.0499) (Figure 6D). The density of dendritic spines in the hippocampal neurons of the Pb-exposed group was significantly decreased compared to that of the control group and this trend was significantly reversed after the over-expression of GLUT4 (p = 0.0037, p = 0.0071) (Figures 6E,F). In addition, the amplitude of miniature excitatory postsynaptic currents (mEPSCs) from hippocampal neurons in the Pb-exposed group was significantly lower. The over-expression of GLUT4 significantly increased the amplitude of mEPSCs in the Pb-exposed group (p = 0.001, p = 0.0035) (Figure 6G).
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FIGURE 6. Effects of over-expression of GLUT4 on glucose uptake and synaptic plasticity of primary hippocampal neurons in the Pb-exposed rats. (A–C) Expression changes in GLUT4 and PM-GLUT4 in rat hippocampal neurons after AAV-GLUT4 transfection. GLUT4 and PM-GLUT4 expression levels returned to normal in the rat primary cultured hippocampal neurons of the Pb-exposed group after AAV-GLUT4 transfection. Among them, caveolin-1 served as the loading control of PM-GLUT4, and β-actin for GLUT4. (D) Effect of GLUT4 over-expression on glucose uptake in rat hippocampal neurons. Over-expression of GLUT4 recovered the glucose uptake levels in the primary hippocampal neurons from the Pb-exposed group. (E–G) Effects of GLUT4 over-expression on cell morphology and LTP in Pb-exposed rat hippocampal neurons. After lentivirus infection, the morphology (dendritic spines) of rat primary cultured hippocampal neurons was observed via laser confocal microscopy. Over-expression of GLUT4 reversed the dendritic spine density and LTP lesions in Pb-exposed rats. Scale bar = 10 μm. *p < 0.05, **p < 0.01, vs. control, n = 6 per group.




Over-Expression of GLUT4 in vivo Reversed Cognitive Impairments Induced by Gestational Pb Exposure by Increasing GLUT4 Membrane Translocation and Glucose Uptake

To investigate whether GLUT4 over-expression attenuates the cognitive deficits caused by Pb exposure, GLUT4 transfected with adeno-associated virus (AAV) and tagged with green fluorescent protein (GFP) (AAV-GLUT4-GFP) was injected into the hippocampal CA1 region. The effects of the virus transfection were demonstrated by a strong positive GFP fluorescence (Figure 7A) and the WB results (Figure 7B). The levels of GLUT4 and PM-GLUT4 proteins in the hippocampus increased after AAV-GLUT4 injection (Figures 7C,D). After receiving the same amount of Pb exposure, the levels of GLUT4 and PM-GLUT4 proteins in the AAV-GLUT4-Pb group were lower compared with the levels in the control group (AAV-GLUT4-control) (p = 0.0082, p = 0.0026), but considerably higher than those in the AAV-Pb group (p = 0.0004) (Figures 7C,D). Using the MWM test, we found that the over-expression of GLUT4 significantly ameliorated the cognitive deficits induced by Pb exposure, evidenced by a decrease in the escape latency (Day 1: p = 0.0024, p = 0.0281; Day 2: p = 0.0024, p = 0.0214; Day 3: p = 0.0013, p = 0.0105; Day 4: p = 0.0011, p = 0.0102; Day 5: p = 0.0019, p = 0.0103; vs. AAV-Pb) (Figures 7E,F) and a longer period of time spent in the target quadrant (p = 0.005, p = 0.0428) (Figures 7G,H). GLUT4 over-expression also significantly reversed the impaired hippocampal glucose metabolism in the Pb-exposed group, as determined using PET-CT (p = 0.0487, p = 0.0188) (Figures 7I,J). AAV-GLUT4 significantly attenuated the inhibitory effect of Pb exposure on hippocampal LTP, indicated by a slope of 108.18 ± 4.96 for fEPSPs in the AAV-Pb group and 146.67 ± 7.83 in the AAV-GLUT4-Pb group (p = 0.002) (Figures 7K,L). Changes in dendritic plasticity in rat hippocampal neurons after GLUT4 over-expression were observed (Figure 7M, n = 6). When GLUT4 was overexpressed, the total numbers of basal and apical dendrites in the CA1 region of the Pb-exposed rats were significantly higher (p = 0.0055), as were the densities of thin- and mushroom-shaped spines (p = 0.007, p = 0.0027) (Figures 7N,O).
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FIGURE 7. Effects of GLUT4 over-expression in Pb-exposed rat hippocampus on the glucose uptake, synaptic plasticity, as well as learning and memory function. (A–D) Over-expression of GLUT4 in rat hippocampus and analysis of its effect on glycometabolism-related proteins. GLUT4 over-expression was induced via stereotactic injection of adenovirus. GLUT4 over-expression reversed the decreased PM-GLUT4 in Pb-exposed rat hippocampus. (E–H) Analysis of rat positioning, navigation ability, and space exploration trajectory. Over-expression of GLUT4 in Pb-exposed rat hippocampus reversed the arrival latency and the target quadrant retention time of model rats in MWM tests; *p < 0.05, **p < 0.01; # p < 0.05 vs. AAV-Pb. (I,J) PET-CT scanning and analysis of glucose metabolism in rat brain. The glucose metabolism level in Pb-exposed rat hippocampus was reversed after the over-expression of GLUT4. (K,L) Effects of Pb exposure on LTP induction in rat hippocampus. After over-expression of GLUT4 in rat hippocampus, the slope of fEPSP in Pb-exposed rat hippocampus was reversed. (M–O) Effect of Pb exposure on dendritic spines of hippocampal pyramidal neurons. Over-expression of GLUT4 increased the spinal density of basal and apical dendrites in pyramidal neurons as well as the number of thin and mushroom-shaped dendritic spines in the Pb-exposed rat hippocampus. Scale bar = 10 μm. *p < 0.05, **p < 0.01, ***p < 0.001, vs. control, n = 6 per group.




DISCUSSION

Lead (Pb) is a widely distributed environmental heavy metal poison that is a serious health hazard to humans, especially to brain development in children (Olympio et al., 2009; Senut et al., 2012; Hara et al., 2015). However, the mechanism through which Pb damages the developing brain and leads to learning and memory impairments remains unclear (Ettinger and Brown, 2018). According to our experimental results, although the blood Pb level recovered to normal levels in the Pb-exposed offspring at PND 30, the Pb level in the hippocampal tissue from the Pb-exposed group remained substantially higher. Low-level maternal Pb exposure impaired the developing brain, evidenced by increased escape latency and less time spent in the target quadrant. In other words, once the impairment to the developing brain induced by Pb exposure has occurred, it is irreversible and will not be ameliorated even if the blood Pb levels return to normal.

Dendritic plasticity is the basis of learning and memory functions. The density and morphological changes of dendrites have significant effects on excitatory synaptic transmission and are closely related to learning and memory functions (Dumitriu et al., 2010; Haas et al., 2013). Any event that affects the structural foundation (pyramidal cell dendritic spine) of dendrites can eventually lead to impaired LTP as well as cognition. Among these events, hippocampal neuronal (Bott et al., 2013) plasticites are one of the most important factors that can alter the hippocampal LTP. Dendritic spines are classified into the following four categories according to their structural and functional characteristics: mushroom, thin, stubby, and filopodium (Larance et al., 2008). Mushroom and thin dendritic spines are closely associated with learning and memory ability (Fiala et al., 1998; Zhao et al., 2018). In this study, we discovered that the spine densities of the basal and apical dendrites were significantly reduced in the hippocampus of GLE offspring, especially the thin and mushroom spines. Combined with the decreased LTP, maternal Pb exposure impaired the learning and memory abilities of the offspring through synaptic plasticity alterations.

Learning and memory are complex neurophysiological processes that require a large exogenous glucose supply since glucose cannot be synthesized or stored in neurons (Messier, 1997; Hughes and Neeson, 2003; Chen and Zhong, 2013) and must be transported into the neurons by glucose transporters. GLUT4 is expressed in brain regions associated with cognitive behavior, including the hippocampus, amygdala, olfactory bulb, cerebral cortex, and cerebellum (Nagamatsu et al., 1993; Leloup et al., 1996; Ngarmukos et al., 2001). Insulin-mediated GLUT4 membrane translocation is responsible for the hippocampal glucose supply during learning and memory (McNay and Gold, 2002; Grillo et al., 2009; Ren et al., 2019). In this study, Pb exposure had no significant effect on blood glucose levels in rats, but GLUT4 expression was significantly reduced in the hippocampal neuronal membrane proteins after Pb exposure. This suggests that Pb exposure affects the energy supply in the hippocampus-dependent learning and memory process by reducing the membrane translocation of GLUT4. We also found that Pb exposure significantly decreased GLUT4 expression. To further confirm the key role of GLUT4 in learning and memory deficits induced by Pb exposure, we overexpressed GLUT4 using the AAV-GLUT4 virus and evaluated synapse plasticity and spatial memory. GLUT4 over-expression increased the amount of GLUT4 translocated across the membrane as well as glucose uptake in the hippocampus, as determined with PET-CT. These data suggested that GLUT4 is a key molecule that mediates glucose uptake in hippocampal neurons and is also an important toxic target protein for Pb exposure to inhibit neuronal glucose uptake. Over-expression of GLUT4 in the hippocampus also ameliorated learning and memory impairments and the inhibitory effect on hippocampal LTP, as well as the damage to neuronal dendritic spines caused by Pb exposure.

In conclusion, the cognitive defects induced by maternal Pb exposure can persist beyond PND 30 and are not reversed even after the blood Pb concentration returns to normal levels. In other words, this impairment remains in the offspring’s brain throughout the developmental stage. Abnormal glucose metabolism plays a role in the spatial learning and memory impairments induced by maternal Pb exposure during the developmental stage; however, the underlying mechanisms were unclear till now. In this study, we found that Pb exposure during pregnancy irreversibly damaged the developing nervous system, especially the hippocampal synaptic plasticity. The exposure caused learning and memory impairments in the offspring by reducing glucose uptake through a decrease in GLUT4 protein expression and membrane translocation in the hippocampus. Pb exposure inhibited the PI3K-Akt signaling pathway, which is critical for the membrane translocation of GLUT4, both in vivo and in vitro. Over-expression of GLUT4 ameliorated the synaptic plasticity impairments and cognitive deficits induced by gestational Pb exposure via increasing the GLUT4 membrane translocation and glucose uptake in vivo and in vitro. These findings indicate that Pb exposure causes memory deterioration through PI3K-Akt-induced suppression of GLUT4 membrane translocation, revealing a novel mechanism for Pb exposure-induced synapse and memory impairments. This research may provide a new therapeutic target for brain development impairments in maternal Pb-exposed offspring.

There are some shortcomings in our investigation. For example, a previous study showed that Pb exposure during pregnancy causes more serious damage to boys than girls (Khanna, 2015), but we only focused on the male offspring. Therefore, the mechanism for Pb-related synapse and memory impairments induced by Pb exposure, which causes memory deterioration through PI3K-Akt-induced suppression of GLUT4 membrane translocation, and its underlying molecular mechanism both require further verification in other populations. Moreover, the neuroligin 1 (NLGN1), which is one of the four subtypes of the postsynaptic neuroligins, is one of the most characteristic synaptic cell adhesion molecules. And we had confirmed that low-level gestational Pb exposure also down-regulated NLGN1 expression and dendritic spine density in hippocampal CA1 pyramidal neurons, leading to impairment of learning and memory, and overexpression of NLGN1 rescued the Pb-induced reduction of spine density in hippocampal neurons in our previous study. These results indicate that low-level gestational Pb exposure seems to have the same impact on NLGN1 and GLUT4, and the protein NLGN1 and GLUT4 play similar roles in synaptic plasticity as well as learning and memory function. But whether there would be some connections between these two findings, and whether there are some signaling pathways or regulatory mechanisms, are still unexplained in the present study. However, it will be an important direction for our future research. The findings will contribute to further translation of the theoretical research into clinical applications, which is also the focus of our future work.
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Alzheimer's disease (AD), one of the most common neurodegenerative diseases, has no effective treatment. We studied the potential effects of tetramethylpyrazine (TMP), an alkaloid in the rhizome of Ligusticum chuanxiong Hort. used in Traditional Chinese Medicine (chuānxiong) to treat ischemic stroke, on AD progression in two AD mouse models. Eight-month-old 3xTg-AD mice received TMP treatment (10 mg/kg/d) for 1 month, and 4-month-old APP/PS1-AD mice received TMP treatment (10 mg/kg/d) for 2 months. Behavioral tests, including step-down passive avoidance (SDA), new object recognition (NOR), Morris water maze (MWM), and Contextual fear conditioning test showed that TMP significantly improved the learning and memory of the two AD-transgenic mice. In addition, TMP reduced beta-amyloid (Aß) levels and tau phosphorylation (p-tau). Venny map pointed out that 116 proteins were commonly changed in 3xTg mice vs. wild type (WT) mice and TMP-treated mice vs. -untreated mice. The same 130 proteins were commonly changed in APP/PS1 mice vs. WT mice and TMP-treated mice vs. -untreated mice. The functions of the common proteins modified by TMP in the two models were mainly involved in mitochondrial, synaptic, cytoskeleton, ATP binding, and GTP binding. Mitochondrial omics analysis revealed 21 and 20 differentially expressed mitochondrial proteins modified by TMP in 3xTg-AD mice and APP/PS1 mice, respectively. These differential proteins were located in the mitochondrial inner membrane, mitochondrial outer membrane, mitochondrial gap, and mitochondrial matrix, and the function of some proteins is closely related to oxidative phosphorylation (OXPHOS). Western-blot analysis confirmed that TMP changed the expression of OXPHOS complex proteins (sdhb, ndufa10, uqcrfs1, cox5b, atp5a) in the hippocampus of the two AD mice. Taken together, we demonstrated that TMP treatment changed the hippocampal proteome, reduced AD pathology, and reduced cognitive impairment in the two AD models. The changes might be associated with modification of the mitochondrial protein profile by TMP. The results of the study suggest that TMP can improve the symptoms of AD.

Keywords: tetramethylpyrazine, Alzheimer's disease, proteomics, mitochondria, OxPhoS


INTRODUCTION

Alzheimer's disease (AD), a common form of neurodegenerative dementia, has a huge impact on the health system (Hyman et al., 2012; Oboudiyat et al., 2013). The amount of patients with AD is increasing dramatically in aging populations worldwide, such that identification of effective therapeutics is a top priority for society (Foloppe et al., 2018).

Alzheimer's disease (AD) is featured by prominent neuropathological changes, including β-amyloid (Aβ) plaques and neurofibrillary tangles (NFT) formed from hyperphosphorylated tau (p-tau). The pathogenesis of AD has suggested various hypthotheses including roles for inflammation, cholinergic function, Aβ deposition, tau hyperphosphorylation, and mitochondrial dysfunction (Scholtzova et al., 2008). As for AD treatment, prior to 2019, the US Food and Drug Administration approved only six drugs market use (Briggs et al., 2016). Other more effective medicines are urgently needed to address the growing AD patient load.

We studied the potential effects of tetramethylpyrazine (TMP), an alkaloid in the rhizome of Ligusticum chuanxiong Hort, used in Traditional Chinese Medicine (chuānxiong) to treat ischemic stroke, on AD progression in two AD mouse models.

Tetramethylpyrazine (TMP), a type of calcium antagonist, is an alkaloid extracted from the rhizome of Ligusticum chuanxiong Hort, which has been widely used in Chinese Traditional Medicine. According to reports in the literature, TMP has shown a strong neuroprotective effect in brain ischemia models (Chang et al., 2007). In the rat model of Parkinson's disease (PD) induced by systemic treatment with methylphenyltetrahydrodpyridine, TMP has a neuroprotective effect on dopaminergic neurons (Lu et al., 2014), and TMP reduces the severity of rotenone-induced PD-like disease in rats (Michel et al., 2017). Additionally, TMP reversed streptozotocin-induced memory impairment by inhibiting glycogen synthase kinase-3β (GSK-3β) (Lu et al., 2017). Taken in concert, these data suggest that TMP may have a potential therapeutic effect via neuroprotection. We therefore studied the potential neuroprotective effect of TMP on AD and its molecular mechanism through the use of two validated AD mouse models.



MATERIALS AND METHODS


Animals and Treatment Protocol

Animals used included: (a) triple transgenic AD mice (3xTg-AD) (B6; 129-Psen1tm1Mpm Tg [APPSwe, tauP301L] 1Lfa/Mmjax) and wild-type (WT) mice (B6129SF2/J) and (b) APPswe/PSEN 1dE9 (APP/PS1) mice and matched wild-type (WT) animals (APP/PS1-negative mice). Mice were obtained from the Jackson Laboratory in the United States, delivered by air to Shenzhen, and bred locally at the Shenzhen Center for Disease Control. Animal housing, breeding, and experimental studies used standards employed for breeding laboratory animals.

Eight-month-old 3xTg-AD mice were treated by gavage with 10 mg/kg/d TMP (10 mg/kg/d) in saline for 1 month. Eight-month-old WT mice and untreated 3xTg-AD mice were given normal saline by the same route. Additionally, 4-month-old APP/PS1-positive mice were treated by gavage with 10 mg/kg/d TMP (TMP+10 mg/kg/d) in saline for 2 months, and 4-month-old negative mice and untreated positive mice were given normal saline (Figure 1). The experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8023, Revised 1978) and approved by the Ethics Committee of Shenzhen Center for Disease Control and Prevention. Every effort was made to reduce the suffering of the animals and the number of mice.
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FIGURE 1. A schematic diagram of the experimental design. 3xTg-AD and APP/PS1-AD female mice were treated by gavage with TMP (10 mg/kg/d) in saline or an equal volume of saline. After the behavioral assessment, the brain removed and the hippocampus isolated for proteomic analysis. Protein samples from the brains of 6 mice per group (WT mice, 3xTg mice, and TMP-treated mice) were collected. Protein samples from the brains of 3 mice of each group (WT mice, APP/PS1 mice, and TMP-treated mice) were collected. The peptides were further graded with 6-plex TMT and HPRP and then analyzed by LC-MS/MS. Bioinformatics analysis (heat map, GO, String, and Wikipathway) was performed with David 6.8 and Cytoscape software. WB, Western blots.




Behavioral Tests
 
Cognition Test

We performed a new object recognition (NOR) test using a previously published method (Wang et al., 2019). On the first day, mice were conditioned to move freely in an empty plastic box for 5 min. After 24 h of training, the mice were placed back in the same box with two objects of the same size and shape and allowed to explore freely for 5 min. After 1 h, one of the objects was replaced with a new object of the same size but different shape, and the mice were allowed to explore freely for another 5 min. Simultaneous video and tracking documented the detection time of each object. Detection was defined as the mouse facing the object, sniffing or touching with the nose, and the distance was recorded from the nose to the object ≤ 2 cm. The calculation method was: (time to explore new objects)/(time to explore new objects + time to explore old objects) * 100%.



Step-Down Passive Avoidance Test

We used step-down passive avoidance (SDA) test to assess aversive learning and memory in the models (Zhou et al., 2019a). The device consisted of five glass rooms with length, width and height of 15 × 15 × 46 cm3. The floors were spaced 1 cm apart and a platform with a diameter of 4.5 cm was placed in the middle. On day one, the mouse was placed into the electrical stimulation box and electrical stimulation administered to the animal. The response time for the animal to jump onto platform and number of platforms used was recorded (error number). After 24 h, the mouse was directly placed on the platform and the time (latency) and error times of the mouse jumping off the platform for the first time were recorded.



Morris Water Maze Test

We used the Morris water maze (MWM) test according to a previously published method to evaluate the spatial learning and memory abilities of mice (Zhou et al., 2019b). The water maze consists of a circular pool and a white escape platform; the pool is filled with opaque water and has a white escape platform with a diameter of 10 cm under the water surface. If the platform was found by the animal within 1 min of water immersion, the time to platform was recorded; if the platform was not found within 1 min, the animal was helped to find the platform and allowed to stay there for 15 s. The training lasted for 5 days, starting from the four starting positions, and performed four times a day, with an interval of 15 s. Animal performance was tested on the seventh day after training. The times of crossing the platform area, time on the platform, activity track, activity time, and distance of target quadrant were all recorded.



Contextual Fear Conditioning Test

Previously reported methods were used to conduct the conditional fear experiment (Bolton et al., 2012; Zhou et al., 2012). In short, the fear regulator consists of a conditioning chamber. The sound chamber is closed by silencers and the noise is shielded by exhaust fans. The infrared digital camera is placed at the top of the enclosure, about 50 cm from the chamber. On the first day of training, the mice explored freely for 2 min without any stimulation. The loudspeaker (4 Hz, 80 dB) was started and stopped after 30 s. Electrical stimulation (0.5 mA) was started 2.5 s later and ended after 1 s. The mice were exposed to no stimulation for 2 min and then the entire procedure was repeated three times. The chamber was cleaned with 70% alcohol 24 h after training. The mice were exposed to the changed environment for 11 min. The training included 2 min of free exploration, 60 s of speaker (4 Hz, 80 dB), and three repetitions. Fourty-eight hours after the training in the original training room. The mice were left in the same room and allow to explore for 6 min without any electrical or sound stimulation.




Protein Extraction and Digestion

Hippocampal protein samples were prepared (Xu et al., 2018). Hippocampal tissue of mice was dispersed in 8 M urea phosphate buffer solution by ultrasound and then centrifuged. The hippocampus of 3xTg mice (6 mice in each group) was mixed into 100 μg protein according to (1:1:1:1:1:1). The hippocampal proteins of APP/PS1 mice (three in each group) were similarly taken in 100 μg protein. Protein samples were incubated with 10 mM 1,4-Dithiothreitol (DTT) at 55°C for 30 min and then with 25 mM diamine iodoacetate (IAA) for 1 h at room temperature. Samples were then digested with trypsin at 37°C, adjusted to pH 1–2 by adding 1% trifluoroarboxylic acid (TFA), and centrifuged at 12,000 g for 20 min to collect the supernatant. Inverse phase column chromatography (HLB, Waters OASIS, USA) was used for desalting. After desalination, samples were dried and dissolved in a buffer of triethylamine bicarbonate (TEAB, 200 mM, pH 8.5).



Tandem Mass Tag (TMT) Labeling

The samples were labeled with TMT reagent at room temperature, 5 μl 5% hydroxylamine added, and the reaction terminated after incubation. The samples were labeled with different TMT Tags: TMT-126 for samples from WT mice; TMT-127, 3xTg mice; TMT-128, TMP-treated mice, TMT-129, APP/PS1 wild mice; TMT-130, APP/PS1-positive mice, TMT-131, TMP-treated mice. The total peptides labeled in each group were mixed, desalted, dried, and fractionated.



LC-MS/MS Analysis and Database Searching

The labeled peptides were then loaded onto an Xbridge BEH300 C18 column (Waters, USA) and the peptide samples were separated into 15 fractions using an UltiMate 3000 UHPLC (Thermo Fisher Scientific, USA) (He et al., 2019). Then, fractions were dried and used for LC-MS/MS analyses. LC-MS/MS analyses were used previously method (Chen et al., 2019). An analytical capillary column was used to separate peptides and filled with C18 silicone resin (Varian, Lexington, Massachusetts, USA). Data were interpreted using the UniProt muscle database (released in October 2018), and the original mass spectra were searched using Proteome Finder 2.1 software.

Mass spectrometry proteomics data were deposited in the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD022862 and PXD022840.



Bioinformatics Analysis

We used Venny 2.1 to analyze differentially expressed proteins. Functional enrichment analysis of biological processes (BP) and molecular function (MF) was performed using DAVID Bioinformatics Resources 6.8. STRING database version 10.5 was used to analyze protein–protein interaction networks.



Western-Blot Analysis

Hippocampal tissues were sonicated with RIPA lysate (Thermo Science, New Jersey, USA) containing 1X protease and phosphatase inhibitors. The protein concentration was quantified using the Thermo Fisher Scientific BCA protein analysis kit and then mixed with the loading buffer, heated at 95°C for 8 min; the protein was isolated by 10% SDS-PAGE and transferred to PVDF membrane, and then the 5% skimmed milk was dissolved in TBST buffer and blocked for 2 h. The blocked membrane was incubated overnight with the primary antibody in an ice box, including β-actin (1:3,000), α-tubulin (1:3,000), NDUFA10 (1:1,000), SDHB (1:1,000), UQCRFS1 (1:1,500), COX5B (1:1,000), ATP5A (1:1,000), APP (1:1,000), BACE1 (1:1,000), PS1 (1:1,000), ADAM10 (1:1,000), IDE (1:1,000), PS396 (1:1,000), PS202 (1:1,000) in TBST. The membrane was washed three times in TBST and then incubated with the secondary antibody, diluted (1:3,000) in TBST for 50 min, and finally the ECL kit (Thermo Science, New Jersey, USA) was used to run the Western blot. The membrane was exposed, and ImageJ software used for quantitative analysis.



Dot Blot Analysis

Mouse cortical tissue was sonicated with RIPA lysate. Total protein concentration used BCA protein assay kit and the total protein was diluted to the same concentration and applied to the NC film. The NC film was placed at room temperature for 3 h, transferred to 5% skimmed milk dissolved in TBST buffer and blocked for 2 h. The blocked membrane was incubated overnight with the 6E10 (1:1,000) antibody in an ice box. The membranes were washed three times in TBST and incubated with the secondary antibody diluted 1:3,000 in TBST for 50 min. The membrane was exposed, and ImageJ software used for quantitative analysis.



ATP Levels

Cortical tissues of APP/PS1 mice were used to detect ATP levels in the brains of APP/PS1 mice. Briefly, to extract and determine protein concentration, samples (40 μl) were mixed with ATP assay solution (100 μl) and incubated for 3 min at room temperature. ATP levels were read using a microtiter plate with photometric capabilities.



MDA Levels

Cortical tissues of APP/PS1 mice were used to detect MDA levels in the brains of APP/PS1 mice. Briefly, freshly extracted samples were subjected to protein concentration determination, and then the samples (100 μl) were incubated with MDA working solution (200 μl) at 100°C for 15 min and centrifuged at 1,000 g for 10 min. At the end, add 200 μl of supernatant to a 96-well plate and measure the absorbance at 532 nm. Lipid peroxidation levels were calculated as nmol/mg protein.



Statistical Analysis

All the data were statistically processed using GraphPad Prism 8.0 software and the data expressed as the mean ± SEM. The data were tested by One-way ANOVA. p < 0.05 was set as statistically significant.




RESULTS


TMP Improves Cognitive Function in 3xTg-AD Mice

The NOR test showed that the exploration time of new objects by 3xTg mice was shorter than for WT mice. The exploration time of new objects increased after TMP treatment (Figure 2A). Compared with WT mice, the step-down latency decreased, and the number of errors increased in 3xTg mice, TMP treatment significantly increased the step-down latency and reduced the number of errors (Figures 2B,C). Result of the contextual fear conditioning test showed no difference in the proportion of freezing time in the first day of training among all groups (Figure 2D). After 24 h training, in the clue fear test, 3xTg-AD mice showed significantly shorter freezing time relative to controls, and the freezing time was recovered after TMP treatment (Figure 2E). After 48 h training, in the contextual fear test, 3xTg-AD mice showed significant shorter freezing time than controls, and the freezing time was recovered after TMP treatment (Figure 2F). These data suggested that TMP reduced the spatial memory impairment of 3xTg-AD mice.
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FIGURE 2. TMP improved cognitive function of 3xTg-AD mice. Differences in (A) the exploration time of a novel object in the novel object recognition test and (B,C) the latency and number of errors in the step-down passive avoidance test (B,C). Mean proportion time freezing on the training day (D). Mean proportion time freezing 24 h after training in the altered context (E). Mean proportion time freezing 48 h after training (F). N = 12–13 per group. Data are presented as mean ± SEM, **p < 0.01, *p < 0.05 vs. 3xTg-AD mice. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. WT mice.




TMP Improves Cognitive Function in APP/PS1-AD Mice

The NOR test showed that the exploration time of new objects by APP/PS1 mice was shorter than that for the WT mice, and the exploration time for new objects was increased after TMP treatment (Figure 3A). The SDA test showed that, in APP/PS1 mice, the step-down latency was shorter than that of the WT mice. TMP treatment mice increased the step-down latency (Figure 3B). The error number in APP/PS1 mice was higher than that of the WT mice, and TMP reduced the error number (Figure 3C). The MWM test showed that during the continuous 5 days of training, the escape latency of the APP/PS1 mice was prolonged relative to that for the WT mice, and the escape latency was significantly decreased after TMP treatment (Figure 3D). The navigation path showed that the performance of the APP/PS1 mice was worse than that of the WT mice, and TMP treatment improved APP/PS1 performance (Figure 3E). In the probe test, compared with the WT mice, the probe time of APP/PS1 mice was longer and the time after TMP treatment was shortened (Figure 3F). Compared with the WT mice, the number of crossing in APP/PS1 mice was significantly fewer, and the number of crossing increased after TMP administration (Figure 3G). Compared to WT mice, APP/PS1 mice had reduced percentage of time in the target quadrant and percentage of distance traveled in the target quadrant, and both were increased after TMP treatment (Figures 3H,I). These data suggested that TMP improved the spatial memory impairment of APP/PS1 mice.
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FIGURE 3. TMP improved cognitive function in APP/PS1-AD mice. Group differences in: (A) the exploration time percentage of novel objects in the novel object recognition test; (B,C) the latency waiting time and the number of errors in the downgrade passive avoidance test, and (D) the escape latency in the Morris water maze training test. Group differences in representative trajectories of motion patterns (E), detection time (F), the number of crossover movements (G), the percentage of time spent in the platform quadrant (H), and the percentage of distance moved in the platform quadrant (I) in probe trials of the Morris water maze test (n = 10–16 per group). The data are expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05 vs. APP/PS1 mice; ###p < 0.001, ##p < 0.01 vs. Control mice.




Hierarchical Heat Map and Clustering Analysis

Hippocampal proteomics of 3xTg-AD mice identified a total of 5,390 proteins by one or more unique peptides. Venny analysis showed that, compared with the WT mice, 3xTg mice had 268 differentially expressed proteins, while TMP-treated 3xTg mice had 296 differentially expressed proteins compared with untreated 3xTg mice, of which 116 proteins were commonly changed (standard ratio ≥1.2 or ≤ 0.83) (Figure 4A). These 116 proteins were involved in mitochondrial function, ATP binding, synaptic function, cytoskeleton, GTP binding, and other functions (Figure 5). Hippocampal proteomics of APP/PS1 mice identified a total of 4,858 proteins by one or more unique peptides. Compared with the WT mice, there were 1,181 differentially expressed hippocampal proteins in APP/PS1 mice, while there were 282 proteins in the hippocampus of APP/PS1 mice treated with TMP vs. untreated APP/PS1 mice, of which 130 proteins were commonly changed (adjusted P < 0.05 and ratio ≥1.2 or ≤ 0.83) (Figure 4B). These 130 proteins were related to mitochondrial function, ATP binding, synaptic function, GTPase function, cytoskeleton, and so on (Figure 6). According to t cluster analyses for the two models, expression levels of most of the proteins in the TMP-treatment group returned to the level of the WT group (Figures 4C,D).
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FIGURE 4. Venny analysis and cluster analysis of the differential proteins in the two mouse AD models. Venny maps of differential proteins in 3xTg-AD mice (A) and APP/PS1-AD mice (B). Cluster analysis of differential proteins in 3xTg-AD mice (C) and APP/PS1-AD mice (D).
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FIGURE 5. Heat map of differentially expressed proteins and mitochondrial protein projection. Classification maps of 116 differentially expressed proteins in 3xTg-AD mice (A). Mitochondrial function, synaptic function (C), cytoskeleton (D), GTPase binding (E), aging (F), and ATP binding (G). Mitochondrial proteins were specifically located in the mitochondrial inner membrane, mitochondrial outer membrane, mitochondrial matrix, mitochondrial gap, and electron transport chain (B). Abundance value was calculated as log2 (abundance value).
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FIGURE 6. Differential protein heat map and mitochondrial protein profile. Classification maps of 130 differentially expressed proteins in APP/PS1-AD mice (A). Mitochondrial function, synaptic function (C), cytoskeleton organization (D), ATP binding (E), and GTP binding (F). Mitochondrial proteins were specifically located in the mitochondrial inner membrane, mitochondrial outer membrane, mitochondrial matrix, mitochondrial gap and electron transport chain (B). Abundance value was calculated as log2 (abundance value).


We further analyzed the BP of proteins classified by different cluster patterns. In 3xTg mice, Cluster 1 showed the proteins with an increasing trend of TMP administration, and the BP of these proteins included transport, negative regulation of mitochondrial membrane potential, hepatocyte apoptotic process, and ion transport. Cluster 2 mainly showed the proteins with a decreasing trend of TMP administration, the BP of these proteins included the negative regulation of hydrogen peroxide catabolic process, transport, positive regulation of catalytic activity of potassium ion transport, negative regulation of oxidoreductase activity, be organization, and protein complex assembly. In APP/PS1 mice, Cluster 1 showed the proteins with increasing TMP administration trend, and the BP of these proteins including vesicle-mediated transport, protein transport, small GTPase-mediated signal transduction, transport, calcium ion-regulated exocytosis, interfaces of cell and cell adhesion in cellular copper ion homeostasis, translation, movement of cell or subcellular component, and Golgi to plasma membrane protein transport. Cluster 2 mainly showed proteins with declining tendency of TMP administration; the BP of these proteins included regulation of translation, transport, Rho protein signal transduction, small GTPase-mediated signal transduction, gene silencing by RNA, neuron projection morphogenesis, and spermatogenesis.

We carried out sub-cellular localization analysis on the common changes of mitochondrial proteins. The mitochondrial proteins were projected to the inner mitochondrial membrane, outer mitochondrial membrane, mitochondrial matrix, mitochondrial space, and electron transport chain (Figures 5B, 6B). Compared with AD mice, TMP treatment changed the expression of most mitochondrial proteins.



Enrichment Analysis of Differentially Expressed Proteins

To better understand the biological function of differentially expressed proteins, in terms of BP and MFs, we identified the top 10 enriched groups. Gene ontology (GO) analysis of differential expressed proteins in 3xTg mice and WT mice, revealed BP involving transport, vesicle-mediated transport, astrocyte development, ion transport, aging, protein complex assembly, substantia nigra development, fibrinolysis, cellular response to organic cyclic compound, and protein transport (Figure 7A). Molecular functions included: protein binding, poly (A) RNA binding, myosin binding, lipid binding, structural constituent of myelin sheath, transporter activity, symporter activity, enzyme binding, GTPase activity, and identical protein binding (Figure 7B). For GO analysis of differential proteins in TMP-treated mice and 3xTg mice, the BP included: transporter, protein transport, vesicle-mediated transport, intracellular protein transport, translation, ribosome disassembly, protein K48-linked de-ubiquination, RNA splicing, mRNA processing, and hepatocyte apoptotic process (Figure 7C). Molecular functions included poly (A) RNA binding, thiol-dependent ubiquitin hydrolase activity, alpha-tubulin binding, rRNA binding, GTP binding, enzyme binding, protein binding, protein domain specific binding, structural constituent of ribosome (Figure 7D). For GO analysis of differential proteins in APP/PS1 mice and WT mice, the BP involved transport, cell–cell adhesion, vesicle-mediated transport, translation, oxidation-reduction process, ion transport, regulation of translation, intracellular protein transport, protein transport (Figure 7E). Molecular functions involved poly (A) RNA binding, nucleotide binding, protein binding, RNA binding, glutathione binding, microtubule binding, ion channel binding (Figure 7F). For GO analysis of differential proteins in TMP-treated mice and APP/PS1 mice, the BP involved transport, protein transport, small GTPase mediated signal transduction, translation, autophagy (Figure 7G). Molecular functions included GTPase activity, nucleotide binding, GTP binding, poly (A) RNA binding, microtubule binding, protein binding, RNA binding, aminopeptidase activity (Figure 7H).
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FIGURE 7. Enrichment analysis of the differentially expressed hippocampal proteins. The proteins were functionally annotated according to their biological processes, molecular functional terms, and listed by -log10(p-value). Biological processes of 3xTg mice vs. WT mice (A); molecular functions of 3xTg mice vs. WT mice (B); biological processes of TMP-treated mice vs. -untreated mice (C); molecular functions of TMP-treated mice vs. -untreated mice (D); biological processes of APP/PS1 mice vs. WT mice (E); molecular functional of APP/PS1 mice vs. WT mice (F); biological processes of TMP-treated mice vs. -untreated mice (G), and molecular function of TMP-treated mice vs. -untreated mice (H).




STRING Analysis

To evaluate the relationship between differentially expressed proteins (ratio ≥1.2 or ≤ 0.83), we used Cytoscape software to perform STRING analysis and to visualize protein–protein interaction networks. Most of the proteins were interlinked, many of which were involved in AD. The interactions of differentially expressed proteins between 3xTg and WT mice mainly included mitochondrial function, synaptic function, GTP binding, and aging (Figure 8A). The interaction of the differential proteins between TMP treatment 3xTg mice and 3xTg mice mainly included mitochondrial function, synaptic function, GTP binding, and autophagy (Figure 8B). The interaction of the differential proteins between TMP treatment and APP/PS1 mice mainly included mitochondrial function, synaptic function, GTP binding (Figure 8C).
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FIGURE 8. Protein–protein interaction (PPI) maps of significantly changed hippocampal proteins mapped by Cystoscape 3.7.1. PPI network of differentially expressed proteins in 3xTg mice vs. WT mice (A). PPI network of differentially expressed proteins in TMP-treated mice vs. -untreated 3xTg mice (B). PPI network of differentially expressed proteins in TMP-treated APP/PS1 mice vs. APP/PS1 mice (C). Gray lines represent interactions between two proteins. Red nodes represent increased proteins, and blue nodes represent decreased proteins.




Comparison of Differential Expressed Proteins in Two AD Models After Administration

We found that 20 proteins commonly changed after TMP administration in the two AD mouse models (Figure 9A). Among them, H1-4, Rpl14, Sncb, Krt1, Hbs1l, Sec61a1, Pex5, Cacng3 showed different trends, while the others all had the same increasing or decreasing trend (Figure 9B). The STING diagram showed the PPI network of 20 proteins, of which only 4 proteins interacted with each other (Figure 9C). The BP included protein transport, protein localization establishment, and protein localization (Figure 9D).
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FIGURE 9. The analysis of differential proteins in 3xTg-AD and APP/PS1-AD with or without TMP treatment. (A) Venny analysis. (B) Heat map; the abundance value was calculated as log2 (abundance, value). (C) Biological processes. (D) The STING diagram showed the PPI network of 24 proteins. Among the 20 altered proteins, only four were found to interact.




TMP Affected the Activity of Electron Transport Chain Proteins

Western-blot analysis was performed on the electron transport chain-related proteins, Complex I (NDUFA10), Complex II (SDHB), Complex III (UQCRFS1), Complex IV (COX5B), and Complex V (ATP5A). The level of SDHB in 3xTg-AD mice was significantly modified to the level of WT mice (Figure 10A). In APP/PS1-AD mice, SDHB and UQCRFS1 levels were modified to the level of WT mice (Figure 10B). Compared with WT mice, ATP levels were significantly lower and MDA levels were significantly higher in APP/PS1 mice, and ATP levels were significantly higher and MDA did not change significantly after TMP treatment (Figures 10C,D).
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FIGURE 10. Relative levels of mitochondrial electron transport chain-related brain cortical proteins in 3xTg mice and APP/PS1 mice. For 3xTg-AD mice, the electron transport chain proteins Uqcrfs1, ATP5a, SDHB and Cox5b were measured by Western blot and quantitative analysis (A). For APP/PS1 mice, the electron transport chain proteins Uqcrfs1, ATP5a, SDHB, and Cox5a were measured by Western blot analysis (B). N = 4. ATP levels (C), MDA levels (D) in cortical tissue of APP/PS1 mice. N = 4–5. ###p < 0.001, ##p < 0.01, vs. 3xTg mice, ***p < 0.001, **p < 0.01, *p < 0.05 vs. WT mice; ###p < 0.001, ##p < 0.01 vs. APP/PS1 mice, ***p < 0.001, **p < 0.01, *p < 0.05 vs. WT mice.




TMP Inhibited APP Processing and Aβ Accumulation

Western-blot analysis showed, that compared with the WT mice, the levels of APP, BACE1, and PS1 in 3xTg mice were significantly increased and the expression of APP, BACE1, and PS1 was significantly decreased after TMP treatment (Figure 11A). Compared with the WT mice, the levels of APP and BACE1 in APP/PS1 mice were significantly increased, while ADAM10 and IDE tended to be decreased, after TMP treatment; the expression of APP, BACE1, and PS1 was significantly reduced, but there was no significant difference in the expression of ADAM10 or IDE (Figure 11B). Dot blot analysis showed that in the cortical tissue of the two models, compared with the WT mice, the level of 6E10 in 3xTg and APP/PS1 mice was significantly increased, while it was significantly decreased after TMP treatment (Figures 11C,D). These results indicated that TMP inhibited APP processing and thus reduced the accumulation of Aβ.
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FIGURE 11. TMP reduced APP levels and p-tau levels in the hippocampus. The proteins related to APP processing by Western blot analysis of 3xTg-AD mice (A) and APP/PS1 mice (B). Dot blot analysis was performed to detect Aβ accumulation (C,D). Tau phosphorylation was detected by Western blot analysis (E,F). PS1 and TAU-5 (N = 3), others N = 4. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. 3xTg mice, ***p < 0.001, **p < 0.01, *p < 0.05 vs. WT mice; ###p < 0.001, ##p < 0.01 vs. APP/PS1 mice; ***p < 0.001, **p < 0.01, *p < 0.05 vs. WT mice.




TMP Reduced p-tau Levels in the Brains of AD Mice

Western-blot analysis showed that the levels of tau-5 and pS396 in 3xTg mice treated with TMP were significantly decreased compared with the untreated 3xTg mice (Figure 11E). Similarly, the levels of tau-5, pS202, and pS396 in APP/PS1 mice treated with TMP were significantly decreased (Figure 11F). These results indicated that TMP could reduce level of p-tau.




DISCUSSION

The 3xTg and APP/PS1 mouse models have been widely used for AD-related studies (Esquerda-Canals et al., 2017). Among them, 3xTg-AD mice had obvious Aβ deposition in the hippocampus of 3–6 month-old animals, and hyperphosphorylated tau (p-tau) was present by 6–12 months of age (Oddo et al., 2003). APP/PS1-AD mice may exhibit abnormal behavior and Aβ deposition starting from 4 to 6 months of age (Izco et al., 2014). We investigated the therapeutic effect of TMP on cognitive function in the two AD models (3xTg-AD and APP/PS1-AD) and used proteomics methods to explore its potential biological mechanisms of action. Behavioral tests showed that TMP significantly reduced memory impairment of the two AD mouse models. These results are consistent with previous reported studies that TMP can protect against isoflurane-induced cognitive dysfunction in rats (Cui et al., 2020) and restore spatial learning and memory impairment in rats injected with streptozotocin (Lu et al., 2017).

A prominent pathological feature of AD brains is the accumulation of Aβ and NFTs composed of hyperphosphoryled tau (Grontvedt et al., 2018) and a growing body of evidence suggests that that Aβ and tau have synergistic effects in advancing AD-type neurodegeneration (Busche and Hyman, 2020). We found that TMP treatment significantly reduced the levels of Aβ accumulation and tau hyper phosphorylation in the two AD models relative to controls. Beta-secretase 1 (BACE1) plays an important role in APP processing and is closely related to tau protein (Zhang et al., 2018). Our results show that TMP creduces the accumulation of Aβ by inhibiting the activity of BACE1, which could affect levels of p-tau.

We used Venny analysis, GO analysis and protein–protein interaction (PPI) network diagram to analyze the proteomic data and to further explore the molecular mechanisms underlying the apparent murine therapeutic effect of TMP. Venny analysis showed that 116 differentially expressed proteins were commonly changed in 3xTg mice vs. WT mice and TMP-treated mice vs. untreated mice. GO analysis showed that the 116 differential expressed proteins were mainly enriched in processes such as transportation and ion migration, and to participate in MFs such as metal ion binding and ion channel activity. The same 130 differentially expressed proteins were commonly changed in APP/PS1 mice vs. WT mice and TMP-treated mice vs. untreated mice. GO analysis showed that the 130 differential expressed proteins were mainly enriched in processes such as protein transport and protein localization establishment, and to participate in MFs such as protein binding and nucleotide binding. Through proteomics analysis, some proteins functionally related to AD were found in these two mouse models, such as proteins related to mitochondria, GTP binding, synapse, and cytoskeleton. Among them, mitochondria play a significant role in energy production, synaptic transmission, and cognitive function (Picard and McEwen, 2014). Increased reactive oxygen species may impair mitochondrial function may promote neurodegenerative disease (Hroudova et al., 2014). Mitochondrial dysfunction occurred in both the 3xTg and APP/PS1 mice (Coskun et al., 2012).

The differentially expressed proteins located in the mitochondria and mapped the mitochondrial protein profile. Most of the mitochondrial proteins were modified by TMP treatment. For example, FUNDC1 controlled the dynamics and quality of mitochondria by regulating the fission or fusion of mitochondria (Chen M. et al., 2016), while the electron carrier protein CYCS transferred electrons to the cytochrome oxidase complex (Baechler et al., 2019). Western-blot analysis showed that TMP modified the level of mitochondrial Complex II protein SDHB in 3xTg mice and modified the level of mitochondrial Complex II protein SDHB and III protein UQCRFS1 in APP/PS1 mice. APP and Aβ can accumulate on the mitochondrial membrane and interact with mitochondrial components to cause damage to mitochondrial function and structure (Pagani and Eckert, 2011). Mitochondria are central to cellular energy metabolism and the site of most ATP production (Brookes et al., 2004). Mitochondrial dysfunction reduced ATP production in murine AD pathogenesis (Cai and Tammineni, 2017). The increased ATP production after TMP treatment suggested that mitochondrial function was restored in APP/PS1 mice. Aβ, phosphorylated tau protein and the VDAC of the mitochondrial channel interact to cause mitochondrial dysfunction, and synergistic effects of Aβ and tau proteins may cause mitochondrial dysfunction (Manczak and Reddy, 2013). MAPT protein was identified in 3xTg by MS, which was responsible for promoting microtubule assembly and stabilization. WB validation was consistent with proteomic results, with increased tau expression in 3xTg mice compared to WT mice, with decreased expression after TMP administration. APP protein was identified in APP/PS1 mice by MS. APP protein was processed to produce Aβ, which aggregates to form age spots. The WB validation results were consistent with the proteomic results. APP expression was increased in APP/PS1 mice compared to the WT mice and decreased after TMP administration. Aβ and p-tau proteins can directly contribute to mitochondrial dysfunction, and dysfunctional mitochondria in turn accelerate the process of AD (Manczak and Reddy, 2012). It has been reported in the literature that Icariin protects mitochondria and inhibits Aβ production and p-tau protein to improve learning and memory in AD rats (Chen Y. et al., 2016). In our proteomic analysis, mitochondrial proteins were significantly changed after TMP treatment, with improved electron transport chain function and increased ATP levels in the brains of APP/PS1 mice, suggesting that mitochondrial function plays an important role in TMP treatment. The reduction of Aβ and p-tau in the brains of test animals reduced mitochondrial dysfunction, and this was associated with an attenuation of the hallmarks of AD. These data indicated that TMP may protect mitochondrial function in AD mice; this is consistent with reports that systemic TMP treatment restores mitochondrial function and reduces brain damage caused by oxidative stress and cobalt chloride (CoCl2) (Guan et al., 2015). Additionally, TMP can reduce oxidative damage, restore mitochondrial dysfunction and protect HUVEC cells from Hcy-induced apoptosis (Fan et al., 2019).

Synaptic dysfunction also is important to the pathogenesis of AD. Soluble Aβ oligomers reportedly can impair synaptic function (Takahashi et al., 2013), as can tau protein oligomers (Lasagna-Reeves et al., 2011), and Aβ and tau proteins play a synergistic role in synaptic dysfunction (Ittner et al., 2010; Larson et al., 2012). Proteomics showed that TMP modified the expression of some synapse-related proteins. For example, SNAP23 played a major role in transport vesicle docking and fusion, and VAMP2 played a major role in synaptic transmission and neurotransmitter release (Martin et al., 1998; Deak et al., 2004). Consistent with our results in the two mouse models of AD, VAMP2 was down-regulated in AD patients (Pham et al., 2010), but significantly increased after TMP treatment, suggesting that TMP treatment improves synaptic dysfunction.

We noticed that TMP treatment increased some cytoskeleton proteins expression, such as Actin-related protein 2/3 complex subunit 3(Arpc3), Cofilin-1(Cof1), and Arpc3, which is mainly responsible for starting the branches of actin filaments. Mir-29a/B can affect the ARp2/3 complex through the Arpc3 subunit, thus maintaining the flexibility of the neuronal network (Lippi et al., 2011). Cof1 mainly regulates actin cytoskeleton dynamics and plays an important role in neural cell (Gurniak et al., 2005). Our results indicated that TMP may exert a neuroprotective effect by modifying the expression of cytoskeleton proteins.

We found that TMP treatment increased brain ADP-ribosylation factor 6 (ARF6) the two AD model mice. ARF6 is a GTP binding protein, mainly involved in vesicle transport, cytoskeleton, and some other functions (Donaldson, 2003; D'Souza-Schorey and Chavrier, 2006). Activation of ARF6 contributes to the generation of synaptic vesicles in the PC12 nerve (Powelka and Buckley, 2001) and can also recruit AP2/Clathrin-dependent synaptic vesicle membranes to the presynaptic membrane to be endocytosed, thereby accelerating the recovery of neurotransmitters (Krauss et al., 2003). Our results suggest that ARF6 may also be also involved in the neuroprotection of TMP.



CONCLUSION

In summary, our study of 3xTg-AD and APP/PS1-AD female mice showed that systemic TMP treatment improved memory deficits, reduced Aβ deposition and tau phosphorylation levels, and modified the mitochondrial protein profile, including some oxidative phosphorylation (OXPHOS) proteins. Proteomics suggested that the action of TMP may be closely related to mitochondria, synapses, GTP binding, and cytoskeleton proteins. Although the precise molecular mechanisms remain to be elucidated, our data suggest that TMP has potential for positive therapeutic modification of AD (Figure 12).


[image: Figure 12]
FIGURE 12. Supposed mode of TMP action. TMP treatment inhibited AD-related changes, including Aβ accumulation and tau phosphorylation, which may be attributed to the modification of mitochondrial function, synaptic function, cytoskeleton, and GTP binding.
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STriatal-Enriched protein tyrosine Phosphatase (STEP) is a tyrosine phosphatase that has been implicated in Alzheimer’s disease (AD), the most common form of dementia, and many other neurological diseases. The protein level and activity of STEP have been found to be elevated in most of these disorders, and specifically in AD as a result of dysregulation of different pathways including PP2B/DARPP32/PP1, PKA as well as impairments of both proteasomal and lysosomal systems. The upregulation in STEP leads to increased binding to, and dephosphorylation of, its substrates which are mainly found to be synaptic plasticity and thus learning and memory related proteins. These proteins include kinases like Fyn, Pyk2, ERK1/2 and both NMDA and AMPA receptor subunits GluN2B and GluA2. The dephosphorylation of these molecules results in inactivation of these kinases and internalization of NMDA and AMPA receptor complexes leading to synapse loss and cognitive impairments. In this study, we aim to review STEP regulation and its implications in AD as well as other neurological disorders and then summarize data on targeting STEP as therapeutic strategy in these diseases.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by a gradual loss of short-term memory and a progressive decline of cognitive functions. It has been a major public health problem in modern society which will undoubtedly increase dramatically in the coming years, unless drugs that can prevent or cure the disease become available. According to the World Alzheimer Report, over 50 million people worldwide are currently living with dementia, and this number is estimated to reach 152 million by 2050 (Alzheimer’s Disease International, 2019). The two main histopathological hallmarks of AD are extracellular deposit of amyloid beta (Aβ) forming senile plaques, and intracellular hyperphosphorylated tau forming neurofibrillary tangles (Bennett et al., 2004). In addition to these, age-dependent synapse loss and the accompanying memory impairment are the next most common characteristics of AD patients as well as many AD models (Terry et al., 1991; Knobloch and Mansuy, 2008). Due to failure of many tau and Aβ based therapeutic strategies (Extance, 2010; Rinne et al., 2010), more drug development researches are now being shifted toward multitarget-directed ligands approaches like disease-modifying therapies (DMTs) which temporarily slow the worsening of dementia symptoms of those patients with AD and other dementias (Paoletti et al., 2013; Henley and Wilkinson, 2016). The 2020 Alzheimer’s disease drug development pipeline revealed that synaptic plasticity/neuroprotection agents in Phase 3 and Phase 2 clinical trials have reached up to 23.5% and 27.3% of DMT, respectively (Cummings et al., 2020), indicating that preventing and/or correcting alterations in synaptic functions in AD and other dementia patients might be a promising strategy in the management of these diseases.

Synapse has been regarded as a key target for different molecular assaults, like Aβ, that lead to the development and progression of AD, and synaptic dysfunction also correlates with the degree of cognitive decline in AD patients and transgenic AD mice (Terry et al., 1991). Glutamate receptors, including NMDA and AMPA receptors, play crucial roles in the mammalian central nervous system (CNS), where they involve in excitatory neuronal transmission and many other forms of synaptic plasticity (Paoletti et al., 2013; Henley and Wilkinson, 2016). Subunits that constitute NMDA receptors (NMDARs) include GluN1, GluN2A-D, GluN3A/B, while those that make up the AMPA receptors (AMPARs) are GluA1-4 (Henley and Wilkinson, 2016; Iacobucci and Popescu, 2017). NMDARs play central roles in brain development, synaptic plasticity, and learning and memory (Bliss and Collingridge, 1993; Aamodt and Constantine-Paton, 1999). Stimulating synaptic NMDARs activates pro-survival PI3K/AKt/CREB signaling pathways (Hardingham et al., 2002; Ivanov et al., 2006; Hardingham, 2009), which are involved in learning and memory formation. Interestingly, a reduced concentration of the GluN2B subunit of NMDAR and the postsynaptic density protein 95 (PSD-95), impaired long-term potentiation (LTP) and decreased NMDA and AMPA receptors’ currents in hippocampal CA1 region have also been reported in transgenic AD mice (Dewachter et al., 2009). It has been previously found that STriatal-Enriched protein tyrosine Phosphatase (STEP) is increased in AD, and opposes the development and strengthening of synapses via dephosphorylating and inactivating synaptic proteins including kinases such as Fyn, Pyk2, and ERK1/2 (Venkitaramani et al., 2009; Xu et al., 2012; Li et al., 2014). Besides, it can also lead to the dephosphorylation and internalization of synaptic receptor complexes like GluN2B/GluN1 and GluA2/GluA1 subunits of NMDA and AMPA receptors, respectively (Snyder et al., 2005; Zhang et al., 2008; Poddar et al., 2010; Wu et al., 2011).

STriatal-Enriched protein tyrosine Phosphatase is an intracellular phosphatase, enriched in the CNS except in the cerebellum, that is encoded by the PTPN5 gene, and is a member of a family of over a hundred protein tyrosine phosphatases (PTPs) (Lombroso et al., 1991, 1993), and it is one of the targets via which Aβ exerts its deleterious effects in AD. Elevated level of Aβ in AD is believed to be, at least in part, responsible for the activation of STEP via binding to and activation of the α7 nicotinic acetylcholine receptors (α7nAChRs) (Dineley et al., 2001; Stevens et al., 2003; Lacor et al., 2004). The activation of these receptors leads to increased calcium influx resulting in the activation of calcineurin, also known as protein phosphatase 2B (PP2B) (Stevens et al., 2003), and subsequent dephosphorylation and inactivation of DARPP-32, the inhibitor of protein phosphatase 1 (PP1). This process activates PP1, which then dephosphorylates STEP at the regulatory serine residue within the kinase-interacting motif (KIM) domain (Snyder et al., 2005), thereby activating STEP. Also, prolonged stimulation of NMDA receptors was found to dephosphorylate and activate STEP via the activation of the PP2B/PP1 pathway (Paul et al., 2003; Valjent et al., 2005). Dysregulations of STEP levels and activity have also been implicated in many neuropsychiatric disorders with cognitive dysfunctions including Parkinson’s disease (PD), Schizophrenia (SZ), Fragile-X syndrome (FXS), Huntington’s disease (HD) and others (Kurup et al., 2010, 2015; Zhang et al., 2010; Gladding et al., 2012; Chatterjee et al., 2018; Xu et al., 2018). The net result of this dysregulated function is alterations and mainly inactivation of many synaptic proteins including kinases and receptor complexes leading to learning and memory impairment, and cognitive deficits. In this study, we mainly summarized STEP isoforms, their activation and regulation via different posttranslational modifications, reviewed data on the implication of STEP in AD and other neuropsychiatric disorders, and finally highlighted the therapeutic strategies targeting STEP.



STEP ISOFORMS EXPRESSION, POSTTRANSLATIONAL MODIFICATIONS AND FUNCTION

The family of STEP protein contains five isoforms that are presently known. Of these, four (STEP61, STEP46, STEP38, and STEP20) are the result of alternative splicing from the STEP gene (PTPN5), while the other one (STEP33) is the cleavage product of the protease calpain (Figure 1; Lombroso et al., 2016). Like other PTPs, the normal fully functional STEP contains a C-terminus catalytic signature consensus sequence [I/V]HCxAGxxR[S/T]G, and upstream KIM and kinase-specificity sequence (KIS) domains that allow the binding and specificity of STEP to its substrates, respectively (Bult et al., 1996; Pulido et al., 1998; Muñoz et al., 2003; Francis et al., 2014; Xu et al., 2015). The KIM domain is critical for binding, while KIS domain affects the binding, as evidenced by the fact that deleting both KIM and KIS domains decreased GluA2 binding to 7%, whereas deleting only the KIS domain decreased it to 45% (Won et al., 2019). In another study evaluating the effect of STEP on ERK1/2 phosphorylation, it was found that deletion of both KIM and KIS, KIM or KIS alone, or the C-terminal KIS resulted in a decreased kcat/Km ratio by 50-60-fold, whereas deletion of the N-terminal KIS decreased the ratio by only 20-fold (Li et al., 2014). Moreover, mutations involving the conserved arginine residues or the hydrophobic motif around the KIM domain were found to decrease the kcat/Km by 4-6-fold and 2.5-7-fold, respectively (Li et al., 2014). Also, deletion of the KIM domain decreased the ability of STEP interaction with both Fyn and Pyk2 (Nguyen et al., 2002; Xu et al., 2012). These further indicate that both KIM and KIS are required for efficient ERK, Fyn and Pyk2 dephosphorylation by STEP. The two fully active and most abundant forms of STEP are STEP61 and STEP46 which, are differentially expressed in the brain in terms of space and time (Boulanger et al., 1995; Sharma et al., 1995; Bult et al., 1997; Xu et al., 2015). STEP46 is a cytosolic protein, whereas STEP61 contains a unique 172-amino-acid domain at its N-terminus that targets it to the endoplasmic reticulum (ER) and both synaptic and extra-synaptic membranes (Boulanger et al., 1995; Oyama et al., 1995; Bult et al., 1996). STEP61 has two polyproline-rich regions that are necessary for Fyn (Nguyen et al., 2002) and Pyk2 (Xu et al., 2012) interactions (Figure 1). Both STEP46 and STEP61 isoforms are present in glial cells and neurons including excitatory and inhibitory neurons (Hasegawa et al., 2000; Lorber et al., 2004; Goebel-Goody et al., 2009), and are expressed in various regions of the brain including, but not limited to, the striatum, hippocampus and cortex (Boulanger et al., 1995; Lorber et al., 2004). While STEP46 is not expressed until day 6 postnatally, STEP61 is readily expressed in abundance at birth and throughout adulthood (Raghunathan et al., 1996; Okamura et al., 1997). The other two isoforms that result from alternative splicing (STEP38 and STEP20) do not have the PTP signature consensus sequence (Figure 1) and, therefore, are catalytically inactive (Sharma et al., 1995). But they both do contain KIM domain, indicating their ability to bind to target substrates and thus might protect from active STEP dephosphorylation. Several mechanisms including posttranslational modifications and others regulate the ability of STEP to bind and dephosphorylate its substrates. These processes include phosphorylation, ubiquitination, dimerization, proteolytic cleavage, and local translation.
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FIGURE 1. Isoforms and domains structure of STEP. The alternative splicing of PTPN5 gene results in the production of four STEP isoforms (STEP61, STEP46, STEP38, and STEP20), while the fifth STEP isoform, STEP33, is the result of calpain cleavage of STEP61 at Ser224/Leu225 site. STEP61 and STEP46 are the fully active and major STEP proteins in the CNS. These two isoforms contain the KIM, KIS and PTP domains, which are respectively required for substrate interaction, specificity and phosphatase activity. STEP61 has two additional TM domains that serve for targeting it to the ER and PSD, as well as two PR (PR1 and PR2) regions that specifically provide binding with Fyn and Pyk2, respectively. The activity of STEP is inhibited via PKA phosphorylation at Ser221 and Ser49 within the KIM domain for STEP61 and STEP46, respectively. PKA can also phosphorylate STEP at Ser160 around the PR2 region, but its function is still unknown. The function of STEP can also be decreased by dimerization of STEP molecules via the C65 and C76 present within the TM domain. Together with STEP33 (the isoform that has disrupted binding domain), STEP38 and STEP20 are inactive variants since they have no PTP domain and thus lack phosphatase activity. Therefore, it is speculated that they may serve as negative regulators of STEP substrates by competitive binding. Adapted from Lombroso et al. (2016).


The phosphorylation of STEP within the KIM domain decreases its ability to bind and dephosphorylate its substrates. This process is mainly regulated by two key enzymes including the cAMP dependent protein kinase A (PKA) and PP1 that are involved in its phosphorylation and dephosphorylation, respectively (Paul et al., 2000; Valjent et al., 2005). Directly, PKA phosphorylates STEP61 and STEP46 at regulatory Ser221 and Ser49 within their KIM domains, respectively (Paul et al., 2000), and thus sterically hindering STEP from binding to its substrates. Indirectly, PKA phosphorylates DARPP-32, a potent inhibitor of PP1, thereby maintaining STEP at its phosphorylated inactive state (Valjent et al., 2005). PKA can also phosphorylate STEP61 at Ser160 but its function is still unknown (Paul et al., 2000). The phosphorylation state of STEP could also be indirectly regulated by PP2B, which in the presence of increased intracellular calcium dephosphorylates and inactivates DARPP-32 thereby removing the inhibitory effect on PP1 which then dephosphorylates and activates STEP (Figure 2; Paul et al., 2003; Snyder et al., 2005; Valjent et al., 2005).
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FIGURE 2. STriatal-enriched protein tyrosine phosphatase activity regulation. The phosphorylation (deactivation) of STEP is mediated by the D1R stimulation of cAMP synthesis that activates PKA. The activated PKA directly phosphorylates STEP in the KIM domain, and this inhibits the binding of STEP to its substrates. PKA can also indirectly mediate the phosphorylation of STEP via the phosphorylation and activation of DARPP-32, an inhibitor of PP1. This leads to the inhibition of PP1 activity, the STEP phosphatase, thereby increasing the phosphorylation of STEP. Phosphorylation of STEP downregulates its ability to bind and dephosphorylate its substrates. On the other hand, the dephosphorylation (activation) of STEP is mediated via NMDAR, and in other condition via α7nAChR, activation that induce intracellular calcium influx and activation of PP2B. The activated PP2B dephosphorylates and inactivates DARPP-32, thereby removing its inhibitory effect, leading to the activation of PP1 and thus increasing STEP dephosphorylation and activation. STEP level and thus activity could also be regulated via ubiquitination and proteasomal degradation which are mediated by synaptic activation of NMDARs, and could be enhanced by PSD-95.


Moreover, the cellular level of STEP could be regulated by ubiquitin proteasome system (UPS) (Figure 2). This is evidenced by the finding that upon synaptic NMDAR activation, STEP is rapidly ubiquitinated and degraded (Xu et al., 2009), probably to decrease the dephosphorylation of STEP substrates and promote synaptic plasticity. In line with this hypothesis, it was found that following synaptic NMDAR activation, the phosphorylation of ERK1/2, a positive synaptic plasticity related protein, positively correlated with ubiquitination and degradation of STEP, leading to upregulation of dendritic spines’ size and density, and therefore, memory formation. However, the molecular mechanisms underlying ubiquitination of STEP are still unknown, but were speculated to be related to PEST sequences which were found at the amino terminal of STEP61 (Bult et al., 1996), as these sequences are often found in UPS degraded proteins (Spencer et al., 2004).

The activity of STEP could also be affected by two molecules of this protein itself coming together to form dimers. Under basal physiological conditions this dimerization process fundamentally occurs with STEP61, but not STEP46, via the formation of intermolecular disulfide bonds between the two cysteine residues (Cys65 and Cys76), that are present within the hydrophobic region of the amino terminus of STEP61 (Figure 1; Deb et al., 2011). However, oxidative stress can induce oligomerization of both STEP61 and STEP46 leading to a decrease in their phosphatase activity (Deb et al., 2011), possibly via involving additional sites other than Cys65 and Cys76. Interestingly, calpain can proteolytically cleave STEP61 between the Ser224 and Leu225 residues within the KIM domain (Figure 1), producing STEP33 that cannot associate with its substrates. It was found that STEP33 is produced after extra-synaptic NMDAR stimulation, and since STEP33 is inactive, this results in increased activation (phosphorylation) of the STEP61 substrate, p38, and initiation of cell death signaling pathways (Xu et al., 2009).

Local translation is another way to rapidly regulate STEP level in neuronal cells. Synaptic plasticity sometimes requires rapid translation of messages at distinct synapses via local translation. More importantly, this process is required in LTP as well as long-term depression (LTD) (Huber et al., 2000; Sutton and Schuman, 2006; Bramham and Wells, 2007; Costa-Mattioli et al., 2009). These plastic changes are possible due to the presence of mRNAs in a suppressed form along dendrites, until an appropriate synaptic stimulus ignites their translation (Bramham and Wells, 2007; Glock et al., 2017; Fonkeu et al., 2019). Interestingly, STEP was found to be locally translated as elaborated by the findings that STEP mRNA and protein were present in puncta along dendrites and near postsynaptic densities (PSDs), and its translation was upregulated within synaptosomes following (R, S)-3,5-dihydroxyphenylglycine (DHPG) activation of mGlu5 (Zhang et al., 2008). The dendritic local translation of STEP is believed to be regulated by the cytoplasmic polyadenylation element binding protein (Piqué et al., 2008) and fragile X mental retardation protein (FMRP) (Darnell et al., 2011; Goebel-Goody et al., 2012a; Chatterjee et al., 2018), that associate with, and repress STEP mRNA in dendrites until the arrival of appropriate stimuli, such as mGlu5 agonist activation. Moreover, there is evidence suggesting that STEP mRNAs, together with several other mRNAs, that are locally translated in response to synaptic activity, are shuttled by major vault protein to dendritic location (Paspalas et al., 2009).



STEP ACTIVATION AND REGULATION

The activity of the tyrosine phosphatase STEP is regulated by kinases and phosphatases as well as processes like dimerization. As mentioned above, the two main enzymes that regulate STEP activity are PKA and PP1. In normal conditions, STEP exists in a phosphorylated inactive state. This phosphorylation status is mainly due to the activation of PKA which can either directly or indirectly (Figure 2) maintain the phosphorylation of STEP and hence control its activity. Moreover, it has been demonstrated by previous studies that dopamine signaling can regulate STEP activity. In this model, the stimulation of dopamine D1 or blockage of D2 receptors was found to activate PKA which then phosphorylates and inactivates STEP, whereas the stimulation of D2 receptors had the opposite effects (Paul et al., 2000; Fitzpatrick and Lombroso, 2011). This is in support to the hypothesis that STEP is an intermediate bridge between the dopamine signaling and the glutamate signaling pathways, whereby dopamine regulates STEP activity and thus, tyrosine phosphorylation and surface expression of both NMDA and AMPA receptor complexes (Pelkey et al., 2002; Snyder et al., 2005; Zhang et al., 2008; Venkitaramani et al., 2011). In addition, the UPS regulates STEP level and thus its activity (Figure 2), via ubiquitination following synaptic NMDAR activation (Xu et al., 2009). Moreover, PSD-95 increases proteasomal degradation of STEP, and at the same time stabilizes NMDA receptors at the PSD favoring synaptic strengthening (Won et al., 2016). Interestingly, the expression of STEP in the PSD was increased in both PSD-95 knockdown neuronal cultures and PSD-95 KO mice (Won et al., 2016), indicating that PSD-95 is an important regulator of STEP.

On the other hand, stimulation of NMDARs was found to lead to a rapid but transient phosphorylation of ERK1/2, which has limited duration due to dephosphorylation and activation of STEP via the activation of the PP2B/DARPP-32/PP1 pathway (Paul et al., 2003; Valjent et al., 2005). The activated STEP can readily bind to its target proteins and lead to their dephosphorylation. It has been previously reported that there is a two- to three-fold increase in the level of STEP at the extra-synaptic sites as compared to synaptic sites (Goebel-Goody et al., 2009). This is supported by the findings that only extra-synaptic NMDAR expression and currents were increased upon STEP knockdown (Won et al., 2016, 2019). In a situation where glutamate levels increase at the synapse, there is subsequent activation of extra-synaptic NMDA receptors resulting in more calcium influx and activation of calpain which cleaves STEP61 into STEP33 that can no longer bind to and/or dephosphorylate its substrates (Xu et al., 2009; Lombroso et al., 2016). This decrease in the STEP activation promotes the activation of cell death signaling pathways via p38 (Xu et al., 2009). It is worth to note that recently conducted in vitro studies showed that STEP can be activated by a small molecule termed BI-0314 which binds to its phosphatase domain (Tautermann et al., 2019), however, further studies are needed before in vivo testing of this molecule.



STEP SUBSTRATES

STriatal-Enriched protein tyrosine Phosphatase acts via dephosphorylating its substrates, and the discovery of these substrates has elucidated the role played by STEP in neuronal signaling. Several proteins have been recognized as substrates of STEP, and many of them are related to learning and memory processes. These include subunits of both AMPA and NMDA receptors, kinases like ERK1/2, p38, Fyn, Pyk2 and other proteins such as PTPα and SPIN90 (Table 1).


TABLE 1. STriatal-enriched protein tyrosine phosphatase substrates dephosphorylation and the consequent effects.
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The phosphorylation of GluN2B subunit of NMDARs is regulated by STEP via two different pathways, including direct dephosphorylation of Tyr1472 and the inactivation of Fyn, that phosphorylates GluN2B at the above-mentioned site (Nakazawa et al., 2001; Nguyen et al., 2002). Upon dephosphorylation by STEP, GluN2B binds to clathrin adaptor proteins which promote the internalization of GluN1/GluN2B receptor complex (Roche et al., 2001; Lavezzari et al., 2003). In concordance with this, it was observed that STEP KO mice showed an increased surface expression of GluN1/GluN2B receptor complex (Zhang et al., 2010; Venkitaramani et al., 2011). Moreover, it was found that increased amounts of STEP decreased NMDA receptors’ excitatory postsynaptic currents (EPSCs) and abolished LTP, while inhibition of STEP by anti-STEP antibody led to an enhanced EPSCs (Pelkey et al., 2002), and both genetic deletion (Olausson et al., 2012) and pharmacological inhibition (Saavedra et al., 2019) of STEP promoted LTP. Also, STEP ubiquitination and degradation following NMDAR stimulation ultimately permits the induction of LTP (Xu et al., 2009).

The other memory related receptor that is also regulated by STEP is AMPA receptor. It has been shown that trafficking of AMPA receptor occurred in LTD via its endocytosis from synaptic surface (Snyder et al., 2001; Hsieh et al., 2006). STEP was reported to regulate the Tyr dephosphorylation of the GluA2 subunit of AMPARs favoring the internalization of GluA1/GluA2 complex (Zhang et al., 2008; Won et al., 2019). Also, the surface expression of GluA1/GluA2-containing AMPA receptors was reported to be elevated in STEP KO mice (Zhang et al., 2008; Venkitaramani et al., 2011; Won et al., 2019). It was previously not clear whether STEP directly or indirectly induces the dephosphorylation and endocytosis of AMPARs complex since the Tyr876 of GluA2 can also be phosphorylated by SFKs (Hayashi and Huganir, 2004), which might also be dephosphorylated and inactivated by STEP. Additionally, GluA2 can directly interact with BRAG2 and activate Arf6, which then recruits adaptor protein-2 and clathrin to synaptic membranes (Krauss et al., 2003), to promote GluA2 endocytosis (Scholz et al., 2010). However, a recent study highlighted the mechanism of STEP regulation of AMPARs, whereby STEP binds to the C termini of GluA2 and GluA3, but not GluA1, to promote their tyrosine dephosphorylation (Won et al., 2019). Interestingly, in STEP overexpressing neuronal cultures, treatment with chloroquine (a lysosomal degradation blocker), but not MG-132 (a proteasomal degradation blocker), rescued GluA2/3 proteins and GluA2-PSD95 colocalization to control level (Won et al., 2019), indicating that STEP regulation of synaptic AMPARs is mediated by lysosomal degradation.

Together, these findings indicate that fine-tuning of STEP activity is important for the regulation of proper levels of these glutamate receptors at synapses, since prolonged neuronal activity results in the upregulation of STEP that leads to the removal of NMDA and AMPA receptors from synaptic membranes, while prolonged neuronal inhibition has the opposite effect. Moreover, knocking down STEP in hippocampal slices increases AMPAR-mediated, but not NMDAR-mediated synaptic currents, while its overexpression reduced both synaptic expression and currents of AMPARs as well as NMDARs (Won et al., 2016, 2019). These facts together indicate that STEP preferentially regulates synaptic AMPA receptors, while on the other hand it regulates extra-synaptic NMDA receptors, suggesting a modulatory role of STEP in defining activity-dependent glutamate receptor localization. Thus, STEP is involved in the regulation of homeostatic synaptic plasticity (Jang et al., 2015) by regulating the surface expression of both NMDARs and AMPARs (Figure 3).
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FIGURE 3. STriatal-enriched protein tyrosine phosphatase substrates. Following the NMDAR or α7nAChR stimulation mediated activation, STEP can then bind and dephosphorylate regulatory tyrosines within its substrates. The dephosphorylation of STEP substrates including GluN2B, GluA2\GluA3, Fyn, Pyk2, ERK1/2, p38 and SPIN90 leads to their inactivation. The dephosphorylation of GluN2B and GluA2\GluA3 subunits of NMDARs and AMPARs, respectively, results in internalization from the PSD. The dephosphorylation of Fyn, Pyk2, ERK1/2, and p38 leads to inhibition of their kinase activity and impairment of the downstream effects. The dephosphorylation of SPIN90 leads to its translocation to the dendritic shaft causing the release of its binding partner cofilin. STEP dephosphorylates GluN2B subunit of NMDARs by two mechanisms. First, STEP can directly dephosphorylate GluN2B at Tyr1472. Secondly, STEP can indirectly mediate the dephosphorylation of GluN2B via the inactivation of Fyn, the kinase that phosphorylates GluN2B at the same Tyr1472. The net result is endocytosis of GluN2B-containing NMDARs. STEP can also mediate the endocytosis of AMPARs via direct dephosphorylation of GluA2 and GluA3 subunits of these receptors.


Other molecules that are involved in synaptic plasticity and memory, and have also been confirmed substrates of STEP are the two members of the MAPK family ERK1/2 and p38 (Muñoz et al., 2003; Paul et al., 2003; Kim et al., 2008; Paul and Connor, 2010). ERK1/2 is centrally implicated in synaptic plasticity and memory formation via several mechanisms including dendritic spines stabilization, local dendritic protein synthesis, nuclear transcription, and transmission of action potentials (Davis et al., 2000; Sweatt, 2004; Venkitaramani et al., 2009, 2011). The activity of ERK1/2 is dependent on its phosphorylation at the regulatory residues Thr202/185 and Tyr204/187 by MAPK kinases (MAPKK) such as MEK1/2 (Robinson and Cobb, 1997). To inactivate ERK1/2, the Tyr sites are dephosphorylated by STEP (Paul et al., 2003; Valjent et al., 2005; Paul and Connor, 2010; Li et al., 2014), and both KIM and KIS domains of STEP are required for ERK interaction (Li et al., 2014). Moreover, it was reported that ERK1/2 is necessary for the development of synaptic strengthening as well as the consolidation of fear memories in the amygdala, and STEP colocalizes with ERK1/2 in this brain area (Paul et al., 2007). Moreover, STEP KO mice showed a significant increase in the level of phospho-ERK1/2 and its downstream targets, CREB and Elk1, and improved hippocampal learning and memory (Venkitaramani et al., 2009, 2011). Also, UPS degradation of STEP led to the activation of ERK1/2, synaptic strengthening and neuronal survival pathways (Xu et al., 2009).

The p38 is another family member of MAPK and also a substrate of STEP (Poddar et al., 2010). However, in contrast to ERK1/2, p38 is implicated in cell death pathways and extra-synaptic NMDAR-mediated excitotoxicity (Ivanov et al., 2006; Semenova et al., 2007). As a phosphatase, STEP can dephosphorylate and inactivate p38 at the Tyr182 residue in the activation loop of p38 (Xu et al., 2009; Poddar et al., 2010). In this circumstance, STEP might play a protective role. However, the activation of extra-synaptic NMDA receptors leads to increased calcium and calpain activation, which in turn, cleaves STEP into an inactive STEP33 variant that is unable to bind to its substrates. This leads to increased phosphorylation and activation of p38 and thus activation of cell death signaling pathway (Xu et al., 2009). It should be noted that, synaptic NMDA receptor stimulation increases STEP activity which shortens the duration of p38 MAPK activation and favors neuronal survival, but extra-synaptic NMDARs stimulation causes significant degradation of active STEP via calpain-mediated proteolysis, leading to p38 MAPK activation (Poddar et al., 2010). This indicates that STEP serves as a modulator of NMDA receptor-mediated cell death by regulating p38 MAPK. On the other hand, both ERK1/2 and p38, can in turn, regulate STEP expression levels by modulating two phosphorylation sites (Ser59 and Thr72) within the KIS domain of STEP, dephosphorylation of which sites can trigger ubiquitination and thus degradation of STEP (Mukherjee et al., 2011).

Other substrates of STEP include Pyk2 and Fyn kinases. The two polyproline-rich (PR1 & PR2) regions of STEP (Figure 1) are implicated in substrate binding as well as specificity for Fyn (Nguyen et al., 2002) and Pyk2 (Xu et al., 2012), respectively. Upon binding, STEP can dephosphorylate the regulatory tyrosines in the activation loops of these kinases and inactivate them (Nguyen et al., 2002; Xu et al., 2012). Another identified substrate of STEP is PTPα, which is an activator of Fyn (Xu et al., 2015). STEP was reported to dephosphorylate PTPα at a Tyr789 site which, when phosphorylated, normally results in the translocation of PTPα to the lipid rafts to activate Fyn. PTPα dephosphorylates Fyn at an inhibitory Tyr531 residue in contrast to STEP which acts on the activation loop of Fyn at Tyr420 (Engen et al., 2008; Ingley, 2008). Thus, STEP can directly inactivate Fyn via Tyr420 dephosphorylation, or indirectly by dephosphorylating and blocking PTPα translocation to the membrane, thus maintaining the inhibitory Tyr531phosphorylation of Fyn.

SPIN90 is another substrate of STEP which in its phosphorylated form binds to and reduces the actin-depolymerizing activity of cofilin (Cho et al., 2013a). However, when SPIN90 is dephosphorylated by STEP (Figures 3, 4), it leads to cofilin activation and actin depolymerization, therefore, contributing to spine collapse (Cho et al., 2013b). Interestingly, it was found that loss of synaptic clustering with either Shank or PSD-95 following SPIN90 dephosphorylation by STEP affects both the size and density of dendritic spines (Cho et al., 2013a). The results from these studies indicate that SPIN90 dephosphorylation could be another way that STEP mediates Aβ-induced synaptic plasticity and memory impairments.
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FIGURE 4. STriatal-enriched protein tyrosine phosphatase dysregulation in Alzheimer’s disease. Both protein level and activity of STEP are implicated in Alzheimer’s disease, and are thought to be the result of increased Aβ. Increased soluble Aβ levels precede the appearance of cognitive impairments. Aβ activation of α7nAChRs, together with glutamatergic NMDAR stimulation, increased calcium influx which then activates PP2B/DARPP-32/PP1 pathway leading to the dephosphorylation and activation of STEP. On the other hand, Aβ can also inhibit the proteasomal degradation of STEP leading to accumulation of STEP. These together lead to increased level of active STEP which aberrantly dephosphorylates its substrates. Dephosphorylation of SPIN90 by STEP also leads to the dissociation of SPIN90 from cofilin, leading to the activation of cofilin which then depolymerizes F-actin to G-actin. These events, together with the inactivation of other STEP substrates, and AMPA and NMDA receptors’ internalization, lead to dendritic spine and synapse loss resulting in the learning and memory and cognitive impairments seen in AD. Aβ-induced alterations in PKA/Akt/CREB pathway result in deficient BDNF/TrkB signaling, which in turn, contributes to the synapses loss and synaptic plasticity and cognitive deficits, via impairing the degradation of STEP.


Recently, a study by Won et al. (2019) has identified 315 STEP interactors candidate proteins in WT mouse brain samples, including cytoskeletal-associated proteins and motor proteins like α-actinin, DBN1, myosin-10, MAP2, Arp2/3 complex; vesicle trafficking proteins like AP-2, Rab3a, SNX1, SNX4, NBEA; kinases and phosphatases like Fyn, PKA, PP2A, PP1; ion channels, receptors, and transporters like GluN2B, GluN1, GluA2, mGlu5; ATP synthase and ATPases like Na+/K+-transporting ATPase α-subunit; scaffolding proteins such as PSD-95, SynGAP, Kalirin, Shank; cell adhesion proteins like δ-catenin, NLGN-1; G protein-coupled receptor signaling proteins like Gα(o), Gα(q), Gβ-5; and ubiquitin enzyme proteins like Nedd4, RNF14, KCMF1. Among these, some proteins such as GluN2B and Fyn are already established STEP substrates, GluA2 recently confirmed, while many others will probably be confirmed in future studies.



STEP AND DENDRITIC SPINES

Loss of dendritic spines and decline of cognitive function are hallmarks of patients with AD and the loss of synapses correlated with cognitive deficits. Notably, in early stage of AD, studies revealed the existence of reduced dendritic spine density in the frontal cortex and hippocampal CA1 region of AD patients (DeKosky and Scheff, 1990; Scheff et al., 2006). Moreover, a decrease in the mushroom (memory) type spine density was reported in in vivo and in vitro Aβ toxicity (Popugaeva et al., 2015; Qu et al., 2017), cultures of hippocampal slice from AD transgenic mice (Tackenberg and Brandt, 2009; Penazzi et al., 2016), as well as in AD mouse models (Saito et al., 2014; Sun et al., 2014). Consistently, another study reported a shift from mushroom to stubby spines in cortical biopsies from AD patients (Androuin et al., 2018), indicating loss of memory-related spines. This loss of spines might be caused by Aβ peptide long before the appearance of clinical manifestations of the disease, that is, during the prodromal phase of AD, and was found to occur even before the disintegration of neuronal networks and consequent cognitive decline (Palop and Mucke, 2010; Kashyap et al., 2019). Several studies have revealed that transgenic AD mouse models as well as neurons exposed to Aβ show loss of spines (Lacor et al., 2004; Calabrese et al., 2007; Shankar et al., 2007; Wei et al., 2010; Spires-Jones and Hyman, 2014). Interestingly, it was recently shown that dendritic spine plasticity can provide cognitive resilience against dementia among AD patients (Boros et al., 2017).

It has been previously found that STEP is increased in AD and it was reported to oppose the development and strengthening of synapses via dephosphorylating and inactivating synaptic proteins including kinases like Fyn, Pyk2, and ERK1/2 (Venkitaramani et al., 2009; Xu et al., 2012; Li et al., 2014), as well as leading to the internalization of synaptic receptor complexes like GluN1/GluN2B and GluA1/GluA2 subunits of NMDA and AMPA receptors, respectively (Snyder et al., 2005; Zhang et al., 2008; Poddar et al., 2010; Wu et al., 2011; Won et al., 2019). Moreover, it was found that pharmacological inhibition as well as genetic depletion of STEP were able to ameliorate cognitive function and hippocampal memory in the 3×Tg-AD mouse model. In line with this, it was reported that STEP inhibition not only improved cognitive functions, but also increased synaptic connectivity in both cell cultures and 3×Tg-AD mouse model (Chatterjee et al., 2021), further highlighting the potential of STEP inhibitors as therapeutic agents. It has been reported that abundant ER are present in hippocampal dendritic spines and play an important role in synaptic plasticity (Holbro et al., 2009). Moreover, the ER in the spines exhibit highly dynamic changes that are largely dependent on NMDARs activity (Ng et al., 2014). Previous studies have also pointed out the involvement of STEP in the dynamics of dendritic spines, whereby dephosphorylation of SPIN90 by STEP led to cofilin activation and actin depolymerization to induce spine collapse, while elimination of STEP induced upregulation of dendritic ER-positive spines as well as dendritic spines’ ER growth (Cho et al., 2013b; Ng et al., 2014). Therefore, the upregulated ER changes observed upon STEP elimination might be, at least in part, due to the abrogation of the negative regulation of STEP on NMDAR.

Evidence from studies has indicated that LTD can induce removal of postsynaptic AMPA receptors and loss of spines (Snyder et al., 2001). Increased Aβ levels was shown to reduce pyramidal neuron spine density via LTD driven endocytosis of synaptic AMPA receptors, and removal of synaptic AMPA receptors was necessary and sufficient to produce dendritic spine loss and synaptic NMDA responses (Hsieh et al., 2006). Interestingly, it was recently reported that STEP can bind to and results in the dephosphorylation and decreased synaptic expression of GluA2 (Won et al., 2019), suggesting that STEP might mediate the Aβ-induced AMPA receptor internalization and synaptic impairment. Also, a 120 min Aβ treatment of cortical neurons resulted in increased STEP levels in these neurons with concomitant tyrosine dephosphorylation of STEP substrates, and a reduction in the protein levels of GluN2B receptors on membrane fractions (Kurup et al., 2010), while application of 1 μM of the STEP inhibitor TC-2153 was found to inhibit STEP activity in cortical cultures and restore the Tyr1472 phosphorylation of GluN2B receptor subunits (Xu et al., 2014).

Since studies have shown that Aβ leads to loss of spine in exposed neurons and that Aβ also increases STEP protein level and activity, it is interesting to investigate whether or not STEP is implicated in spine loss. Recently, a study reported that treatment of 18-day-old cortical neurons with conditioned media from mutant CHO cells containing Aβ showed significant decrease in dendritic complexity (dendritic junctions or nodes and Ends), as analyzed by Sholl analysis, compared to control neurons (Chatterjee et al., 2021). Interestingly, a 48 h pretreatment with the STEP inhibitor TC-2153 prior to Aβ treatment in cortical neurons significantly minimized the loss of dendritic complexity (Chatterjee et al., 2021). Moreover, in two studies using presynaptic and postsynaptic markers colocalization puncta to indicate the presence of synapse, it was also reported that Aβ-treated neurons showed significantly fewer colocalized synaptic puncta than control neurons (Kono et al., 2019), and that pretreatment with TC-2153 significantly increased the colocalized synaptic puncta in Aβ-treated neurons, and rescued the loss of dendritic spine density in 3×Tg-AD mice (Chatterjee et al., 2021).

Aβ and STEP also influence dendritic spines via their effect on actin. It was recently reported that upon Aβ exposure, fibrillar actin (F-actin), a major cytoskeletal protein that determines the shape of spines, depolymerizes to globular actin (G-actin) and, therefore, contributes to the decrease and collapse of spines (Kommaddi et al., 2018). Interestingly, the phosphorylation of the STEP substrate, SPIN90, leads to its binding with cofilin thereby reducing the actin-depolymerizing activity of cofilin (Cho et al., 2013a). However, when SPIN90 is dephosphorylated by STEP, it dissociates from cofilin leading to cofilin activation and thus, actin depolymerization, therefore, contributing to spine collapse (Figures 3, 4; Cho et al., 2013b). Furthermore, it was also reported that phosphorylated SPIN90 interacts with scaffolding proteins PSD-95 and Shank in the post-synaptic compartment. There are also substantial evidences showing the role of PSD-95 in increasing spine density as well as the number of synapses (El-Husseini et al., 2000), and of Shank in promoting spine maturation and enlargement (Sala et al., 2001). Consistent with these findings, a study reported a loss of synaptic clustering with both Shank and PSD-95 following SPIN90 dephosphorylation by STEP, that led to downregulation of dendritic spines in terms of size and density (Cho et al., 2013a). It should also be noted that inhibition of STEP with TC-2153 was able to improve dendritic spine abnormalities in Fmr1 KO cultures and spine density in Fmr1 KO mice model of FXS (Chatterjee et al., 2018).

Together, the data reviewed here strongly suggest that STEP is centrally involved in the loss of dendritic complexity and decrease spine density observed in AD patients as well as AD animal models and even in other neurological disorders.



STEP IN SYNAPTIC PLASTICITY AND COGNITIVE IMPAIRMENT

Cognitive and behavioral impairments are some of the primary and main clinical manifestations of neurodegenerative disorders like AD. Synaptic dysfunctions seen as synapse loss seem to significantly correlate with the functional and cognitive deficits observed in different stages of AD (Terry et al., 1991). Numerous studies have highlighted the role of STEP in the alterations of cognitive function in AD. For example, the Tg-2576 AD model mouse line carries mutations in APP that are found in early onset familial AD (Mirra et al., 1991; Terry et al., 1991; Khachaturian, 2006). These mice show normal cognitive functions at 3 months of age, however, at 10 months of age they exhibit significant cognitive impairments (Hsiao et al., 1996). Interestingly, the levels of STEP were found to be normal in these mice at 3 months but significantly elevated at 10 moths (Kurup et al., 2010), suggesting an implication of STEP in the observed alterations in these animals. Similarly, in 3×Tg-AD mouse model that has the same mutation with the Tg-2576 in addition to the presenilin and tau mutations, it was also found that the levels of STEP were normal at early stage of life, but increased at late stage and this change went together with the appearance of behavioral alterations. This has been corroborated by reports which showed that in 3×Tg-AD mice, STEP activity is significantly elevated after 6 months of age, which coincides with the start of memory deficits (Zhang et al., 2010). Moreover, crossing STEP KO mice with 3×Tg-AD mice prevents these cognitive alterations (Kurup et al., 2010; Zhang et al., 2010). These STEP KO mice have enhanced learning abilities including hippocampal-dependent learning (Venkitaramani et al., 2011) as well as amygdala-dependent learning (Olausson et al., 2012), indicating that elevated levels of STEP might disrupt synaptic plasticity and thus learning and memory formation. Interestingly, the STEP inhibitor, TC-2153, was reported to significantly rescue cognitive impairments (Xu et al., 2014) and the loss of dendritic spine density in 3×Tg-AD (Chatterjee et al., 2021), suggesting that inhibition of STEP might at least decrease the progression of neuronal deterioration in these AD mice models.

From the data reviewed above, it is clear that the loss of STEP leads to increased phosphorylation of its substrates including NMDA and AMPA receptors as well as ERK1/2, Fyn and Pyk2. Thus, it is logical to stipulate that loss of STEP could favor learning and memory. In line with this idea, a study reported that in a water maze reversal training task, STEP KO mice showed significantly better performance than WT (Venkitaramani et al., 2011), suggesting a higher degree of cognitive flexibility in STEP KO mice. The same study also revealed that in the water-escape motivated radial arm maze, STEP KO mice also outperformed WT mice. This test simultaneously evaluates spatial working and reference memories, and during the first 2 days of training in this test, STEP KO mice committed fewer reference and working memory errors compared with WT mice (Venkitaramani et al., 2011). Moreover, fear conditioning that tests amygdala-dependent memory showed that STEP KO mice exhibited a greater degree of fear memory (Olausson et al., 2012). However, no significant differences were found between these two groups when evaluating anxiety, motor coordination, and motor learning (Venkitaramani et al., 2011). This is in line with other studies showing that animals with increased expression or activation of STEP substrates like GluN2B, GluA1 and ERK1/2 had enhanced memory in MWM, fear conditioning and novel object recognition tasks (Tang et al., 1999; Wang et al., 2004; Okun et al., 2010). Pyk2 lies upstream of Fyn and when Pyk2 is activated following its phosphorylation at Tyr402, it phosphorylates and activates Fyn, which can then phosphorylate GluN2B at Tyr1472. Consequently, activation of Pyk2 leads to a greater phosphorylation and increased surface expression of GluN2B (Le et al., 2006), as well as enhanced phosphorylation of ERK1/2 (Nicodemo et al., 2010). Interestingly, the inhibition of Pyk2 results in blockage of LTP induction (Huang et al., 2001). As discussed earlier, Pyk2 is a substrate of STEP, and thus Pyk2 dephosphorylation by STEP would oppose these processes and impairs synaptic plasticity. In support of this, upregulated phosphorylation of Pyk2 was reported in STEP KO mice (Venkitaramani et al., 2011).

Numerous studies have suggested that BDNF and its receptor TrkB signaling alterations were also implicated in synaptic plasticity and memory impairments, and evidence suggested that this might be related to STEP dysregulation. For example, it was reported that the decreased BDNF level in AD was associated with reduced cortical cholinergic synapses, emphasizing the fact that dysregulation of BDNF might affect cholinergic synapses and thus synaptic plasticity (Amidfar et al., 2020). Recently, it was shown that upregulation of BDNF/TrkB mRNAs expression in the hippocampus is associated with improvement of memory (Amidfar et al., 2018). Moreover, alterations in BDNF expression and BDNF/TrkB signaling pathway might induce synapse loss and the consequent cognitive dysfunction (Song et al., 2015), while early downregulation of BDNF in AD was associated with the severity of cognitive impairments (Peng et al., 2005; Garzon and Fahnestock, 2007). In addition, BDNF/TrkB deprivation was recently found to activate JAK2/STAT3 pathway, leading to the upregulation of C/EBPβ, which in turn, increased the expression of asparaginyl endopeptidase (AEP), resulting in the cleavage of both APP and Tau, thus aggravating neuronal loss. Interestingly, inhibition of this cascade was able to rescue synaptic plasticity and cognitive impairments (Wang et al., 2019). CREB was shown to induce transcription and translation of BDNF (which binds to TrKB) leading to the phosphorylation of AMPA and NMDA receptors, while Aβ-induced inactivation of PKA/Akt inactivates CREB, and induces deficient BDNF/TrKB signaling leading to hippocampal synapse loss, synaptic plasticity and memory impairments in AD (Amidfar et al., 2020). Interestingly, it was found that BDNF/TrkB signaling can induce a decrease in the protein level of STEP in primary cortical neurons, via rapid ubiquitination and degradation of STEP, while downregulation of BDNF in cell and animal models increased the level of STEP (Saavedra et al., 2016; Xu et al., 2016). Moreover, the use of TrkB antagonist led to STEP accumulation and impaired long-term memory formation (Saavedra et al., 2019). The levels of Tyr phosphorylation of GluN2B and pERK1/2 were also increased in neuronal cultures following BDNF treatment or TrkB activation (Saavedra et al., 2016; Xu et al., 2016). Together, these studies indicate that the increased STEP in AD patients and animal models might possibly reflect the alterations in BDNF/TrkB signaling. In support of this hypothesis, it was reported that the TrkB signaling activator 7,8-DHF as well as the STEP inhibitor TC-2153 both ameliorated motor hyperactivity and Tyr phosphorylation of STEP substrates in BDNF± mice (Xu et al., 2016).

Moreover, in other neurological disorder models, either pharmacological or genetic inhibition of STEP was able to ameliorate behavioral alterations. For example, it was found that inhibition of STEP improved locomotion, hyperactivity, memory, novel object recognition, anxiety and sociability observed in different models of SZ as well as in a model of FXS (Chatterjee et al., 2018; Xu et al., 2018). Furthermore, genetic deletion of STEP could delay the onset of motor dysfunction and prevent the appearance of cognitive deficits in R6/1 mice of HD, and this effect was associated with an increase in pERK1/2 levels and a reduction in the size of mHTT aggregates, in both the striatum and CA1 hippocampal region. Moreover, pharmacological inhibition of STEP with TC-2153 improved cognitive function in these mice (García-Forn et al., 2018).



STEP ALTERATIONS IN AD AND OTHER NEUROLOGICAL DISEASES

STriatal-Enriched protein tyrosine Phosphatase is highly expressed in different brain regions except in the cerebellum, thus, it is not surprising that many studies have evaluated and confirmed the implications of STEP in several neurodegenerative disorders (Table 2), including AD (Kurup et al., 2010; Zhang et al., 2010), Parkinson’s disease (Kurup et al., 2015), Huntington’s disease (Gladding et al., 2012), schizophrenia (Xu et al., 2018), fragile X syndrome (Chatterjee et al., 2018), age-related memory decline (Castonguay et al., 2018), depressive disorders (Elizabeth and Alexander, 2017) and in mouse model of Sepsis-Associated Encephalopathy (Zong et al., 2019).


TABLE 2. STEP alteration mechanisms in neurological disorders and the therapeutic strategies.
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Alzheimer’s Disease

There is accumulating evidence that STEP activity, Aβ levels, and synapse regulation are closely related. The level of STEP has been reported to be elevated in AD, the most common neurodegenerative disorder, including in the brain of post-mortem AD patients and in several AD mice models like the Tg2576 (Kurup et al., 2010), J20 (Chin et al., 2005), APP/PS1 (Zhang et al., 2013), and 3×Tg-AD mice (Zhang et al., 2010). The increment in STEP is believed to be the consequence of increased levels of Aβ in AD, which leads to the dysregulation of the UPS and activation of α7nAChRs, both of which eventually lead to an increase in the expression levels and activity of STEP (Kurup et al., 2010; Zhang et al., 2013). Aβ can bind to and activate α7nAChRs (Dineley et al., 2001; Stevens et al., 2003; Lacor et al., 2004), triggering calcium influx that activates PP2B, that in turn, inactivates DARPP-32, leading to the activation of PP1, which then dephosphorylates and activates STEP (Figure 4; Snyder et al., 2005). Consequently, the activated STEP can readily bind to and dephosphorylate its target proteins. It has been shown that transgenic AD mouse models as well as neurons exposed to Aβ show loss of spines (Lacor et al., 2004; Calabrese et al., 2007; Shankar et al., 2007; Wei et al., 2010; Spires-Jones and Hyman, 2014). Consistently, neurons treated with Aβ or those that overexpress APP exhibit decreased glutamatergic transmission (Ting et al., 2007). Moreover, exogenous Aβ treatment was shown to induce endocytosis of NMDA receptors through a STEP-dependent pathway (Kurup et al., 2010). Additionally, NMDA receptors are involved in the regulation of dendritic spine density and morphology (Ultanir et al., 2007), suggesting that STEP-mediated downregulation of NMDA receptors may contribute to the loss of synaptic density in AD. It was also believed that Aβ oligomers might also cause synaptic dysfunction by inducing PP2B-dependent internalization of AMPA receptor (Hsieh et al., 2006). Moreover, it was recently reported that STEP binding results in the dephosphorylation and decreased synaptic expression of GluA2, while synaptic expression of GluA2 is increased in the brain of STEP-KO mice (Won et al., 2019). This could therefore be at least one of the ways Aβ mediates AMPA receptor internalization and synaptic impairment. It was also observed that both neuronal cultures treated with Aβ and AD mouse models have an accumulation of active STEP (Chin et al., 2005; Kurup et al., 2010; Zhang et al., 2010, 2013) associated with the Aβ-mediated impairment of the UPS (Almeida et al., 2006; Tseng et al., 2008), since neither transcription nor translation of STEP was altered. Moreover, studies have reported an increase in STEP level as a result of Aβ-mediated disruption of the UPS pathway (Venkitaramani et al., 2007; Kurup et al., 2010). Thus, in AD, a decrease in its degradation together with an increase in its dephosphorylation would be in part responsible for the significant increase in the level of active STEP. The net outcome of increased active STEP in the brain is the dephosphorylation of GluN2B Tyr1472 and internalization of GluN1/GluN2B receptor complex (Snyder et al., 2005; Kurup et al., 2010; Zhang et al., 2010), dephosphorylation of the GluA2 subunit of AMPA receptor and internalization of GluA1/GluA2 complex (Zhang et al., 2008; Won et al., 2019), dephosphorylation and inactivation of Fyn, Pyk2 (Nguyen et al., 2002; Xu et al., 2012), ERK1/2 (Paul et al., 2003; Valjent et al., 2005; Paul and Connor, 2010), SPIN90 (Cho et al., 2013b; Figure 4). Taken together, these indicate that STEP mediates the Aβ induced synaptic plasticity and cognitive impairments seen in AD animal models as well as AD patients via inactivation of synapse related proteins and endocytosis of both NMDA and AMPA receptors.

As summarized above, substantial evidence has highlighted the implication of BDNF in AD (Peng et al., 2005; Garzon and Fahnestock, 2007; Song et al., 2015; Amidfar et al., 2018; Wang et al., 2019). Both protein levels and mRNA expression of BDNF were reported to be reduced in postmortem brain samples of AD patients (Tanila, 2017) and in animal models of AD resulting in decreased cholinergic synapses (Iulita et al., 2017; Amidfar et al., 2020). It is known that CREB could induce the transcription and translation of BDNF leading to the phosphorylation of AMPA and NMDA receptors, while Aβ can inactivate the PKA and dephosphorylate Akt which would inactivate CREB and induce deficit in BDNF pathway leading to hippocampal synaptic loss, synaptic plasticity impairment and memory deficit in AD (Amidfar et al., 2020). Activation of BDNF/TrkB signaling can induce a decrease in the protein level of STEP and increased phosphorylation of its substrates, while downregulation of BDNF had the opposite effect (Saavedra et al., 2016; Xu et al., 2016). The level of STEP was reported to be increased while that of BDNF to be decreased in AD patients and animal models. This is an indication that the decreased BDNF and/or BDNF/TrkB signaling in AD could possibly be, at least in part, responsible for the increase in the STEP level, suggesting that, in AD, Aβ induces alterations in BDNF/TrkB signaling to alter synaptic morphology possibly via increasing activation and protein level of STEP.

Another way that STEP mediates the Aβ-induced cognitive impairment is via the STEP dephosphorylation of SPIN90 that induce F- to G-actin depolymerization of cofilin (Cho et al., 2013a, b; Kommaddi et al., 2018). Moreover, STEP also disrupts the interaction of PSD-95 and Shank that is important in the maintenance of dendritic spine integrity (El-Husseini et al., 2000; Sala et al., 2001). These together, lead to decreased size and density of dendritic spines and eventually spine collapse. This evidence highlights an additional pathway via which Aβ/STEP triggers AD pathology via reduced dendritic spine density and synapse loss which appears as the learning and memory and cognitive impairments seen in AD patients and AD animal models.



Parkinson’s Disease

Studies have also reported an upregulation of STEP in PD brain as well as in MPTP-induced PD model (Kurup et al., 2015), the next most common neurodegenerative disorder after AD, which is characterized by loss of dopaminergic neurons in the substantia nigra and dopamine depletion in the striatum (Saiki et al., 2012). The increase in STEP is correlated with a decrease in the phosphorylation of ERK1/2 and CREB, an effect that might contribute to the synaptic and cognitive impairments seen in PD (Kurup et al., 2015). There is substantial evidence indicating that a decrease in the expression of parkin, a product of PARK2 gene, is involved in the genetic forms of PD. This is supported by the fact that mutations of the PARK2 gene result in an autosomal recessive juvenile parkinsonism with early onset of PD symptoms (Shimura et al., 2000; Tanaka et al., 2004), and alterations in the activity of parkin were involved in both familial and sporadic PD (Sriram et al., 2005; Dawson and Dawson, 2010, 2014). Moreover, the dopaminergic neurotoxins MPP+ and MPTP induced alterations in the levels or activity of parkin with consequent accumulation in pathogenic parkin substrates such as AIMP2 and PARIS (Ko et al., 2010; Imam et al., 2011; Dawson and Dawson, 2014). Interestingly, the level of STEP is increased in both human PD samples and PD models (Kurup et al., 2015). STEP is normally degraded via the ubiquitin proteasome system, and it was found that parkin is an E3 ligase that ubiquitinates STEP in vivo and in vitro, suggesting that the decrease in parkin activity might be responsible for the observed increase in STEP protein in PD (Kurup et al., 2015). In support of this, it was found that shRNA-downregulated and parkin KO rats showed an increase in the level of STEP, and that STEP upregulation was associated with down-regulation of synaptic proteins in the striatum (Kurup et al., 2015). Interestingly, the striatum of PARK2 KO mice showed a decrease in evoked dopamine release and resulted in impaired LTP and LTD in striatal medium spiny neurons (Kitada et al., 2009). As reviewed above, increased STEP can impair LTP and LTD via inactivation of its substrates including GluN2B, GluA2, ERK1/2, Fyn and others. Thus, these indicate that the reduction in dopamine release in PARK2 KO mice might decrease the PKA-induced STEP phosphorylation (inactivation), resulting in increased STEP activity and consequent cognitive deficits seen in PD. Consistent with this, it was found that PKA-mediated phosphorylation of STEP correlated with enhanced motor learning, and attenuating striatal STEP activity via PKA phosphorylation was believed to be associated with a striatal molecular pathway involved in the consolidation of complex motor skills during motor learning (Chagniel et al., 2014).

Moreover, it was also found that BDNF signaling could lead to a rapid ubiquitination and degradation of STEP via binding to its receptor TrkB, which results in the activation of the phospholipase Cγ and protein kinase C (PKC) pathways (Saavedra et al., 2016; Xu et al., 2016). Decreased neurotrophic factor signaling has been proposed to be implicated in the pathophysiology of PD (Baquet et al., 2005; Rangasamy et al., 2010; He et al., 2013), and STEP levels are increased in human PD samples and MPTP-lesioned mice (Kurup et al., 2015). These are indications that the increase in STEP expression levels in PD could be the result of decreased neurotrophic factor signaling which may probably contribute to PD pathophysiology. In line with this, previous studies reported that inhibiting PTPs protected dopaminergic neurons from PD toxins by activating ERK1/2 via increasing BDNF signaling (Lu et al., 2002), and that phosphorylation of ERK1/2 and CREB was decreased in sporadic PD samples (Kurup et al., 2015). In summary, BDNF leads to a downregulation of the protein level of STEP, whereas increased STEP levels result in decreased pERK1/2/pCREB-mediated expression of BDNF, suggesting a feedback regulation.



Huntington’s Disease

STriatal-Enriched protein tyrosine Phosphatase alterations have also been documented in Huntington’s Disease (HD), a genetic disorder characterized by progressive neurodegeneration, poor muscle coordination, mood disorders, and dementia (Ross and Tabrizi, 2011). There are controversies in the dysregulation of STEP in HD as both downregulation and upregulation have been observed. For instance, a study by Saavedra et al., reported a decreased STEP activity. In their study, these authors showed that with age a decrease in protein level of STEP was observed in the striatum and cortex of R6/1 HD mouse model, while increased STEP phosphorylation was seen in striatum, cortex and hippocampus (Saavedra et al., 2011). These changes together resulted in decreased STEP activity which correlated with enhanced PKA and reduced PP2B activities as well as an increased phosphorylation of two STEP substrates ERK1/2 and p38. Downregulation of STEP activity was also reported in other HD mouse models including R6/2, Tet/HD94, and HdhQ7/Q111 (Saavedra et al., 2011). Interestingly, it was reported that R6/1 mice showed resistance to quinpirole, an NMDA receptor agonist, induced excitotoxicity (Hansson et al., 2001), while co-administration of quinpirole with WT TAT-STEP exacerbated excitotoxicity in both WT and R6/1 mice (Saavedra et al., 2011). These findings suggest that STEP increases the vulnerability of striatal neurons to excitotoxity and that the decreased STEP in HD mouse models may confer to these mice their resistance to excitotoxicity. In support of this, a decrease in the mRNA levels of STEP was previously reported in the caudate nucleus and cortex of HD patients (Hodges et al., 2006) as well as in the striatum of R6/1 mice (Desplats et al., 2006).

On the other hand, a recent study revealed that genetic deletion of STEP delayed both the onset of motor dysfunction and the decrease of striatal DARPP-32 levels, and prevented the appearance of cognitive deficits in R6/1 mice (García-Forn et al., 2018). Importantly, this was associated with an increase in pERK1/2 levels and a reduction in the size of mHTT aggregates, in both the striatum and CA1 hippocampal region. Moreover, pharmacological inhibition of STEP with TC-2153 improved cognitive function in these mice (García-Forn et al., 2018). In addition, another study also reported a significantly increased synaptic STEP activity in the striatum of YAC128, a mouse model of HD, compared to WT mice, and this correlated with decreased GluN2B Y1472 phosphorylation (Gladding et al., 2012). Moreover, calpain activation leads to GluN2B cleavage at both synaptic and extra-synaptic sites, thereby further decreasing surface expression of GluN2B. These authors also showed that in striatal neuron cultures C-S mutant TAT-STEP (non-active STEP) significantly increased VGLUT1-GluN2B colocalization, as well as increasing Try1472 phosphorylation and synaptic GluN2B expression, while in vivo STEP inhibition also increased synaptic GluN2B expression in the YAC128 striatum (Gladding et al., 2012). Of interest is the fact that combined inhibition of STEP and calpain reduced extra-synaptic, but increases synaptic expression of GluN2B in the YAC128 striatum (Gladding et al., 2012). These results together suggest that upregulated activity of both STEP and calpain could be responsible for the mis-localization of NMDAR from synaptic to extra-synaptic site in YAC128 mouse model of HD.

The discrepancies reported in the dysregulation of the level of STEP in these HD animal models could be attributed to the differential mechanisms involved. Whereas Saavedra et al., focused on the dopaminergic activation of PKA, García-Forn et al., highlighted the role of DARPP-32 pathway. However, further investigations are needed to clarify the existing differences. Another potential reason could be the HD animal model used.



Fragile-X Syndrome

Fragile-X syndrome (FXS) is another neurological disorder, the leading cause of inherited intellectual disability, with core symptoms including cognitive deficits, anxiety and seizures. This condition is mainly due to a genetic alteration that suppresses the transcription of Fmr1 gene. Interestingly, this gene was shown to be related to learning and memory functions as suggested by the fact that Fmr1 KO mice have decreased surface expression of NMDA and AMPA receptors (Suvrathan et al., 2010; Eadie et al., 2012). FMRP, the product of Fmr1 expression, normally binds to and suppresses dendritic translation of a myriad of mRNAs following mGlu5 stimulation (Antar and Bassell, 2003; Bear et al., 2004). Therefore, due to the absence of FMRP in FXS, the translation of many of these mRNAs is upregulated including STEP mRNA (Huber et al., 2002; Hou et al., 2006; Gross et al., 2010; Darnell et al., 2011; Chatterjee et al., 2018). It was found that STEP mRNA can associate with FMRP (Darnell et al., 2011; Goebel-Goody et al., 2012a), and upregulation of STEP translation was demonstrated in Fmr1 KO (Goebel-Goody et al., 2012b; Chatterjee et al., 2018). Moreover, the mGlu5 agonist, DHPG, leads to a rapid and dose-dependent increase in STEP translation (Zhang et al., 2008), while STEP inhibition was found to be beneficial in maintaining synaptic homeostasis in the hippocampal neurons in mouse models of FXS (Chatterjee et al., 2018). Interestingly, a decrease in both audiogenic seizures and seizure-induced c-Fos-positive neurons in the periaqueductal gray matter were observed in STEP/Fmr1 double KO mice compared to Fmr1 KO (Goebel-Goody et al., 2012b). In addition, the STEP inhibitor TC-2153 was found to reverse audiogenic seizure incidences, hyperactivity, mGlu5-mediated exaggerated LTD, ameliorated behavioral alterations like anxiety, and sociability in Fmr1 KO mice, as well as improved synaptic aberrations both in vivo and in Fmr1 KO neuronal cultures (Chatterjee et al., 2018). These results imply that the translation of STEP is increased in FXS model as a result of Fmr1 gene downregulation, and decreased STEP expression is associated with improvement of the cognitive impairments.



Schizophrenia

Alterations in STEP are also observed in schizophrenia (SZ), a neurological disease with complex etiology, where neuronal dysfunction, genetics, and environment come together (Tsuang et al., 2001; van de Leemput et al., 2016). Cognitive deficits are some of the symptoms of patients with SZ, and one proposed mechanism involved in the behavioral alterations in SZ is decreased NMDAR function and/or decreased surface expression of NMDARs (Xu et al., 2018). Several studies have provided results that are consistent with this hypothesis. For instance, a study reported abnormalities in glutamate receptor density in postmortem SZ brains in the prefrontal cortex, temporal lobe, and thalamus (Goebel-Goody et al., 2012a). In addition, a decrease in the mRNA level of GluN1 was reported in postmortem SZ brain, and it was correlated with antemortem severity of cognitive impairment (Humphries et al., 1996; Catts et al., 2016), while d-serine and glycine (facilitators of NMDRs activation) administration improved symptoms in medicated SZ patients (Kantrowitz et al., 2010; Balu and Coyle, 2015). Moreover, SZ-like behaviors were reported in mice with reduced expression of NMDAR (Belforte et al., 2010), and in persons taking non-competitive NMDAR antagonists like phencyclidine (PCP) or ketamine (Goebel-Goody et al., 2012a). In line with this, it was found that NRG1, a growth factor that promotes phosphorylation and surface retention of NMDARs was mutated in patients with SZ (Stefansson et al., 2004; Loh et al., 2013). Upon binding to its receptor (ErbB4), NRG1 normally activates Fyn leading to Tyr1472 phosphorylation and surface expression of GluN2B (Bjarnadottir et al., 2007). This finding is supported by a study where NRG1/ErbB4 signaling was revealed to promote synaptic incorporation of NMDARs via NRG1/ErbB4-stimulated binding of PSD-95 to Erbin (Barros et al., 2009). Moreover, Tyr1472 phosphorylation of GluN2B was found to be decreased in NRG1 heterozygous mice (Bjarnadottir et al., 2007; Xu et al., 2018). Also, the locomotor and cognitive deficits induced by the NMDA receptor antagonist MK801 and PCP were attenuated in STEP KO mice (Carty et al., 2012). All these suggest that increase in STEP might be responsible for the SZ symptoms via decreasing surface NMDA receptors. However, an opposite result was reported by Pitcher et al., where stimulation of NRG1 was reported to attenuate NMDAR activity via suppressing Src-mediated phosphorylation of GluN2B and potentiation of NMDARs (Pitcher et al., 2011). This evidence, therefore, suggests that NRG1 hyperactivation in SZ leads to NMDAR hypofunction (Hahn et al., 2006). The above-mentioned discrepancy could be attributed to differential effect of the two different kinases Fyn and Src evaluated in these two studies, even though these are both SFKs, and thus further investigation is needed to explore the pathways involved. It is clear that NMDA receptors’ hypofunction is implicated in SZ, and STEP can decrease both surface expression and activity of these receptors. Thus, STEP might also be involved in SZ. Interestingly, it was recently found that the protein levels of STEP are significantly upregulated in heterozygous NRG1 and CNS-specific ErbB2/4 KO mouse models of SZ, hiPSC neurons from forebrain of SZ patients (Xu et al., 2018), and in the cortex of postmortem SZ patients (Carty et al., 2012). Also, genetically eliminating STEP in mice decreased their susceptibility to PCP-induced locomotor activity and cognitive deficits when compared with WT mice (Carty et al., 2012; Xu et al., 2018). Moreover, treatment of WT mice with neuroleptics (haloperidol, clozapine, and risperidone), used to treat SZ, increased the PKA-mediated Ser221 phosphorylation of STEP via DARPP-32/PP1 pathway, along with increased phosphorylation of GluN2B, Pyk2, and ERK1/2, and surface expression of GluN2B (Carty et al., 2012). Additionally, both pharmacological and genetic inhibition of STEP increased the phosphorylation of NRG1, GluN2B and ERK1/2 (Xu et al., 2018). Together, the data summarized here clearly indicate the implication of STEP in the etiopathogenesis of SZ.




STEP AS THERAPEUTIC TARGET

Several studies have documented the involvement of STEP in several neuropsychiatric disorders, including Alzheimer’s disease (Kurup et al., 2010; Zhang et al., 2010), Parkinson’s disease (Kurup et al., 2015), Huntington’s disease (Gladding et al., 2012), Schizophrenia (Xu et al., 2018), Fragile X syndrome (Chatterjee et al., 2018), age-related memory decline (Castonguay et al., 2018) and depressive disorders (Elizabeth and Alexander, 2017; Table 2). Most of these disorders have reported an increase in the STEP protein level and/or activity, thus making STEP an important therapeutic target leading to the search and development of STEP inhibitors. The level of STEP has been reported to be elevated in AD, including in post-mortem AD patients and several AD mice models (Chin et al., 2005; Kurup et al., 2010; Zhang et al., 2010, 2013). This increase in STEP is believed to be the consequence of the accumulation of Aβ that leads to the dysregulation of the UPS and activation of α7nAChRs, both of which eventually lead to increased levels of activated STEP (Kurup et al., 2010; Zhang et al., 2013). Interestingly, it was found that pharmacological (TC-2153) as well as genetic inhibition of STEP were able to ameliorate cognitive function and hippocampal memory in the 3×Tg-AD mouse model (Zhang et al., 2010; Xu et al., 2014). Moreover, it was reported that STEP inhibition not only improved cognitive functions, but also increased synaptic connectivity in both cell cultures and 3×Tg-AD mouse model (Chatterjee et al., 2021). Similar results were also reported in SZ models, where inhibition of STEP was sufficient to improve both biochemical and behavioral deficits in these SZ mice models (Xu et al., 2018). Also, in mice model of FXS, pharmacological inhibition of STEP with TC-2153 was able to reverse mGlu5-mediated exaggerated LTD, audiogenic seizure incidences, hyperactivity, ameliorated behavioral alterations like anxiety and sociability in Fmr1 KO mice, as well as improved synaptic aberrations both in vivo and in Fmr1 KO neuronal cultures (Chatterjee et al., 2018). TC-2153 was also reported to have antidepressant-like effect via decreasing both activity and protein level of the serotoninergic 5-HT2A receptor in the hippocampus and frontal cortex, but not in the striatum (Kulikova et al., 2018), and increasing BNDF in brains of mice genetically predisposed to depressive-like behavior (Kulikov et al., 2012). As reported earlier, BDNF was found to induce rapid STEP ubiquitination pathways (Saavedra et al., 2016; Xu et al., 2016). Therefore, the inhibition of STEP might be responsible for the increase in BDNF, which can further induce rapid degradation of STEP resulting in decreased STEP activity, and might consequently increase the phosphorylation of STEP substrates. In line with this, it was revealed that treatment of cortical neurons with TC-2153 as well as TC-2153 injection of mice induced a significant improvement in the Tyr phosphorylation of STEP substrates GluN2B, Pyk2, and ERK1/2, and behavioral deficits (Xu et al., 2014). In addition, crossing STEP KO mice with 3×Tg-AD mice improved cognitive alterations (Kurup et al., 2010; Zhang et al., 2010), and the STEP KO mice have facilitated learning abilities in hippocampal-dependent (Venkitaramani et al., 2011) as well as amygdala-dependent learning (Olausson et al., 2012). Overall, these findings indicate that STEP regulates learning and memory signaling pathways, and that elevated levels of STEP might disrupt synaptic plasticity and thus learning and memory formation.

TC-2153 is the currently most experimentally used STEP inhibitor. Interestingly, phosphatase assay following TC-2153 treatment showed selectivity toward STEP inhibition among an array of PTPs, including He-PTP and PTP-SL (Xu et al., 2014). Moreover, following injection with TC-2153, WT and STEP KO mice showed a significant increase in Tyr phosphorylation of ERK1/2 and Pyk2, only in the frontal cortex and hippocampus, but not in tissues outside of the brain or in the cerebellum which lack STEP (Xu et al., 2014). These together, indicate the selectivity of TC-2153 toward STEP, as compared to other phosphatases. The inhibitory effect of TC-2153 on STEP was speculated to probably be through the formation of a covalent bond within the catalytic domain of STEP involving a cysteine residue (Boivin et al., 2010). In line with this, mutation of the active cysteine to sulfur (C-S TAT-STEP) was found to produce an inactive form of STEP (Gladding et al., 2012).

Other STEP inhibitors are also under investigation and development. For instance, a substrate-based method called substrate activity screening (SAS) was also used to develop a low molecular weight STEP inhibitor 12t, which resulted in significant levels of STEP inhibition in rat cortical neurons (Baguley et al., 2013). The X-ray crystal structures of some of these STEP inhibitors were disclosed and these inhibitors showed a 15-60-fold selectivity toward STEP across a series of phosphatases (Witten et al., 2017). Using machine learning based computational models, another study also predicted two major compounds as candidate STEP inhibitors that could be potentially used for AD treatment (Jamal et al., 2015). Recently, a group of researchers combined molecular dynamics simulations and fragment-centric topographical mapping to identify transiently open cryptic pockets based on which they identified 12 new STEP inhibitors. Furthermore, they showed that the two most potent compounds ST2-5 and ST3-5 (analogs of ST2 and ST3) could reversibly bind and competitively inhibit STEP with selectivity for STEP against a panel of protein phosphatases. Moreover, these potent inhibitors were found to modulate the Tyr phosphorylation of both ERK1/2 and Pyk2, have relatively no toxicity in PC12 cell cultures, and also favor cell differentiation and migration functions (Hou et al., 2020). However, most of these STEP inhibitors are at their embryonic developmental level and further rigorous studies are needed to evaluate their therapeutic efficacy, selectivity, specificity and safety. It is unfortunate to note that some still lack enough drug availabilities for further development.

Although nearly all discussed diseases reported increase in STEP activity leading to STEP inhibitor development, a decreased activity of STEP has also been reported and STEP activator could also be beneficial. Recently, the discovery of the first small molecule allosteric activator of STEP (BI-0314) that binds to the phosphatase domain has been reported (Tautermann et al., 2019). BI-0314 is a hSTEP specific positive allosteric modulator which, due to the low conservation of the residues in the allosteric site, has been shown to be inactive when tested on two other related tyrosine phosphatases (Tautermann et al., 2019). However, further studies are warranted before in vivo testing of this molecule is carried out.



SUMMARY AND CONCLUDING REMARKS

From the data reviewed in this study, it is evident that increased STEP as a result of alteration of UPS, increased translation, as well as decreased phosphorylation (PKA and PP1) has been implicated in many neuropsychiatric diseases. This increase in STEP generally leads to a decreased phosphorylation of the STEP substrates which are basically found to be synapse related proteins. They include, but are not limited to, GluN2B, GluA2, GluA3, ERK1/2, p38, Fyn, Pyk2 and SPIN90. These alterations lead to internalization of NMDA and AMPA receptors, collapse and loss of dendritic spines together culminating into synaptic plasticity and learning and memory impairments, which are expressed in human patients and animal models of these diseases as cognitive deficits. In light of these observations, numerous studies have provided evidence of cognitive improvements following STEP inhibition. These improvements might be the reflection of improvements of healthy synaptic markers and morphology, reinforcing the role of STEP in AD and other neuropsychiatric pathologies. The observations that STEP is implicated in many neurological disorders, and the fact that modulating STEP level and activity have some beneficial effects in these disorders, make STEP a potential therapeutic target and led to the development of STEP inhibitors. These inhibitors are at their early developmental stage and, therefore, there is a long way to go before their clinical application. Although STEP inhibition has been reported, to be beneficial in improving both biochemical and behavioral parameters, it should be noted that, a study had reported that both genetic deletion and pharmacological inhibition of STEP were associated with thermal hyperalgesia and mechanical allodynia, accompanying the increased GluN2B Tyr1472 and ERK1/2 Thr202/Tyr204 phosphorylation in the lumbar spinal cord (Azkona et al., 2016). Moreover, a protective role of increased STEP activity has been reported, whereby a transient NMDA receptors stimulation increases STEP activity and appears to limit the duration of activation of the excitotoxicity and death related p38 MAPK and thus improving neuronal survival (Poddar et al., 2010). These findings suggest that the side effects of STEP inhibitors and the degree to which STEP should be inhibited have to be meticulously considered.

It has been over three decades since STEP was discovered to be involved in neurological diseases, however, there is still a lot to explore in the molecular mechanisms of STEP. For example, it will be interesting to investigate the molecular mechanisms responsible for initiating STEP ubiquitination which will further lead to a strategy in reducing STEP function. Moreover, discovering more STEP substrates and upstream modulators will also pave more opportunities in STEP therapeutics. Also, it was recently found that the activity of STEP is modulated by adenosine A2A receptor (A2AR) in neuronal cells. A2AR is a G protein-coupled receptor which is widely expressed in the brain where it regulates important functions, such as motor behavior and cognition (Chen et al., 2014; Pinna et al., 2018), and plays a key role in cell survival and neurodegeneration (Cunha, 2016). Interestingly, A2AR stimulation was found to result in PKA activation (Fresco et al., 2004; Borea et al., 2018), and was involved in cocaine-induced stimulation of STEP (Chiodi et al., 2014). Moreover, A2AR is considered as a promising target in the treatment of neuropsychiatric disorders, and so is STEP (Zhang et al., 2010; Xu et al., 2014, 2018; García-Forn et al., 2018). Recently, it was found that STEP activity was increased in NSEA2A (a transgenic rats overexpressing A2ARs in the CNS) compared to WT rats (Mallozzi et al., 2020). STEP was also reported to mediate the cocaine-induced synaptic transmission depression probably via reducing AMPA- and NMDA-mediated excitatory post-synaptic currents (Chiodi et al., 2014).
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Tau is a protein that associates with microtubules (MTs) and promotes their assembly and stability. The protein loses its ability to bind MTs in tauopathies, and detached tau can misfold and induce the pathological changes that characterize Alzheimer’s disease (AD). A growing body of evidence indicates that tauopathies can spread between cells or connected regions. Pathological tau transmission in the brain of patients with AD and other tauopathies is due to the spread of various tau species along neuroanatomically connected regions in a “prion-like” manner. This complex process involves multiple steps of secretion, cellular uptake, transcellular transfer, and/or seeding, but the precise mechanisms of tau pathology propagation remain unclear. This review summarizes the current evidence on the nature of propagative tau species and the possible steps involved in the process of tau pathology spread, including detachment from MTs, degradations, and secretion, and discusses the different mechanisms underlying the spread of tau pathology.

Keywords: tau, tauopathy, spread, toxicity, mechanism, Alzheimer’s disease


INTRODUCTION

The microtubule (MT)-binding protein tau is mainly expressed in the cytoplasm of neurons (Pérez et al., 2016) and plays key roles in regulating MT dynamics, axonal transport, and neurite outgrowth (Johnson and Stoothoff, 2004). Tau protein changes affect its MT-binding ability and consequently alter its normal physiological functions. For example, the phosphorylation of tau protein in and around its microtubule-binding domain (MBD) may neutralize its positive charges (Jho et al., 2010), alter MBD conformation, and lead to its detachment from MTs (Fischer et al., 2009). Once detached, tau accumulates in neurites and neuronal cell bodies, where it forms insoluble intracellular aggregates or inclusion bodies such as neurofibrillary tangles (NFTs), which are one of the major pathological features of Alzheimer’s disease (AD) (Lee et al., 2001; von Bergen et al., 2005; Zhang et al., 2009). Following detachment from MTs, tau can undergo structural transition, misfolding, and degradation (Frost et al., 2009). Tau can also be secreted into the extracellular space (Riemenschneider et al., 2003; Barthélemy et al., 2016) either in its naked form (Chai et al., 2012) or packaged in exosomes or other membranes (Saman et al., 2012; Simón et al., 2012; Polanco et al., 2016) following neuronal activity in mature neurons (Pooler et al., 2013; Dujardin et al., 2014b), neuron death (Gómez-Ramos et al., 2006), and/or when accumulated tau reaches a certain level in non-neuronal cells. In agreement with these findings, exogenous misfolded tau protein can be internalized by cells (Guo and Lee, 2011; Wu et al., 2013), a process that is mediated by heparin sulphate proteoglycans (HSPGs) and cell membrane receptors such as muscarinic (M1, M3) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, as well as via endocytosis (Gómez-Ramos et al., 2008; Holmes et al., 2013; Tian H. et al., 2013). Once internalized, pathogenic misfolded tau proteins act as “seeds” that recruits soluble endogenous tau into larger aberrant conformations (Jucker and Walker, 2013) that slowly propagate across interconnected brain regions, as shown in various animal models (Clavaguera et al., 2009, 2013; Lasagna-Reeves et al., 2012). Fibrillar tau species can also transfer between cells and then recruit endogenous tau proteins onto their ends (Kfoury et al., 2012), a mechanism that may be responsible for the intracerebral spread of tau pathology (de Calignon et al., 2012; Iba et al., 2013).

Tau pathology spreading between neuronal cells and adjacent brain regions is a complex process involving many physiological and pathological aspects of tau protein, including its degradation, secretion, transmission, and toxicity. However, the exact mechanism underlying the spread of tau pathology after its release from cells remains unclear, and understanding these processes is the focus of an increasing number of studies (Le et al., 2012; Mohamed et al., 2013). There is some evidence that progressive accumulation of tau pathology in affected brain regions during AD development is due to the spread of aggregated tau along anatomically connected pathways (Hanger et al., 2014; Clavaguera et al., 2015; Lewis and Dickson, 2016). Accumulation of aggregates leads to neuronal loss and trans-synaptic spread of tau aggregates to more distal regions of the brain (Liu et al., 2012; Croft et al., 2017). The spread of extracellular species is the main pathway propagating neurofibrillary lesions and tau toxicity throughout different brain regions in neurodegenerative diseases (Iba et al., 2013; Pérez et al., 2018). A better understanding of the precise molecular mechanisms underlying tau propagation will contribute to the development of new therapeutic approaches for halting this process and provide new perspectives for the early diagnosis and prevention of tau pathologies (Fuster-Matanzo et al., 2018; Pérez et al., 2018). This review covers the most recent advances in our understanding of tau-spreading mechanisms, as well as the underlying implications of tauopathy-associated toxicity in AD. We further outline the possible mechanisms involved in pathology propagation including tau protein detachment from MTs; tau cleavage; tau degradation; and the release, uptake, and movement of pathogenic tau among synaptically connected neurons (Usenovic et al., 2015).



PHYSIOLOGICAL CHARACTERISTICS AND DISSOCIATION OF TAU PROTEIN FROM MTs

Tau protein can be divided into four functional domains: an N-terminal projection region, a proline-rich domain, an MBD, and a C-terminal region (Goedert and Spillantini, 2011). Tau can bind to the outside—and possibly also the inside—of MTs with the N- and C-terminal regions projecting out (Kar et al., 2003; Santarella et al., 2004). The N-terminal region can associate with the cell membrane and may be as a part of a membrane-associated complex; it also regulates the spacing between MTs (Maas et al., 2000; Al-Bassam et al., 2002). The proline-rich domain includes multiple phosphorylation sites (Augustinack et al., 2002) and can bind to Src homology 3 (SH3) domains of other proteins (Reynolds et al., 2008) such as the tyrosine kinase Fyn (Lee et al., 1998; Figure 1). Tau protein not only plays a crucial role in regulating MT dynamics but also promotes MT assembly and stabilization, processes that are required for morphogenesis and axonal transport in the nervous system (Johnson and Hartigan, 1999). However, the ability of tau to stabilize MTs is due in large part to its MBD (Gustke et al., 1994). Tau is thought to directly bind MTs through positively charged tandem repeat sequences within its MBD that are attracted to tubulin’s negatively charged residues (Kar et al., 2003; Jho et al., 2010).
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FIGURE 1. Structural features of the tau protein. The human tau gene, microtubule-associated protein tau (MAPT), contains 16 exons; alternative splicing of exons 2, 3, and 10 generates six tau protein isoforms: oN3R, 1N4R, 2N3R, 0N4R, 1N4R, and 2N4R. Full-length human tau protein (2N4R) contains 441 amino acids and four functional domains: an N-terminal projection region, a proline-rich domain, a microtubule-binding domain (MBD), and a C-terminal region. The N-terminal inserts are N1 and N2. The proline-rich domains P1 and P2 contain many phosphorylation sites and can bind to SH3 domains of other proteins, such as the tyrosine kinase Fyn. R1-R4 make up the repeat domain, which, together with the R’-flanking region, constitute the MT-binding domain. Two sequences are necessary for tau aggregation: 275VQIINK280 and 306VQIVYK311.


The human tau gene, microtubule-associated protein tau (MAPT), is located on chromosome 17q21 and comprises 16 exons. Alternative splicing of exons 2, 3, and 10 generates six isoforms of the tau protein (Goedert et al., 1989). They are equally expressed in central nervous system neurons of a healthy adult brain (Goedert et al., 1989; Garcia and Cleveland, 2001), and can be grouped into tau-3R class members, which contain three MT-binding repeats (MTBRs), and tau-4R class members contain four MTBRs (Figure 1). Because of the extra repeat, 4R isoforms have a higher affinity for MTs and can therefore bind and stabilize MTs more efficiently (Goedert and Spillantini, 2011; Morris et al., 2011; Chen and Jiang, 2019).

Tau protein functions are regulated by complex post-translational modifications including phosphorylation, glycation, isomerization, sumoylation, nitration, acetylation, and truncation (Morris et al., 2011). Moreover, tau contains numerous serine and threonine residues, so almost 20% of the protein has the potential to be phosphorylated (Wang and Mandelkow, 2016). The phosphorylation state of tau and its MT-binding affinity are controlled by a balance between kinase and phosphatase activity (Brandt et al., 1995; Shackelford and Yeh, 1998). Tau phosphorylation is mediated by MT affinity-regulating kinases (also known as PAR1 kinases), cyclic AMP-dependent protein kinase A, calcium (Ca2+), or calmodulin-dependent protein kinase II (CaMKII), and tyrosine kinases like Src family members (Hanger et al., 2009). The activation of tau phosphorylation-associated kinases (e.g., CDK-5 and GSK-3β) can induce tau hyperphosphorylation, which drives dissociation of tau protein from MTs (Hanger et al., 2009). Dissociated tau can misfold and become toxic seeds that are secreted from the cell. In contrast, fully dephosphorylated tau binds to MTs with high affinity (Shackelford and Yeh, 1998). Tau dephosphorylation is mediated by protein phosphatases 1, 2A, 2B, 2C, and 5 (Hanger et al., 2009; Pérez et al., 2018). In addition, detached tau can accumulate in neurites and neuronal cell bodies, first forming insoluble filaments and eventually NFTs (Lee et al., 2001; von Bergen et al., 2005; Figure 2). Abnormal tau phosphorylation decreases MT binding and likely increases tau-tau interactions (Morris et al., 2011). Physiologically, tau is continuously phosphorylated and dephosphorylated to ensure its proper function; however, when the balance shifts toward phosphorylation, tau affinity for MTs decreases (Alonso et al., 1997), resulting in higher cytosolic tau levels, which facilitates tau aggregation (Wegmann et al., 2018). Additionally, aberrantly phosphorylated tau protein appears to sequester other microtubule-associated proteins (MAPs), further destabilizing MTs (Alonso et al., 1997). Similarly, aberrant tau phosphorylation and self-aggregation lead to the formation of oligomers and higher-order aggregates that can lead to tau detachment from MTs and disturb the binding of other MAPs to MTs (von Bergen et al., 2000).
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FIGURE 2. Detachment of tau protein from MTs. The full-length tau protein binds to MTs, stabilizing them under the regulation of phosphatases (e.g., PP1, PP2A, PP2B, PP2C, and PP5). When tau protein phosphorylates, tau protein will detach from MTs. The microtubules will destabilize and dissociate. Detached tau fragments form tau aggregation, which ultimately leads to the formation of NFTs. At the same time, phosphorylated tau protein and detached tau fragments misfold and form tau oligomers, which are the precursors of NFTs, or toxic tau seeds.




TAU PROTEIN CLEAVAGE AND DEGRADATION

Tau cleavage and degradation are closely related to its pathological transmission and aggregation. The cleavage of tau generates seeds that promote tau aggregation (Wang et al., 2014), alter tau clearance, and can impair cognition and motor ability (Bondulich et al., 2016). Tau cleavage occurs at its N- and C-terminals (García-Sierra et al., 2008) and depends on associated proteases, mainly caspase-3, calpain, and cathepsin L (Wang et al., 2009; de Calignon et al., 2010; Table 1). Tau truncation can be initiated by caspase-3, which cleaves tau at residue D421, its predominant target (Chung et al., 2001). Caspase-3 can be activated by amyloid-beta (Aβ) and caspase-2 (Gamblin et al., 2003), following which caspase-3 can cleave tau at D25-Q26 (Corsetti et al., 2008) and D421-S422 (Gamblin et al., 2003). Cleavage at D421-S422 produces the N-terminal fragment (NTF) tau1–421 (Tau-C) (Nicholls et al., 2017). Caspase-2 is a protease that initiates activation of other caspases; it cleaves tau at D314-L315 to produce a soluble, toxic NTF (tau1–314; △tau314; Zhao et al., 2016). Tau1–314 levels were elevated in the brains of mice with mild cognitive impairment (MCI) and in the brains of AD patients compared with healthy controls (Zhao et al., 2016). Moreover, memory deficits were ameliorated following the application of anticaspase-2 morpholino oligonucleotides (Zhao et al., 2016). However, in vitro experiments using recombinant tau preparations suggested that caspase-2 preferentially cleaves tau at D421-S422 (Zhao et al., 2016). Another effector caspase, caspase-6, and puromycin-sensitive aminopeptidase (PSA) were reported to cleave recombinant human tau441 at D13-H14 (Sengupta et al., 2006), which was sufficient to cause axonal degeneration (Sokolowski et al., 2014). Caspase-6 cleavage at D402-T403 produces the NTF tau1–402, a cerebrospinal fluid (CSF) biomarker for AD (Ramcharitar et al., 2013). In addition, calpain-1 and -2 can both cleave tau (Chesser et al., 2013) and play opposing roles in regulating synaptic plasticity and promoting neurodegeneration (Baudry and Bi, 2016). The 17-kDa tau45–230 fragment is generated through cleavage by calpain-1 at K44-E45 (Yang and Ksiezak-Reding, 1995) or via calpain-1 (Park and Ferreira, 2005) or -2 (Garg et al., 2011) action at R230-T231. Tau is also cleaved by calpain-1 at R242-L243 to produce the 24-kDa C-terminal fragment (CTF) tau243–441 (Matsumoto et al., 2015). The levels of the tau243–441 fragment increase with aging in a tauopathy mouse model (Tg601 mice expressing wild-type human tau), and CTFs with sizes ranging from 20 to 28 kDa are present in brain samples from patients with AD and familial frontotemporal dementia (Matsumoto et al., 2015). Tau243–441 can proficiently propagate to other tau-expressing cells, leading to further seeding and tau441 phosphorylation (Matsumoto et al., 2015). Interestingly, tau441 build up can activate calpain-2, which leads to the degradation of nicotinic acetylcholine receptor subunit 4 (Yin et al., 2016), a crucial component of cholinergic signaling. Calpain-2 activation by tau441 creates a positive feedback loop that enhances neurotoxic tau fragment generation. Cathepsins B, D, and L can also proteolytically cleave tau. One study reported that cathepsin B was associated with intracellular NFTs, and its expression was elevated around Aβ plaques (Ii et al., 1993). Cathepsin D can cleave recombinant tau at F8-E9, M419-V420, and L436-A437; there is another potential cleavage site at either T427-L428 or L428-A429 and additional cleavage sites in D34-G161, P200-K257, and K267-D358 (Kenessey et al., 1997). In Neuro-2A murine cells, cathepsin L can cleave tau244–372 (lacking K280; tauRD△K), which is a mutated version of the aggregation-prone MBD tau fragment (García-Sierra et al., 2008). TauRD△K cleavage by cathepsin L depends on an initial cleavage at K257-S258 by an unknown cytosolic protease that generates tau258–372; this fragment is further cleaved by cathepsin L at V363-P364 to produce tau258–363 that is subsequently cleaved at I360-T361 to produce tau258–360 (García-Sierra et al., 2008). Tau258–360 and tau258–363 induce aggregation of intact tauRD△K and full-length tau, which is coincident with lysosomal leakage (García-Sierra et al., 2008). Asparagine endopeptidase-mediated tau cleavage occurs at both N255-V256 and N368-K369 and produces five tau fragments. Among them, tau1–368 and tau256–368 were the only critical drivers of enhanced apoptosis in rat primary neurons, while only tau1–368 has been found in the brains of patients with AD (Zhang et al., 2014; Quinn et al., 2018).


TABLE 1. Tau protein cleavage at different sites by known proteases.
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Intracellular tau degradation mainly involves two major proteolytic systems: ubiquitin-proteasome and autophagy-lysosomal (Chesser et al., 2013; Lee et al., 2013; Guo et al., 2017). Full-length tau is cleared via the former system (Liu et al., 2009; Dolan and Johnson, 2010), whereas its mutated and truncated forms appear to be degraded through the latter pathway (García-Sierra et al., 2008; Fernández-Montoya and Pérez, 2015). Moreover, tau phosphorylation can exacerbate its proteolytic degradation (Kenessey et al., 1997), while hyperphosphorylation is associated with impaired tau degradation via the ubiquitin-proteasome system (Dickey et al., 2007) and tau secretion. Tau can undergo natural self-degradation at cysteine residues by acetyl-coenzyme A-induced autoacetylation (Cohen et al., 2016) following its dissociation from MTs (Cohen et al., 2013, 2016). Tau accumulation can also result from increased expression or decreased degradation of the protein (Barton et al., 1990; Zhang et al., 2014), and degradation is impaired by a modified form of tau (Zhang et al., 2014). Thus, tau acetylation may both inhibit and facilitate its degradation and also suppress its phosphorylation and aggregation (Min et al., 2010; Cook et al., 2014). Acetylated tau has been found in brains from patients with AD and other tauopathies. For example, Lys174 acetylation was recently described in AD brains and may be a critical determinant for tau-induced toxicity by delaying tau turnover (Min et al., 2015). This result indicates that targeting tau acetylation could be a novel therapeutic option for AD and other human tauopathies.



SECRETION AND RELEASE OF TAU FRAGMENTS

Although tau is intracellular, recent studies have indicated that it is also present in the extracellular space both in vitro and in vivo (Kim et al., 2010a,b; Chai et al., 2012). Tau has been detected in both the CSF and interstitial fluid of tau transgenic mouse brains (Yamada et al., 2011; Barten et al., 2012). In vitro studies have shown that human tau is secreted by both neuronal and non-neuronal cell lines when the protein is overexpressed (Chai et al., 2012; Saman et al., 2012; Simón et al., 2012; Pérez et al., 2016). Extracellular tau may elicit toxicity (Gómez-Ramos et al., 2006; Díaz-Hernández et al., 2010) by binding to cellular receptors such as muscarinic receptors (Gómez-Ramos et al., 2008), but the mechanisms by which tau exits into the extracellular space remain unclear (Nickel and Rabouille, 2009). Another study showed that tau can be released into the extracellular space following neuronal death (Simón et al., 2012) and can subsequently be identified in the CSF (Iqbal et al., 2005). Secreted extracellular tau can be toxic to surrounding cells through interactions with specific cell receptors (Gómez-Ramos et al., 2008; Díaz-Hernández et al., 2010; Figure 3). This toxic effect may result in cell death and the subsequent detection of tau in the CSF of patients with disorders such as AD (Iqbal et al., 2005; Yamada et al., 2011). Additionally, in affected regions such as the hippocampus, there is an inverse relationship between the numbers of surviving cells and extracellular tangles (Cras et al., 1995; Fukutani et al., 1995). This suggests that degenerating neurons containing fibrillar lesions might release NFT contents into the extracellular environment (Goedert, 1999). Meanwhile, several in vitro and in vivo studies reported that stimulation of neuronal activity can regulate the physiological secretion of endogenous tau by cortical neurons and enhance the release of pathological tau, a process that is Ca2+-dependent and modulated by phosphorylation (Sokolow et al., 2015; Fá et al., 2016; Wang et al., 2017). AMPA receptor stimulation promotes tau release through a Ca2+-dependent mechanism and the exocytosis of presynaptic vesicles. AMPA receptor stimulation generates action potentials that increase presynaptic Ca2+ concentrations, evoking vesicle release (Schmitz et al., 2009), and this plays a role in Ca2+-mediated regulation of neuronal tau release (Pooler et al., 2013). The relationship between neuronal activity and tau release appears to be bidirectional; both extracellular tau and Aβ perpetuate further neuronal tau release through feedback mechanisms (Bright et al., 2015). These results indicate that tau release partially occurs in a neuronal excitability-dependent manner in response to regional changes in the AD brain.
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FIGURE 3. Tau protein secretion and release. The possible mechanisms underlying the presence of tau in the extracellular space include cell death, neuroactive stimulation, constitutive secretion, and unconventional secretion. A small amount of tau can be released into the extracellular space in free form or by penetrating adjacent membranes, which can be achieved by stimulating neuroactivity or constitutive secretion. However, the methods involved in unconventional tau protein secretion include (1) non-vesicular direct translocation across the plasma membrane from the cytoplasm and extracellular trapping via HSPGs, (2) release via secretory lysosomes that fuse with the plasma membrane and release their contents into the extracellular space, (3) microvesicle shedding from the plasma membrane, and (4) vesicle-mediated exosome release. Tau can also be secreted by both neuronal and non-neuronal cells when tau protein is exogenously expressed, while extracellular tau can bind muscarinic (M1, M3) receptors. Tau may also be released through nanotubes that connect the cytoplasmic compartments of adjoining cells.


Tau can also be detected in the extracellular space before neurodegeneration, indicating that it can be released through mechanisms other than cell death (Yamada et al., 2011; Barten et al., 2012). Preliminary results demonstrated that tau can be released into the extracellular space via membrane vesicles in the absence of cell death (Simón et al., 2012). Tau secretion likely transpires via the unconventional vesicular- or non-vesicular-mediated secretory pathway since tau lacks an apparent endoplasmic reticulum-targeting sequence, which is necessary in the conventional secretory pathway (Yamada, 2017). Vesicle-mediated secretion might serve as a mechanism to regulate (proteostasis) cellular tau concentrations, maintaining them below a certain threshold level (Simón et al., 2012). Tau can also be transported through membrane vesicles after lysosomal degradation (García-Sierra et al., 2008). Four different mechanisms have been proposed for the unconventional secretion of soluble, cytoplasmic tau: (1) non-vesicular direct translocation from the cytoplasm across the plasma membrane, (2) release via secretory lysosomes that fuse with plasma membranes and release their contents into the extracellular space, (3) microvesicle shedding from the plasma membrane, and (4) vesicle-mediated exosome release (Nickel and Rabouille, 2009; Saman et al., 2012). In the last two scenarios, tau is surrounded by a membrane when it is released into the extracellular space (Nickel and Rabouille, 2009; Chai et al., 2012); Figure 3). It has also been proposed that tau may be released from cells through an exosome-independent pathway that requires heat shock cognate 70, its co-chaperone DnaJ (Hsp40), and synaptosomal-associated protein 23 (Fontaine et al., 2016). Additionally, tau secretion reportedly occurs through membrane vesicles when tau is overexpressed (Simón et al., 2012). Similarly, tau can be secreted in an exosome-dependent manner by Neuro2a cells overexpressing tau (Wang et al., 2017), as well as by microglia (Asai et al., 2015). Another vesicular-mediated mechanism involves large extracellular vesicles called exosomes that are directly shed from cells by plasma membrane budding (Théry et al., 2009; Figure 3). The third mechanism proposed to mediate tau release and spreading involves formation of thin membranous bridges called tunneling nanotubes (TNTs; Rustom et al., 2004). Moreover, cell depolarization was shown to induce the release of a 20-kDa tau fragment from AD synapses (Sokolow et al., 2015). These four mechanisms appear to be temperature dependent and are likely to be less efficient at low temperatures (Nickel and Rabouille, 2009).

Different forms of tau protein might be secreted through different mechanisms or vectors. Endogenous tau released from primary cortical rat neurons under basal conditions is predominantly full length (Pooler et al., 2013), but truncated species have also been identified (Dujardin et al., 2014a). Tau fragments lacking the proline-rich region are either not secreted or are secreted in a manner different from that of the full-length molecule (Pérez et al., 2016). Monomeric and aggregated tau have been detected in CSF, suggesting that they may be released following axonal degeneration and neuronal death (Hampel et al., 2004). However, other studies found that unstimulated human and rodent neurons only secrete C-terminally truncated forms of endogenous tau (Kanmert et al., 2015). Cell culture studies revealed that tau is released via the unconventional secretory pathway and that tau mutations influence the secretion rate, with 4R tau isoforms less abundant than 3R isoforms (Karch et al., 2012). Moreover, exogenously expressed hyperphosphorylated tau secreted by non-neuronal cells is cleaved at its C-terminus (Plouffe et al., 2012; Croft et al., 2017). For instance, tau cleavage at D421 can increase the secretion rate (Katsinelos et al., 2018). Aberrantly phosphorylated tau is secreted more efficiently than non-phosphorylated tau, at least in cultured cell lines (Plouffe et al., 2012; Katsinelos et al., 2018), possibly because abnormal phosphorylation impairs tau’s ability to interact with its partners, therefore altering the protein’s normal physiological properties (Yan et al., 2020). Meanwhile, endogenous tau is reportedly released either free and in a full-length, dephosphorylated form (Pooler et al., 2013) or as N-terminally truncated fragments (Bright et al., 2015; Kanmert et al., 2015). A small subset of tau released under these conditions is inside plasma membrane-derived vesicles called ectosomes (Dujardin et al., 2014a). Tau is also released from cells in association with exosomes, particularly when it is exogenously expressed or in a highly phosphorylated and misfolded state (Plouffe et al., 2012; Saman et al., 2012). One study suggested that tau hyperphosphorylation in AD may induce a vicious circle that amplifies its secretion (Plouffe et al., 2012). In this case, tau hyperphosphorylation would enhance its secretion, which would subsequently increase the level of dephosphorylated tau in the extracellular space. Dephosphorylated extracellular tau would then induce an increase in intracellular Ca2+ concentrations, which has been linked with elevated tau hyperphosphorylation (Díaz-Hernández et al., 2010). This vicious circle then promotes tau pathology propagation in the brain and CSF accumulation (Hampel et al., 2010; Plouffe et al., 2012). Golgi dynamics were also proposed to modulate tau secretion from both HeLa cells and primary cortical neurons (Mohamed et al., 2017). Tau cleavage and hyperphosphorylation increase its secretion from HeLa cells. Mitochondrial damage might reduce tau secretion (Shafiei et al., 2017), whereas impaired lysosomal function may increase it (Mohamed et al., 2014). Pathological tau in animal models appears to be more localized to synapses compared to non-pathological tau (Sahara et al., 2014), and synaptosomes isolated from human AD brains were shown to contain more phosphorylated and aggregated tau than those isolated from healthy controls (Tai et al., 2014). In summary, different tau species and isoforms including mutated (Hampel et al., 2004), hyperphosphorylated (Plouffe et al., 2012; Bright et al., 2015), and truncated forms of tau appear to be released via distinct mechanisms (Plouffe et al., 2012).



THE SPREAD OF PATHOLOGICAL TAU PROTEIN

Although the specific routes and mechanisms underlying the spread of pathological tau remain unclear (Braak and Braak, 1991), the propagation of cytosolic tau to connected neurons consists of at least four phases. First, tau must be secreted or released from donor neurons; second, it must undergo aggregation before or after being released; third, tau must be taken up into recipient neurons; and fourth, tau aggregation must be induced in recipient cells (Kanmert et al., 2015). After the release and secretion of tau to the extracellular space following cell death (Simón et al., 2012), stimulation of neuronal activity (Pooler et al., 2013), or other mechanisms (e.g., associated with vesicles, secretory lysosomes, or microvesicle shedding from the plasma membrane) (Nickel and Rabouille, 2009; Saman et al., 2012), pathological tau oligomers, monomers, or aggregates must enter other cells via endocytosis. Subsequently, pathological tau seeds might be degraded, resecreted, or mediate the misfolding of wild-type tau molecules in recipient cells (Wu et al., 2013). Recipient cells appear to favor the uptake of short, low-molecular-weight, tau fibrils over monomers and larger fibrils (Wu et al., 2013). Consequently, the potencies of various tau aggregate species on cellular propagation may be different (Frost et al., 2009). For example, tau uptake is closely related to both the size and conformation of tau aggregates (Kanmert et al., 2015). Intracellular tau accumulation is dependent on the isoform composition of the extracellular tau oligomers (Swanson et al., 2017). However, tau aggregate uptake is not neuron specific; cell-to-cell transfer also occurs between glial cells and neurons. Tau aggregates can transfer between connected cells, induce templated misfolding, and be internalized from the extracellular space by a neighboring cell, which facilitates tauopathy propagation across different brain regions in a prion-like fashion (Jucker and Walker, 2013). Tau oligomers can be internalized by dynamin-dependent bulk endocytosis and are then transported through the endolysosomal pathway in recipient cells (Wu et al., 2013). One study demonstrated that neuronal uptake of α-synuclein and tau aggregate seeds can occur through macropinocytosis, a form of fluid-phase bulk endocytosis that represents the most likely mechanism for tau uptake. This process begins when aggregated proteins bind to HSPGs, a family of core proteins with cell-surface glycosaminoglycan polysaccharides. Interestingly, the internalization process is only initiated by aggregated species, not by monomeric tau (Holmes et al., 2013). Another study also suggested that HSPGs can mediate exosome internalization (Christianson et al., 2013; Fuster-Matanzo et al., 2018). Before internalization via micropinocytosis, tau binds to plasma membrane HSPGs, which promotes membrane rearrangement before endocytosis (Holmes et al., 2013). Tau binding to HSPGs seems to be essential for internalization, and the 6-O-sulfation pattern on heparan sulfate sidechains is an important determinant for tau binding (Rauch et al., 2018; Figure 4). However, heparan-like glycosaminoglycan (GAG) mimetics can hide tau’s HSPG binding site, which reduces cell-surface tau oligomer binding, uptake, and seeding (Holmes et al., 2013). HSPG-dependent macropinocytosis is instigated by small protein aggregates, and tau trimers were shown to be the smallest size able to initiate this mechanism (Mirbaha et al., 2015; Rauch et al., 2018). The results of a recent study also supported the hypothesis that different tau species could be internalized through different cellular mechanisms (Evans et al., 2018). For example, tau monomers and small oligomers are preferentially taken up by macropinocytosis, while dynamin-dependent endocytosis is the preferred route for larger aggregates. HSPGs and macropinocytosis may also play a role in the uptake of whole exosomes (Christianson et al., 2013), although exosomes are internalized because of this pathway’s non-specificity. In short, endocytosis and/or pinocytosis might be favored over direct fusion to the plasma membrane as an exosome internalization route (Tian T. et al., 2013; Polanco et al., 2018). During this process, vesicles can be endocytosed by neighboring cells, which might be involved in the propagation of misfolded or aggregated tau proteins in different neurodegenerative disorders (Goedert et al., 2010; Guo and Lee, 2011). Meanwhile, micropinocytosis might be critical for pathological tau uptake both in vitro and in vivo (Holmes et al., 2013; Brunello et al., 2016), as well as the uptake of other pathologically misfolded proteins including α-synuclein, TDP-43 (Zeineddine et al., 2015), and PrP (Hooper, 2011). Tau aggregates are reportedly internalized into primary neurons, where they are trafficked anterogradely and retrogradely along axons, and then spread to connected cells (Takeda et al., 2015; Wu et al., 2016; Wang et al., 2017), thereby propagating tau pathology (Calafate et al., 2015; Wu et al., 2016; Nobuhara et al., 2017). They can also seed the aggregation of native monomers, thereby initiating more aggregates that are then released and spread to neighboring cells (Kundel et al., 2018; Brunello et al., 2020; Figure 4). Recent reports found that inoculation of preformed tau fibrils into tau transgenic mice quickly induced an AD-like NFT pathology in connected brain regions (Clavaguera et al., 2013; Ahmed et al., 2014; Boluda et al., 2015). Moreover, misfolded tau proteins spread through anatomically connected neurons, presumably via trans-synaptic tau aggregate transmission (Harris et al., 2012; Liu et al., 2012). However, preformed tau aggregates can also spread by means other than synaptic connections, suggesting the existence of alternative (non-synaptic) propagation pathways (de Calignon et al., 2012; Peeraer et al., 2015).


[image: image]

FIGURE 4. Tau pathology spread. Once released into the extracellular space, tau can be transported to connected cells via exosomes or ectosomes. Tau can also be transported to other cells by binding to muscarinic (M1, M3) receptors or synaptic receptors or via special structures such as membrane microdomains and HSPGs. There may also be nanotubes between cells, which can also spread tau oligomers. The plasma membrane may play a role in tau transmission through endocytosis-mediated uptake of tau oligomers. Microglia can also phagocytose secreted tau oligomers that are then spread to healthy neurons in exosomes, and astrocytes may be involved in this process. Both microglia and astrocytes can secrete cytokines that act on connected neurons, which further accelerates tau pathology. However, the specific mechanisms underlying the roles of microglia and astrocytes in tau pathology spread remain unclear. When tau oligomers or monomers are released by lysosome or ingested by recipient cells, they will misfold and form toxic seeds, PHFs, or NFTs. Once the recipient cells spread the pathological tau fragments to other cells, this perpetuates a vicious cycle that exacerbates AD.


How neurons release tau that is then transmitted to recipient neurons to instigate tau propagation remains unclear. Although synaptic connections can facilitate tau’s transcellular spread, other cellular uptake routes cannot be excluded. Once internalized, tau can be located in both early and late endosomes, which links these tau species to lysosomal vesicles in a retrograde axonal pathway and provides further evidence for a transsynaptic route of transmission (Frost et al., 2009; Wu et al., 2013). Extracellular vesicles play a major role in cellular communication and the transport of pathogenic proteins related to AD (Vingtdeux et al., 2012). Notably, exosomal tau protein levels are elevated in prodromal AD (Fiandaca et al., 2015; Gibbons et al., 2019). Microglia also contribute to tauopathy progression via exosome secretion, such that microglia depletion and inhibition of exosome synthesis can dramatically suppress tau propagation in vitro and in vivo (Asai et al., 2015). Additionally, astrocytes can internalize both fibrillar and monomeric tau, implying that these cells are also be involved in tau pathology spread (Martini-Stoica et al., 2018; Perea et al., 2019). However, one study found that oligomers and short fibrils that bind to the membrane can be internalized by neuronal cells via a receptor-independent mechanism, while tau monomers, long fibrils, and long filaments cannot (Wu et al., 2013). Thus, these structures (exosomes, ectosomes, or TNTs) mediate neuron-to-neuron transfer of pathological tau protein assemblages, which is considered a fast manner of tau spread that is prion like (Abounit et al., 2016; Tardivel et al., 2016); Figure 4). Tau protein modifications can also affect the spread of tau pathology. Tau hyperphosphorylation can enhance spread, while partial dephosphorylation slows it (Alonso et al., 1996). This observation indicates that tau hyperphosphorylation may be a potential target to prevent tau pathology progression in AD and other tauopathies (Hu et al., 2016). Tau fibrils can propagate by incorporating unphosphorylated tau monomers that undergo conformational changes and are then hyperphosphorylated (Goedert et al., 2017). The extracellular domain of the amyloid precursor protein might be involved in tau fibril uptake into cells (Takahashi et al., 2015). It is well known that increasing Aβ42 oligomerization can activate protein kinases (including GSK-3β) that phosphorylate tau (Guo et al., 2013). Aβ aggregation can promote tau hyperphosphorylation, suggesting that Aβ might accelerate the spread of tau pathology (Pérez et al., 2018).



TOXICITY ASSOCIATED WITH THE SPREAD OF TAU PATHOLOGY

Tau is normally enriched on MTs within axons. In tauopathies, tau is hyperphosphorylated and accumulates in the somatodendritic compartment of brain cells, which is one of the pathological hallmarks of AD (Lee et al., 2001). Tau aggregates into insoluble filaments, forming NFTs (Morris et al., 2011) that are associated with cognitive deficits (Braak and Braak, 1991; Bierer et al., 1995; Plouffe et al., 2012). Tau phosphorylation, mislocalization, and conformational changes can alter Ca2+ homeostasis, induce dendritic spine loss, impair organelle trafficking (particularly mitochondria), and lead to cell death (Dixit et al., 2008; Zempel et al., 2010; Li et al., 2011; Spires-Jones et al., 2011). These phenotypes represent a pretangle stage, which is widely recognized as an early event in the pathological process of AD (Eckermann et al., 2007; Braak and Del Tredici, 2012). Three hypotheses have been proposed to underlie tau-mediated toxicity. First, insoluble NFTs may be toxic and lead to neuron death and cognitive dysfunction in AD; second, soluble species of misfolded, hyperphosphorylated tau may become toxic when they accumulate in inappropriate cellular compartments, whereas NFTs exert a protective effect by serving as a sink for these toxic species; and in the third view, soluble forms of pathological tau and insoluble NFTs are both toxic to cells in various ways and time scales (Kopeikina et al., 2012). We favor the third view. Neuronal transport disruption is considered an important form of tau toxicity, which is an early phenomenon and underlying cause of neurodegenerative conditions including AD (Lin and Beal, 2006; Morfini et al., 2009; Wang and Schwarz, 2009; Querfurth and LaFerla, 2010; Kopeikina et al., 2012). Recent studies have found that soluble tau species are related to synaptic or neuronal dysfunction (Berger et al., 2007; Polydoro et al., 2009; Hoover et al., 2010; Sydow et al., 2011), with results indicating that tau oligomers—but not monomers or fibrils—act as aggregation seeds in the brains of wild-type mice, leading to mitochondrial dysfunction, synaptic deficits, and memory impairment (Usenovic et al., 2015). Based on these results, the interneuronal spread of these soluble tau species might be involved in the spread of AD pathology through the brain (Braak and Del Tredici, 2012; de Calignon et al., 2012; Clavaguera et al., 2013). Furthermore, neurons can endocytose low-molecular-weight misfolded tau species (but not monomeric tau) that are transported anterogradely and retrogradely, resulting in endogenous tau pathology in vivo. However, they cannot endocytose fibrillar tau or brain-derived filamentous tau (Wu et al., 2013). This evidence strongly indicates that tau toxicity may be mediated by the cell-to-cell spread of trimeric and larger oligomeric forms in certain brain regions by endocytosis (Tian H. et al., 2013). Extracellular tau is neurotoxic (Gómez-Ramos et al., 2006) and contributes to the spread of AD pathology. When the extracellular level of free tau exceeds that inside the cell and reaches a critical concentration (Reynolds et al., 2005), tau protein will self-aggregate and induce extracellular toxicity. Paired-helical filament (PHF)-tau is less toxic than free tau. When tau interacts with muscarinic receptors, intracellular Ca2+ levels increase due to Ca2+ release from intracellular stores (Gómez-Ramos et al., 2006). Tau seeds can also cause toxicity and cell death via Ca2+ dysregulation (Querfurth and LaFerla, 2010; Tian H. et al., 2013; Hallinan et al., 2019); altered intracellular Ca2+ homeostasis results in tau phosphorylation, which is related to tau pathology progression in AD (Delacourte et al., 1999). Tau phosphorylation will increase tau detachment from MTs (Avila et al., 2004), increasing free tau levels. Free tau is then released during neurodegeneration or following cell death and binds to muscarinic receptors on surrounding cells, thereby inducing muscarinic toxicity and aggravating tau toxicity and transmission (Gómez-Ramos et al., 2008). In addition, different tau forms or isomers secreted into the extracellular space via different mechanisms may play varied roles in AD pathogenesis. Certain forms of tau released through cell death or neuroactive stimulation may be non-toxic, while misfolded tau fragments or seeds (induced by Aβ, kinases, and hydrolases) exert toxic effects on the extracellular space. Secreted vesicles containing tau protein inhibit tau binding to muscarinic receptors, thus reducing neurotoxicity.

The neurodegenerative consequences of tau hyperphos- phorylation include axonal transport impairment (Ittner et al., 2008), tau relocalization to the somatodendritic compartment, and synaptic loss (Di et al., 2016). Synaptic dysfunction can occur both presynaptically, where it can interfere with the transport of phosphorylated tau via synaptic vesicles (Zhou et al., 2017), and postsynaptically via the downregulation of AMPA receptors (Hoover et al., 2010). In the context of the prion hypothesis, tau assemblies that enter the cytoplasm can seed native monomer aggregation, and these species can be released and spread to neighboring cells (Clavaguera et al., 2013; Kundel et al., 2018). Under pathological conditions, aberrant posttranslational modifications such as hyperphosphorylation, truncation, deamidation, and others (Avila et al., 2004) can induce tau detachment from MTs and promote their accumulation in a free form. When neurons degenerate and die, this free tau enters the extracellular space, where it is free to diffuse in every direction (Guo and Lee, 2011; Hu et al., 2016). This is in line with the observation that neuron loss is progressive within brain areas affected by degeneration, and tau species can seed misfolding in human brains without tangles (DeVos et al., 2018). This implies that tau seeds are released from intact neurons prior to neuronal death (Pickett et al., 2017). Another possible explanation of tau pathology patterns in the brains of AD patients is that extracellular NFTs or other substances released by degenerating neurons accumulate in the extracellular space and damage nearby cells (Avila, 2006). These toxic compounds can act like extracellular Aβ peptides (Gómez-Ramos et al., 2006). Thus, both soluble tau species and insoluble NFTs may contribute to the spread of tau toxicity.



CONCLUSION AND PROSPECTS

The mechanism involved in the transcellular propagation of tau in neurodegeneration is still unclear. Studies on the molecular mechanisms underlying the release, propagation, and uptake of tau are needed; improving the ability to detect secreted tau species is also important. Future research should focus on reducing the secretion and generation of extracellular tau in a soluble or aggregated form and inhibiting cell uptake. However, tau aggregate species are diverse, and it is currently unclear if certain species prefer certain secretion pathways. It will be important to clarify whether the physiologic secretion of non-pathological tau from neurons occurs via the same or overlapping mechanisms as those for the pathologic forms. Moreover, both forms of tau secretion are connected to neuronal activity, so blocking synapse-mediated tau propagation and boosting the clearance of tau aggregates that are internalized at the synapse are equally important (Calafate et al., 2015). More attention should also be given to glial cells and the glymphatic system, which might play a role in clearing and propagating pathological protein aggregates. Inhibition of donor cell release and recipient cell uptake are also novel therapeutic directions worthy of consideration. For example, it might be possible to block exosome secretion pathways and apply tau antibodies that can act on pathological tau fragments in the extracellular space and inhibit tau aggregation on membranous structures. Recent studies have shown that anti-tau antibodies can reduce tau hyperphosphorylation and aggregation in the transgenic mouse brain (Yanamandra et al., 2013; Sankaranarayanan et al., 2015). In addition, preventing tau from binding to HSPGs precludes recombinant tau fibrils from inducing intracellular aggregation and blocks transcellular aggregate propagation. In vivo, the heparin mimetic F6 prevents neuronal uptake of tau fibrils injected stereotactically (Holmes et al., 2013). Moreover, microglia disseminate tau via exosome secretion, and hampering exosome synthesis significantly reduces tau propagation in vitro and in vivo, which implies that exosomes and microglia contribute to tauopathy progression. It also suggests that targeting the exosome secretion pathway could be therapeutically useful. Depleting microglia dramatically suppressed tau propagation and reduced excitability in the dentate gyrus in a mouse model of AD (Asai et al., 2015). In summary, tau release mechanics can be explored to develop new treatments for AD and other tauopathies.
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Disrupted myelin and impaired myelin repair have been observed in the brains of patients and various mouse models of Alzheimer’s disease (AD). Clemastine, an H1-antihistamine, shows the capability to induce oligodendrocyte precursor cell (OPC) differentiation and myelin formation under different neuropathological conditions featuring demyelination via the antagonism of M1 muscarinic receptor. In this study, we investigated if aged APPSwe/PS1dE9 mice, a model of AD, can benefit from chronic clemastine treatment. We found the treatment reduced brain amyloid-beta deposition and rescued the short-term memory deficit of the mice. The densities of OPCs, oligodendrocytes, and myelin were enhanced upon the treatment, whereas the levels of degraded MBP were reduced, a marker for degenerated myelin. In addition, we also suggest the role of clemastine in preventing OPCs from entering the state of cellular senescence, which was shown recently as an essential causal factor in AD pathogenesis. Thus, clemastine exhibits therapeutic potential in AD via preventing senescence of OPCs.
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INTRODUCTION

Clemastine fumarate is a first-generation H1-antihistamine that is mainly used for relieving symptoms of allergic reactions primarily by competing with histamine to bind H1 receptors (Blazsó and Gábor, 1997). In addition to its anti-inflammatory effects, clemastine also shows antimuscarinic type-1 receptors effects. In recent years, it was also found clemastine, among other antimuscarinic compounds, can significantly induce oligodendrocyte precursor cell (OPC) differentiation and myelination (Mei et al., 2014), accelerating the remyelination process in animal models featured by demyelination (Mei et al., 2014, 2016; Li et al., 2015; Cree et al., 2018). Furthermore, a phase 2 clinical trial on using clemastine for treating multiple sclerosis (MS) showed that remyelination could be achieved during the chronic neurodegeneration process (Green et al., 2017). These studies collectively strongly suggest clemastine is a potent stimulator of myelin formation with a good safety profile. However, the precise mechanisms of clemastine promoting remyelination are still unknown.

Substantial myelin impairment was also observed in Alzheimer’s disease (AD) (Dean et al., 2017; Papuć and Rejdak, 2018). A significant reduction of ceramide synthase 2 activity, an enzyme necessary for myelin synthesis, was observed in the early stage of AD, before the appearance of neurofibrillary tangles (Couttas et al., 2016). Even for the patients suffering from amnestic mild cognitive impairment, which is considered as prodromal AD, significant myelin reduction was detected, indicating demyelination is initiated at an early stage during the pathogenesis process (Carmeli et al., 2013). Moreover, focal demyelination was also found to be associated with amyloid-beta (Aβ) plaques (Mitew et al., 2010), which further highlights the association between demyelination and AD. In the etiology of the demyelination, recent studies suggest that the senescence of OPCs is a major contributor to the demyelination for both AD and MS (Nicaise et al., 2019; Zhang et al., 2019). Albeit our understanding of the role of myelin changes in AD is still poor, as to whether it is a critical event in AD is still unclear (Papuć and Rejdak, 2018), clemastine could provide us a new way to study the impact of myelin changes in AD.

In our previous study, we found that chronic treatment of clemastine reduces brain Aβ deposition and rescues the cognitive deficits of 7-month-old APPSwe/PS1dE9 (APP/PS1) mice (Li et al., 2021). Consistent with that, another recent study also shows that chronic treatment of clemastine can improve the memory of young APP/PS1 mice and induces significant myelin formation concomitantly (Chen et al., 2021). In this study, we investigated if chronic treatment of clemastine has therapeutic effects for aged APP/PS1 mice. After 2 months of clemastine treatment for 15-month-old APP/PS1 mice, we found that the Aβ depositions in APP/PS1 mice brain is reduced, and the short-term memory is also rescued. Furthermore, clemastine shows strong protective effects for OPCs, as it spurs the proliferation and differentiation of OPCs and the myelin formation. In addition, our data also indicate that the protective effects could be attributed to its ability to prevent OPCs from entering the state of cellular senescence. Taken together, these results illustrated the therapeutic effects of clemastine for aged APP/PS1 mice, indicating clemastine potentially could provide beneficial effects for AD patients.



MATERIALS AND METHODS


Animals

APP/PS1 transgenic mice (stock number 004462) were purchased from the Jackson Laboratory and maintained by breeding with C57BL/6 mice. Male APP/PS1 transgenic mice and the age-matched wild-type (WT) mice were used in all experiments. Animal care and surgical procedures were approved by the Institutional Animal Care and Use Committee of Soochow University in accordance with international laws.



Drug Treatments

Fifteen-month-old APP/PS1 transgenic mice received a diet of standard laboratory chow supplemented with clemastine (10 mg/kg/day) (sodium salt, Tocris Bioscience) for 2 months (Li et al., 2021). The transgenic mice and the WT mice received the same chow without clemastine.



Immunoblotting

Lysates from the cortex and hippocampus were extracted in lysis buffer [50-mM Tris (pH 7.4), 150-mM sodium chloride, 1% TritonX-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate] containing protease and phosphatase inhibitor cocktail (Roche, Switzerland). Lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, then transferred to a polyvinylidene fluoride membrane (Millipore, Darmstadt, Germany). The membrane was blocked in 5% bovine serum albumin dissolved in Tris-buffered saline containing Tween 20 (TBST) (20-mM Tris-HCL pH 7.6, 150-mM sodium chloride, and 0.1% Tween 20) for 1 h at room temperature (RT) and then was incubated with the appropriate primary antibodies in 5% bovine serum albumin diluted in TBST for overnight at 4°C. The membranes were washed with TBST and incubated with horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich, United States) for 1 h at RT. The immunoreacted proteins were visualized using ECL Western Blotting Detection Reagents (Pierce, United States). Semiquantitative analysis of band density was performed in ImageJ1 for the protein levels measurement. A list of the primary antibodies used in this study can be found in Supplementary Table 1.



Immunostaining

The 17-month-old mice were anesthetized with 1% pentobarbital and perfused with phosphate-buffered saline (PBS), followed by fixation with 4% paraformaldehyde (PFA) overnight. After that, the brain tissues were dehydrated and embedded in an optimal cutting temperature compound. Coronal cryosections of hippocampal tissue and the cortex were collected. In contrast, for the cultured cells, the cells were rinsed with cold PBS before being fixed with 4% PFA for 15 min on ice. In immunostaining, the brain sections or the fixed cells were washed with PBS containing 0.5% Triton and blocked with immunostaining blocking buffer (P0102, Beyotime) for 1 h. Subsequently, the sections are incubated with primary antibodies overnight at 4°C. After rinsing in PBS, the sections are incubated with a secondary antibody for 1 h at RT. The sections are subsequently mounted with the mounting medium containing 4,6-diamidino-2-phenylindole (Vector Laboratories). Images were captured under a Leica confocal microscope LSM700.



Novel Object Recognition Test

A novel object recognition test was performed in a 40 × 40 × 40-cm open arena. The behavior of the mouse was recorded by a camera above and analyzed in the software ANY-maze. Two identical objects were placed on opposite sides in the familiarization phase. In a 10-min time frame, the time of the mice exploring the two objects was recorded. An object preference index is then calculated, which equals the time exploring one of the identical objects/time exploring the identical object pairs × 100%. If the mice show no difference on the object preference index, then one of the objects is replaced with a novel object, and the test phase is carried out. Recognition index is calculated accordingly, which equals the time exploring novel object/(time exploring novel object + time exploring familiar object) × 100%.



Morris Water Maze Test

In the learning phase, the mice took four trials per day for six consecutive days. A different starting position was used on each trial. The duration of one trial was 90 s for the mice to find the platform. Escape latencies (time spent swimming from the start point to the target) and path length (the distance from the start point to the platform), as well as swimming speed, were recorded. The escape latencies in the following training day were analyzed (escape latency in the following day/escape latency in the first day) and labeled as a learning trend. For probe trials, the platform was removed after the last trial of the learning phase. Mice were tested 24 h later to assess memory consolidation. The time spent in the target quadrant within 60 s was recorded. The latency to the first target site was measured, and the numbers of platform-site crossovers were recorded.



Myelin Isolation

The central nervous system myelin isolation method is based on the previous publication (Erwig et al., 2019). Adult Sprague–Dawley rats were perfused with PBS, and the brain was homogenized in 0.32-M sucrose. The brain lysates were laid on 0.85-M sucrose and centrifuged at 75,000 × g for 30 min. The crude myelin presented at the interface was harvested and resuspended in dH2O, then centrifuged at 75,000 × g for 30 min. The myelin pellet after the centrifuge is collected and washed once with ddH2O at 12,000 × g for 15 min. The myelin pellet after the centrifuge was resuspended in 0.32-M sucrose, laid on 0.85-M sucrose, and centrifuged at 75,000 × g for 30 min. The myelin pellet was collected after the centrifuge and resuspended in ddH2O. Centrifuged at 75,000 × g for 15 min, the purified myelin pellet is collected and resuspended in TBS and stored at –80°C. All the isolation procedures were carried out on ice or at 4°C during the centrifuges.

The oligodendrocyte cell line (OLN) cells were treated with the isolated myelin (10 μg/ml) for 30 min to induce cellular senescence in immunostainings or treated with the isolated myelin (30 μg/ml) for 4 h in Western blot analysis. After that, the cells were treated with 3-μM clemastine (dissolved in dimethyl sulfoxide) for 12 h. The cells treated with dimethyl sulfoxide is served as control. Then, cells were fixed in 4% PFA for 15 min on ice.



Senescence-Associated β-Galactosidase Staining

Senescence-associated β-galactosidase (SA-β-gal) staining was performed for both the fixed cells and the brain cryosections according to the manufacturer’s instructions (CellEventTM Senescence Green Detection Kit, Invitrogen), whereas the sections were subsequently subjected for immunostaining of platelet-derived growth factor-α (PDGFRα). Images were captured under a Leica confocal microscope LSM700.



Statistics Analysis

All the imaging data were processed in Image J and subsequently analyzed in SPSS 25.0 and GraphPad Prism 8.0. All the data are shown as mean ± standard error of the mean. One-way analysis of variance was used to compare the difference between multiple groups. Unpaired Student’s t-test was used to analyze the difference between the two groups. P-value indicates significance, and P < 0.05 indicates statistical significance.

To calculate the density of OPCs and oligodendrocytes (OLs) (PDGFRα or CC1 immuno-positive cells per square millimeter), the number of the cells was quantified. Then, it is divided by the surface area of the brain section (square millimeter) to calculate the cell density. The percentage of the Aβ covering area is calculated in a similar way. The Aβ covering area is measured, and then, it is divided by the surface area of the brain section (square millimeter). To quantify the percentage of PDGFRα+ SA-β-gal+ and PDGFRα+ p21+ cells, the number of double-positive cells and the total PDGFRα+ cells were quantified. Then, the number of double-positive cells is divided by the total PDGFRα+ cells to calculate the percentage.



RESULTS


Chronic Treatment of Clemastine Rescues the Short-Term Memory Deficit of Aged APP/PS1 Mice

To investigate if the treatment of clemastine could have a therapeutic effect on aged APP/PS1 mice, clemastine was orally administrated to 15-month-old APP/PS1 mice for 2 months. We first examined the impact of clemastine treatment on cognitive functions to see if it can rescue the cognitive deficits of the 17-month-old APP/PS1 mice. To evaluate the memory of the mice, we performed both a novel object recognition test and Morris water maze. In a novel object recognition test, we confirmed that the age-matched WT mice and APP/PS1 mice treated with or without clemastine show no difference on preference index during the familiarization phase (Figure 1A). In contrast, in the test phase, we found that APP/PS1 mice show reduced identification index in comparison with the WT mice (Figure 1B), and the treatment of clemastine rescues the index value (Figure 1B). This result indicates that the short-term memory deficits of the aged APP/PS1 mice can be rescued by clemastine treatment. In the Morris water maze, the APP/PS1 mice display longer escape latency than the WT mice during the learning phase, indicating that the learning ability is impaired for the APP/PS1 mice (Figure 1C). In the probe trial, despite that the swimming distance shows no differences (Figure 1D), the APP/PS1 mice spent a shorter time in the target quadrant and swam crossover the target site less often than the WT mice, which indicates the memory retention is impaired for the APP/PS1 mice (Figures 1E,F). However, the treatment of clemastine did not alter the performance of the APP/PS1 mice in the trial (Figures 1C–F). As all the groups showed no differences in swimming speed, the swimming ability is not a factor affecting the performances of the mice (Figure 1G). Together, these data suggest that clemastine treatment can rescue the short-term memory impairment but not the memory retention deficits or learning ability impairment of the aged APP/PS1 mice.
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FIGURE 1. Chronic treatment of clemastine rescues short-term memory deficit of aged APP/PS1 mice. Analyses of mice behavior in novel object recognition test (A,B) and Morris water maze (C–G). Index of each analysis includes: (A) object preference index, (B) identification index, (C) escape latency, (D) total distance (m), (E) zone time and (F) cross entries, (G) average speed (m/s), should refers to Methods for detail. WT: Wild-type mice. TG: Transgenic mice (APP/PS1). TG + CLEM: Transgenic mice (APP/PS1) treated with clemastine. All tested mice were 17 months old. Values shown represent mean ± SE. *#p < 0.05, ∗∗p < 0.01, ***###p < 0.001, n = 8–17 mice per group, one-way analysis of variance with Student’s t-test.




Chronic Treatment of Clemastine Ameliorates the Accumulation of Amyloid-β in the Aged APP/PS1 Mice Brain

Next, we examined the accumulation of Aβ in the brain to evaluate the brain neuropathological burden. A previous study showed that large Aβ plaques were formed in APP/PS1 mice at 10 months of age, which became even larger and covered more area at 17 months of age (Rupp et al., 2011). Consistent with the previous finding, by immunostaining against Aβ of 17-month-old APP/PS1 mice brain, we also observed that large Aβ plaques were formed in both the cortex and hippocampus (Figure 2A). In contrast, treatment of clemastine significantly reduced the numbers and the covering areas of Aβ plaques (Figure 2). For the cortex, on average, there was over a 50% reduction of the Aβ plaque numbers and the covering area of it (Figures 2B,C). In contrast, for the hippocampus, there was approximately 30% reduction of the Aβ plaque numbers and the covering area of it (Figures 2D,E). These data show that the brain neuropathological burden was greatly alleviated upon the chronic treatment of clemastine for only 2 months, even at the late stage of the disease.
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FIGURE 2. Chronic treatment of clemastine ameliorates accumulation of Aβ in aged APP/PS1 mice brain. (A) Confocal images of immunolabeling of Aβ (red) in hippocampus/cortex of APP/PS1 and APP/PS1 mice treated with clemastine. (B–E) Quantification of numbers of Aβ plaque and percentage of Aβ plaque covering areas of hippocampus (B,C)/cortex (D,E) as shown in (A). All brain sections were collected from 17-month-old mice. Values shown represent mean ± SE. ∗∗p < 0.01, ∗∗∗p < 0.001, n = 4 mice per group, one-way analysis of variance with Student’s t-test.




Chronic Treatment of Clemastine Prevents the Loss of Oligodendrocyte Precursor Cells and Oligodendrocytes in Aged APP/PS1 Mice

To understand the mechanisms of the neurological amelioration effects of clemastine on APP/PS1 mice, we first investigated the impact of clemastine on modulating the proliferation of OPCs. By immunolabeling PDGFRα, a marker of OPCs (Li et al., 2017), we found that there was a significant decline of the PDGFRα immuno-positive(+) cells of the APP/PS1 mice in comparison with the WT mice in both the hippocampus and the cortex (Figures 3A–C), whereas the treatment of clemastine restored the number of PDGFRα+ cells to the level of WT mice (Figures 3A–C). Consistent with that, through Western blot analysis, we also observed an increase of PDGFRα level for the APP/PS1 mice treated with clemastine (Figures 3D–G). Therefore, clemastine prevents the loss of OPCs in the brains of aged APP/PS1 mice. By immunolabeling differentiated OLs using the CC1 clone against adenomatous polyposis coli (Bin et al., 2016), we observed an over 50 and 30% decline of CC1+ cells in the cortex and hippocampus, respectively, of the APP/PS1 mice in comparison with the WT mice (Figure 4), whereas the treatment of clemastine increased the numbers of CC1+ OLs in those two regions (Figure 4). Thereby, the clemastine treatment prevents the loss of OPCs and OLs in the brains of the aged APP/PS1 mice.
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FIGURE 3. Chronic treatment of clemastine increases number of OPCs in aged APP/PS1 mice brain. (A) Confocal images of immunolabeling of PDGFRα (green) in hippocampus/cortex of WT; APP/PS1 and APP/PS1 mice treated with clemastine. White box indicates magnified area of hippocampus. (B,C) Quantification of number of PDGFRα+ cells in hippocampus (B) and cortex (C), respectively. (D,E) Western analysis of PDGFRα levels in hippocampus (D) or cortex (E) of APP/PS1 or APP/PS1 mice treated with clemastine; γ-tubulin was served as loading control. (F,G) Quantification of replicated results shown in (D,E), respectively. Ratio values were calculated as “PDGFRα/γ-Tubulin” and normalized to ratio of APP/PS1 mice. Values shown represent mean ± SE. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 4 mice per group for (B,C) and n = 3 mice per group for (F,G), one-way analysis of variance with Student’s t-test.
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FIGURE 4. Chronic treatment of clemastine increases number of OLs in aged APP/PS1 mice brain. (A) Confocal images of immunolabeling of CC1 (green) and 4,6-diamidino-2-phenylindole (blue) in hippocampus/cortex of WT; APP/PS1 and APP/PS1 mice treated with clemastine. White box indicates magnified area of hippocampus. (B,C) Quantification of number of CC1+ cells in hippocampus (B) and cortex (C), respectively. Values shown represent mean ± SE. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 4 mice per group, one-way analysis of variance with Student’s t-test.




Chronic Treatment of Clemastine Facilitates the Formation of Myelin, Preventing Its Degeneration in Aged APP/PS1 Mice

We wonder if an increase in myelin formation accompanies the increased numbers of OPCs and OLs. By immunolabeling myelin basic protein (MBP), the main protein component of myelin (Liu et al., 2021), we found that compared with the WT mice, the MBP immunofluorescence intensity was decreased for the APP/PS1 mice (Figures 5A–C), which was reverted by the treatment of clemastine (Figures 5A–C). Consistently, in Western blot analysis, we also detected the MBP protein level increased upon the treatment of clemastine (Figures 5D–G). Thus, the clemastine treatment induced myelin formation in the aged APP/PS1 mice. On the other hand, we evaluated myelin degeneration by immunolabeling degraded myelin basic protein complex (dMBP), which specifically reflects the degenerating myelin (Matsuo et al., 1997). A significant increase of dMBP signal was observed for the APP/PS1 mice in comparison with WT mice in the hippocampus, whereas the clemastine treatment reduced the signal of dMBP (Figures 5H,I), indicating the treatment that protected OL MBP from degenerating. Therefore, clemastine treatment enhanced the myelin formation and prevented its degradation in aged APP/PS1 mice.
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FIGURE 5. Chronic treatment of clemastine enhances myelin formation in aged APP/PS1 mice brain. (A) Confocal images of immunolabeling MBP (green) in hippocampus/cortex of WT; APP/PS1 and APP/PS1 mice treated with clemastine. (B,C) Quantification of MBP signal intensity in cortex (B) or hippocampus (C) from immunostaining. (D,E) Western analysis of MBP levels in cortex (D) or hippocampus (E) of APP/PS1 or APP/PS1 mice treated with clemastine; γ-tubulin was served as loading control. (F,G) Quantification of replicated results shown in (D,E), respectively. (H) Confocal images of immunolabeling dMBP in hippocampus of WT; APP/PS1 and APP/PS1 mice treated with clemastine. White box indicates magnified area of hippocampus. (I) Quantification of dMBP signal intensity shown in (H). Values shown represent mean ± SE. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 4 mice per group for (B,C,H) and n = 3 mice per group for (F,G), one-way analysis of variance with Student’s t-test.




Clemastine Treatment Prevents the Senescence of Oligodendrocyte Precursor Cells

A strong correlation between Aβ plaque and the senescence of OPCs surrounding it was observed in the APP/PS1 mice (Zhang et al., 2019). Selectively removing senescent OPCs reduces the Aβ deposition and ameliorates the cognitive deficits of the mice (Zhang et al., 2019), emphasizing a causal role of senescent OPCs in AD pathogenesis. Therefore, we wonder if the therapeutic effects of clemastine on modulating Aβ deposition and cognition are mediated by preventing the senescence of the glial cells. To directly measure the effects of clemastine on cellular senescence, we used an OLN cell line derived from primary glial cells (Richter-Landsberg and Heinrich, 1996). To induce cellular senescence, we added myelin debris as an external stressor to mimic the overwhelming degradation of myelin under the pathological condition that contributes to the senescence of glial cells (Safaiyan et al., 2016). Also, we measured the activity of the lysosomal enzyme β-galactosidase and the expression of p21, two markers of cellular senescence to detect the senescent cells (Lee et al., 2006; Jurk et al., 2012). The myelin debris induced OLN senescence, as high levels of β-galactosidase activity (SA-β-gal+) and the accumulation of p21 (p21+) were detected in a portion of the cells (Figures 6A–D). Interestingly, the treatment of clemastine significantly reduced both the number of SA-β-gal+ cells (Figures 6A,C) and p21+ cells (Figures 6B,D) to a basal level comparable with the non-treated control cells. Thus, clemastine can prevent the senescence of glial cells.
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FIGURE 6. Clemastine treatment prevents senescence of cultured glial cells. (A,B) Confocal images of immunolabeling OLN cells with SA-β-gal (A) or p21 (B) (green) and 4,6-diamidino-2-phenylindole (blue). Cells were either non-treated (control) or treated with myelin and dimethyl sulfoxide (myelin) or treated with myelin and clemastine (myelin + CLEM). (C,D) Quantification of numbers of SA-β-gal+ cells (A) and numbers of p21+ cells (B); values shown are mean ± SE from three experiments. **p < 0.01, one-way analysis of variance with Student’s t-test. (E,F) Western analysis of protein levels of p16 and p21 (E), mTOR and p-mTOR (F) of cells treated with myelin and dimethyl sulfoxide (myelin), or myelin with clemastine (myelin + CLEM) or non-treated (control). GAPDH and γ-tubulin were served as loading controls for (E,F), respectively. Ratio values were calculated as “p16 or p21/GAPDH,” “mTOR or p-mTOR/γ-tubulin,” and normalized to ratio of control. Values shown represent mean ± SE. *p < 0.05, **p < 0.01, n = 3. (G) Western analysis of protein levels of mTOR and p-mTOR in hippocampus of WT; APP/PS1 and APP/PS1 mice treated with clemastine; γ-tubulin was served as loading control.


Previously, we reported clemastine enhances autophagy while suppressing the mTOR pathway in vitro and in vivo (Li et al., 2021), both of which exhibit strong interplay with cellular senescence (Kang et al., 2011; Kwon et al., 2017; Park et al., 2020). Especially, suppression of mTOR plays pivotal roles in preventing cellular senescence in a way either dependent or independent autophagy (Carroll and Korolchuk, 2017; Carroll et al., 2017; Park et al., 2020). Thus, we further examined whether clemastine altered mTOR activity in myelin debris-treated OPCs. Through Western blot analysis, we found myelin debris treatment not only induced the upregulation of p21 and p16, the markers of cellular senescence, but also increased the levels of phosphorylated mTOR (p-mTOR, Ser2448) (Figures 6E,F), indicating increased mTOR activity. In contrast, the treatment of clemastine reduced the levels of both p21 and p16, as well as p-mTOR to be comparable with the control (Figures 6E,F). Moreover, consistent with the previous observation (Li et al., 2021),we also found that both mTOR and p-mTOR levels were increased in the hippocampus of the APP/PS1 mice, whereas the treatment of clemastine reduced the protein levels to be comparable with the WT mice (Figure 6G). Therefore, clemastine prevents the senescence of glial cells and the upregulation of mTOR activity concomitantly.

To further corroborate the senescence prevention effect of clemastine on OPCs, we measured the number of PDGFRα+ OPCs that were positive for SA-β-gal or p21 in the hippocampus of the mice brain. In comparison with the WT mice, there was a significant increase in the percentage of PDGFRα+ OPCs that was positive for SA-β-gal (Figures 7A,C) or p21 (Figures 7B,D) for the APP/PS1 mice, whereas the treatment of clemastine significantly reduced the percentage of the cells (Figure 7). This result indicates that the OPCs in the APP/PS1 mice were more susceptible to be senescent, whereas clemastine can effectively protect the OPCs from senescence. Together, our data suggest that clemastine prevents the senescence of OPCs in the aged APP/PS1 mice, which may contribute to the prevention of Aβ deposition in the aged APP/PS1 mice brain.
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FIGURE 7. Clemastine treatment prevents senescence of OPCs in aged APP/PS1 mice brain. (A,B) Confocal images of immunolabeling hippocampal OPCs with PDGFRα (red) and 4,6-diamidino-2-phenylindole (blue) and SA-β-gal (A) or p21 (green) (B) in WT; APP/PS1 and APP/PS1 mice treated with clemastine. (C,D) Quantification of percentage of SA-β-gal+ PDGFRα+ (C) or p21+ PDGFRα+ (D) cells. Values shown are mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 mice per group, one-way analysis of variance with Student’s t-test.




DISCUSSION

The discovery of clemastine and other compounds showing muscarinic antagonist properties can induce OPCs differentiation, and myelin formation provided new approaches to tangle with the diseases featuring demyelination, including MS (Mei et al., 2014; Abiraman et al., 2015; Apolloni et al., 2016). The encouraging results from the clinical trial of clemastine for treating MS further substantiated the possibility to enhance remyelination during the neurodegeneration process (Green et al., 2017). Comparing to MS, the degeneration process of AD is rather gradual as prominent brain pathology, and the cognitive deficits commonly appear at the later stages of the disease. In this study, by using aged APP/PS1 mice instead of young mice that were used in the previous studies (Chen et al., 2021; Li et al., 2021), we believe it recaptures the features of AD at a later stage and enables more objective evaluation for the treatment (Huang et al., 2016; Denver et al., 2018). Our finding that chronic treatment of clemastine can enhance myelin formation and prevents myelin degeneration in the aged AD mice indicates that clemastine potentially could induce remyelination process even for the patients with abundant Aβ deposition at the advanced stages.

OPCs can generate mature myelinating OLs in both gray and white matter of the central nervous system throughout life (Huang et al., 2014; Guo et al., 2021). The dynamic changes of myelin are closely associated with cognition during both development stages and the various neurodegeneration conditions (Liu et al., 2016; Papuć and Rejdak, 2018; Bai et al., 2021). Therefore, our finding that the short-term memory is improved upon clemastine treatment is likely to be a direct result of the potentiated remyelination. However, we also found that memory retention and learning ability are not improved upon the treatment, which could be attributed to that the mice are aged. Because the cognitive deficits of APP/PS1 mice begin to manifest when they are 7–8 months old (Reiserer et al., 2007), it might be too late to intervene at this late stage. Supporting evidence comes from our previous study, as we showed that the chronic treatment of clemastine could improve the memory retention and learning ability of 7-month-old APP/PS1 mice (Li et al., 2021).

The enhanced remyelination could be a result of sustained OPCs proliferation and/or enhanced differentiation. In a previous study, it was the number of OLs, but not OPCs, that was increased upon the treatment of clemastine (Liu et al., 2016). In contrast, here we show that both OLs and OPCs were increased upon the treatment. The discrepancy could be attributed to the different models used in the studies, as they used mice that underwent 2 weeks of social isolation, which does not induce the loss of OPCs (Liu et al., 2016). Moreover, a recent study found that in toxin-induced focal demyelination, the proliferation of the migrated OPCs is a requirement for them to differentiate at the lesion site (Foerster et al., 2020). Blocking the cell cycle of OPCs in vitro resulted in a significant compromise of the differentiation of the cells (Foerster et al., 2020). Therefore, it is possible that clemastine supports the normal cellular activities of OPCs, including proliferation and differentiation, preventing the loss of the cells rather than enhancing the cellular activities under the neurodegeneration conditions.

Previous studies showed that the effects of clemastine on promoting OPCs differentiation is at least partially due to its antimuscarinic properties (Mei et al., 2016; Chen et al., 2021). However, the downstream effects of antagonizing the receptors that lead to OPC differentiation are still unknown. On the other hand, because OPCs are more susceptible to Aβ deposition associated with cellular senescence than other types of glial cells (Zhang et al., 2019), it is likely that the senescence of OPCs represents a major impediment for them to proliferate and differentiate under the pathological condition. Although our pieces of evidence show that clemastine has a strong effect on preventing the senescence of OPCs, it indicates that clemastine supports the normal activities of OPCs by preventing its senescence.

Previously, we found that clemastine can modulate autophagy in an environment-dependent manner, as it can enhance autophagy by inhibiting mTOR in the APP/PS1 mice but not in the WT mice (Li et al., 2021). The relationship between mTOR signaling, autophagy, and cellular senescence is yet to be examined under the neurodegeneration conditions (Kwon et al., 2017; Martínez-Cué and Rueda, 2020). Nevertheless, a large body of evidence suggests that hyperactive mTOR, autophagic impairments, and cellular senescence are involved in the pathogenesis of AD (Li et al., 2010; Jahrling and Laberge, 2015; Uddin et al., 2020; Carreno et al., 2021). In contrast, our pieces of evidence further strengthened the relationship between mTOR activity and the induction of cellular senescence under pathological conditions. Thus, it is possible that clemastine induces the upregulation of mTOR-mediated autophagy, which contributes to preventing the cellular senescence of OPCs.

Studies have shown that autophagy and cellular senescence are associated with the changes of Aβ deposition (Spilman et al., 2010; Tan et al., 2013; Zhang et al., 2019). Selectively removing the senescent OPCs alleviates the Aβ accumulation in the APP/PS1 mice (Zhang et al., 2019), and inhibiting mTOR signaling also reduces Aβ levels in another AD mice model (Spilman et al., 2010). Herein, we suggest clemastine has a combinational effect of both upregulating autophagic activities and preventing cellular senescence that results in the reduced Aβ plaques. This observation differs from a study that shows Aβ deposition was not altered upon the treatment of clemastine for the 8-month-old APP/PS1 mice (Chen et al., 2021). However, it is consistent with our previous study that shows Aβ deposition is reduced upon the chronic treatment of clemastine for 4 months of 4-month-old APP/PS1 mice (Li et al., 2021). To sum it all, our study provides a new perspective to examine the relationship between mTOR signaling, OPCs senescence, and remyelination under the neurodegeneration conditions featuring protein aggregations.
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As a primary cause of dementia and death in older people, Alzheimer’s disease (AD) has become a common problem and challenge worldwide. Abnormal accumulation of tau proteins in the brain is a hallmark pathology of AD and is closely related to the clinical progression and severity of cognitive deficits. Here, we found that overexpression of phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) effectively promoted the degradation of tau, thereby rescuing neuron loss, synaptic damage, and cognitive impairments in a mouse model of tauopathy with AAV-full-length human Tau (hTau) injected into the hippocampal CA1 area (hTau mice). Overexpression of PINK1 activated autophagy, and chloroquine but not MG132 reversed the PINK1-induced decrease in human Tau levels and cognitive improvement in hTau mice. Furthermore, PINK1 also ameliorated mitochondrial dysfunction induced by hTau. Taken together, our data revealed that PINK1 overexpression promoted degradation of abnormal accumulated tau via the autophagy–lysosome pathway, indicating that PINK1 may be a potential target for AD treatment.
Keywords: tau, PINK1, autophagy, memory, Alzheimer’s disease
INTRODUCTION
Tauopathies are a group of human neurological disorders, which are pathologically characterized by abnormal accumulation of tau filaments in the brain. Among the tauopathies, Alzheimer’s disease (AD) is the most studied (Tapia-Rojas et al., 2019). The main hallmarks of AD pathology are intracellular deposition of tau neurofibrillary tangles and extracellular amyloid-β (Aβ) plaques. Despite being initially considered as a pathological change driven by the toxic effects of amyloid peptide, our understanding of the role that tau plays in AD has been continuously evolving (Götz et al., 2019). Growing evidence indicates that tau pathology can also exert synergistic effects with amyloid peptide and that it correlates more closely to the progression and cognitive impairment of AD than Aβ plaques (Bejanin et al., 2017; Guo et al., 2020). Additionally, given the failure of various clinical Aβ-directed therapies, more efforts have been focused on exploring tau-targeted therapies worldwide in recent years (Congdon and Sigurdsson, 2018).
Phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1), a serine/threonine kinase mainly localized to mitochondria, has attracted more and more attention since its mutation was identified in hereditary early-onset Parkinson’s disease (PD) (Valente et al., 2004; Rasool and Trempe, 2018). PINK1 is widely distributed across multiple tissues and organs of the human body, with the brain being the region with the highest expression (Fagerberg et al., 2014). Under normal conditions, after being imported to the mitochondrial membrane, PINK1 is cleaved by mitochondrial presenilin-associated rhomboid-like (PARL) protease, after which it is transported into the cytoplasm, where it gets degraded. Upon mitochondrial depolarization, PINK1 is stabilized and activated on the mitochondrial membrane, and can initiate PINK1-Parkin dependent mitophagy (Arena and Valente, 2017). Beyond its originally perceived role as an initiator of mitophagy, PINK1 has also shown to be involved in regulating autophagy–lysosome pathway (ALP), ubiquitin–proteasome system (UPS), neurite outgrowth and neuron survival, inflammation, tumor suppression, and apoptosis (Michiorri et al., 2010; McLelland et al., 2014; Parganlija et al., 2014; Akabane et al., 2016; Arena and Valente, 2017; Sliter et al., 2018). In addition to PD, PINK1 has also been proven to exert neuroprotective effects in other neurodegenerative diseases, including Huntington’s disease, amyotrophic lateral sclerosis, and AD (Khalil et al., 2015; Quinn et al., 2020; Baek et al., 2021).
Several studies have reported abnormal expression of PINK1 in patients with AD as well as in cellular and animal models of AD. Among them, most studies showed decreased levels of PINK1 in the context of AD pathology (Choi et al., 2014; Du et al., 2017; Manczak et al., 2018; Reddy et al., 2018; Fang et al., 2019; Ochi et al., 2020; Zhao et al., 2020; Liang et al., 2021), although there are also a minority of studies with opposing conclusions (Mise et al., 2017; Pakpian et al., 2020; Zheng et al., 2020). Researchers showed that the increasing expression of PINK1 lessened Aβ plaques accumulation and rescued cognitive impairments in AD mice. The underlying mechanisms probably included induction of the autophagy pathway, altering APP transcription or secretases, increasing the phagocytosis of Aβ plaques by microglia, promoting mitophagy, and improving mitochondrial function (Du et al., 2017; Fang et al., 2019; Han et al., 2020). However, the specific impact of PINK1 on tau pathology remains largely underexplored and existing relevant and targeted studies are suggestive but inadequate. A previous study showed that activation of mitophagy reduced tau levels, while PINK1 knockdown abolished this effect (Fang et al., 2019). In a different study, G309D PINK1 mutation led to a significant increase in phosphorylated tau (Ser396/404) through inhibition of GSK3β activation in cells (Ye et al., 2015). More efforts are needed to establish the precise role of PINK1 in tau pathology and its possible underlying mechanisms.
Here, using a mouse model of tauopathy injected with AAV2-full-length human TAU into the hippocampus, we showed that upregulation of PINK1 significantly alleviated the deposition of pathological tau, neuron loss, synaptic damage, and cognitive impairments in mice. This occurred through inducing tau degradation via ALP, reducing tau accumulation in mitochondria and ameliorating mitochondrial disorders. Taken together, our study supports that PINK1 may be a promising target for AD treatment.
MATERIALS AND METHODS
Animals
Wild-type C57BL/6J mice (male, 8–10 weeks-age, 20–25 g) were acquired from Beijing Vital River Laboratory Animal Technology Co., Ltd. Animals were randomly assigned into cages (4–5 mice per cage), under normative cultured environment: 12-h day–night cycle with freely available food and water. All animal experiments were performed according to the “Policies on the Use of Animals and Humans in Neuroscience Research” revised and approved by the Society for Neuroscience in 1995, the Guidelines for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People’s Republic of China, and the Institutional Animal Care and Use Committee at Tongji Medical College. The animal study was reviewed and approved by Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology.
Stereotactic Brain Injection and Drug Administration
pAAV-SYN-human Tau-mCherry-3×FLAG-WPRE (1.30 × 1013 vg/ml), pAAV-SYN-PINK1-EGFP-3×FLAG-WPRE (1.35 × 1013 vg/ml), and corresponding vehicles pAAV-SYN-MCS-mCherry-3×FLAG (2.09 × 1013 vg/ml) and pAAV-SYN-MCS-EGFP-3×FLAG (2.84 × 1013 vg/ml) were generated by OBio Tech. Inc. (Shanghai, China). After being fixed on stereotaxic apparatus with adequate anesthesia, mice were injected with 1 µl of virus into the hippocampal CA1 area bilaterally (AP-1.94, ML ± 1.2, DV-1.6). Injection rate was maintained at 100 nl/min, and the needle syringe was kept in situ for an additional 10 min after the virus was fully injected. Before putting them back into cages, mice were placed on an electric blanket for revival.
Fourteen days after virus injection, mice were treated with (1) the autophagy inhibitor chloroquine (CQ) (C6628, Sigma-Aldrich) at 50 mg/kg body weight (Campos et al., 2020; Chen et al., 2020), (2) the proteasome inhibitor MG132 (M8699, Sigma-Aldrich) at 0.5 mg/kg body weight (Lu et al., 2017), or (3) the same volume of vehicle daily for 16 days via intraperitoneal injection.
Behavior Tests
One month after the stereotactic injection, behavioral experiments were conducted to evaluate the spatial learning and memory capabilities of the mice. The novel object recognition (NOR) test is a learning and memory evaluation method based on the principle that animals are born with a tendency to explore new things. This test was conducted as follows (Hong et al., 2020): 24 h before the test, mice were placed in the arenas (50 cm × 50 cm container) without objects for a 5-min habituation. The next day, mice were put into the arenas (one sidewall with two identical objects A and A′ separately located on either end) for 5 min. One hour later, object A′ was replaced by a different object, object B, and then the animals were put into the arenas again and allowed to explore both objects for 5 min. A video camera above the arenas logged the experimental behavior. The time that mice spent exploring object A and object B was recorded as TA and TB, respectively. TB/(TA + TB) was set as the recognition index.
The Morris water maze (MWM) test is used to assess the learning and memory abilities of laboratory animals in the context of spatial position and orientation (Morris, 1984). It was performed as follows: during the spatial learning phase, mice were trained to find a concealed platform in a fixed position below the waterline for five consecutive days. The training time was fixed at 12:00 pm-17:00 pm. In each training session, mice were gently put into water from one of the other three quadrants (without target platform), facing the pool wall. If the platform was not sought out within 60 s, mice would be directed to the platform and made to stay in it for another 30 s. On day 7, the platform was removed, and mice were put in the water maze for 60 s to test spatial memory. The motion trails of mice were recorded and analyzed using MWZ-100 system (Techman, China).
Protein Extraction
Hippocampal regions infected with virus were isolated and mechanically homogenized in lysis buffer for Western blotting (P0013, Beyotime). Homogenate was mixed with 8% (wt/vol) SDS buffer and boiled for 10 min. The sample was further disintegrated through sonication and centrifugation at 12,000 ×g for 15 min at 4°C. Supernatant was collected as total protein extract.
For preparation of sarkosyl soluble/insoluble fractions (Goedert et al., 1992; Schlegel et al., 2019; Ferrer et al., 2020), the sample was mechanically homogenized in 10 volumes (w/v) of pre-cooling lysis buffer (10 mM Tris-HCl, pH 7.4, 0.8 M NaCl, 1 mM EGTA, 10% sucrose) and then centrifuged at 20,000 ×g for 20 min at 4°C. The supernatant (S1) was transferred to a new Eppendorf tube, and the pellet was re-homogenized in 5 volumes (w/v) of lysis buffer and spun at 20,000 ×g for 20 min. The supernatant (S2) was mixed with supernatant (S1) and incubated with 1% N-lauroylsarkosynate (w/v) for 1 h at room temperature while shaken. The sample was then spun at 100,000 ×g for 1 h at 4°C. The supernatant was transferred to a new Eppendorf tube, designated as the soluble fraction. The pellet was re-suspended (0.2 ml/g) in 50 mM Tris–HCl (pH 7.4) and stored as sarkosyl insoluble fraction.
To separate out mitochondria from cytoplasm, we used the Tissue Mitochondria Isolation Kit (C3606, Beyotime). Following manufacturer’s instructions, tissue sample was homogenized in solution A and centrifuged at 1,000 ×g for 10 min at 4°C. Supernatant was collected and centrifuged at 11,000 ×g for another 10 min at 4°C. Then, supernatant was transferred to a new Eppendorf tube, designated as cytoplasm fraction. The deposit was re-suspended in a lysis buffer supplied by the kit and stored as mitochondrial fraction.
Co-Immunoprecipitation
Hippocampal regions infected with virus were isolated and mechanically homogenized in lysis buffer for immunoprecipitation (IP) (P0013, Beyotime). Then, the homogenate was centrifuged at 3,000 rpm, for 20 min at 4°C. The supernatant was incubated with the primary antibody Tau5 (2 µg/100 µg) (ab80579, Abcam) overnight at 4°C and then Protein A+G Agarose (30 µl/100 µl) (P2012, Beyotime) was added into the sample for 4–6 h. After that, the agarose was washed three times. Proteins attached to the agarose were resuspended in buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol) and boiled for 10 min. Collected protein sample was analyzed by Western blot.
Western Blot
Via SDS acrylamide gel electrophoresis, protein sample was transferred to nitrocellulose filter membrane (10600002, Whatman) and then blocked in 5% skimmed milk for 1 h. The membrane was then incubated with primary antibodies overnight at 4°C and then incubated with secondary antibody for 1 h. Antibodies used in this study are listed in Table 1. Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, United States) and ECL Imaging System (610007-8Q, Clinx Science Instruments Co., Ltd.) were used for visualization of protein bands. Quantitative analysis of blots was performed using ImageJ software (Fiji) (Li et al., 2021).
TABLE 1 | Antibodies used in this study.
[image: Table 1]Quantitative Real-Time PCR
Total RNA was isolated from virus-infected mice hippocampal region using Trizol reagent (15596018, Thermo Fisher Scientific). The transcription reagent kit (RR037, Takara) was then used for cDNA synthesis. Quantitative PCR was conducted using the One-Step SYBR PrimeScript PLUS RT-PCR Kit (RR096A, Takara) following the manufacturer’s instructions. The PCR system contained 1 µl of forward and reverse primers, 1 µl of cDNA, 3 µl of diethylpyrocarbonate (DEPC H2O), and 5 µl of SYBR Green PCR master mixes. RT-PCR was performed and analyzed using an ABI Step one plus Real-Time PCR System (Applied Biosystems). Primers for human TAU were F: 5′-CGC​CAG​GAG​TTC​GAA​GTG​AT-3′ and R: 5′-TCT​TGG​TGC​ATG​GTG​TAG​CC-3′ (Korhonen et al., 2011) and primers for β-actin were F: 5′- CAA​ATG​TTG​CTT​GTC​TGG​TG-3′ and R: 5′-GTC​AGT​CGA​GTG​CAC​AGT​TT-3′ (Wan et al., 2021).
Immunohistochemical and Nissl’s Staining
Mice brain slices (paraffin section, 4 µm thick) were baked at 55°C for 1 h and immersed into xylene for 40 min. After being dewaxed, slices were dehydrated through graded ethanol (100%, 100%, 95%, 90%, and 80%) for 5 min each time. Brain slices were immersed into citric acid buffer (pH = 6.0, 10 mM) and heated in a microwave for 10 min to maximize tissue antigen recovery. Then, slices were incubated with 3% H2O2 for 30 min and blocked in 5% BSA solution containing 0.5% Triton X-100 for 40 min. Next, slices were incubated with primary antibody (listed in Table 1) at 4°C for 24–48 h. After incubation with secondary antibody at 37°C for 1 h, slices were stained with DAB reagent (G1212, Servicebio). Then, slices were rehydrated through graded ethanol (80%, 90%, 95%, 100%, and 100%) for 5 min each time, transparentized using xylene for 20 min, and mounted with neutral balsam. For Nissl’s staining, after deparaffinage and gradient alcohol dehydration, slices were washed with PBS for 3 × 5 min, and then dyed with 0.5% toluidine blue reagent (G1036, Servicebio) for 2–5 min. If the slice was hyperchromatic, 0.1% glacial acetic acid was used for differentiation. Baked slices were mounted with neutral balsam. A scanning microscope (SV120, OLYMPUS) was used for imaging.
Immunofluorescence Staining
After aforementioned deparaffinage, dehydration, and antigen recovery, mice brain slices were washed with PBS for 3 × 5 min and blocked in 5% donkey serum containing 0.5% Triton X-100 for 40 min. Next, slices were incubated with primary antibody (listed in Table 1) at 4°C for 24–48 h. After incubation with secondary antibody at 37°C for 1 h, slices were washed with PBS for 3 × 5 min and stained with DAPI reagent (G1012, Servicebio) for 10 min at room temperature. Slices were sealed with anti-fluorescence quencher (G1401, Servicebio) and imaged using a scanning microscope (SV120, OLYMPUS).
Golgi Staining
FD Rapid GolgiStain™ Kit (FD Neuro Technologies, PK401) was used for Golgi staining. After being deeply anesthetized, the brain of mice was removed and immersed in mixture solution A + B (1:1) for 2–4 weeks. Then, the brain was transferred to solution C for 3–7 days, after which it was placed on an oscillating tissue slicer and cut into slices (100 µm thick). After being air dried in the dark, the slices were stained with a mixture of solution D + E + double distilled water (1:1:2) as per manufacturer’s instructions. Images were taken using an optical microscope (Nikon, Japan).
ATP Assay
ATP levels were measured using the ATP bioluminescence detection kit (S0026, Beyotime). Briefly, the hippocampal regions infected with virus was extracted and pyrolyzed with a lysis buffer supplied with the kit. The homogenate was centrifuged at 12,000 ×g for 5 min at 4°C. Supernatant was collected for ATP detection. Protein concentration of the supernatant was measured using the BCA Protein Assay Kit (P0012S, Beyotime). Furthermore, 100 µl of supernatant and 100 µl of ATP detection buffer were mixed and the luminescence was measured using a microplate reader. Gradient dilution of the standard solution was conducted to generate the standard curve (1 nM–1 µM). ATP levels were calculated according to the standard curve and normalized against the standards’ protein concentration.
Malondialdehyde Assay
Malondialdehyde (MDA) levels were measured using the Lipid Peroxidation MDA Assay Kit (S0131S, Beyotime). As per manufacturer’s instructions, hippocampal regions infected with virus was extracted and pyrolyzed in RIPA lysis buffer (P0013D, Beyotime) and then centrifuged at 12,000 ×g for 10 min at 4°C. Supernatant was collected for MDA detection. Protein concentration of the supernatant was measured using a BCA Protein Assay Kit (P0012S, Beyotime). One hundred microliters of supernatant was mixed with 200 µl of MDA detection working buffer containing thiobarbituric acid (TBA) and the MDA-TBA adduct was measured using a microplate reader at 535 nm. Gradient dilution of standard solutions was conducted to generate the standard curve (1–100 µM). MDA levels were calculated according to the standard curve and normalized against the standards’ protein concentration, shown as nmol/mg protein.
Statistical Analysis
All data were collected and analyzed in a blinded manner. Data were shown as mean ± SEM or mean ± SD and analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, United States). Statistical analyses were conducted using two-tailed unpaired t-tests, one-way ANOVA, or two-way repeated measures ANOVA followed by Tukey multiple-comparisons post-hoc tests. p < 0.05 was set as the level of statistical significance.
RESULTS
PINK1 Rescues Cognitive Impairments in hTau Mice
We injected pAAV-SYN-human Tau-mCherry-3×FLAG-WPRE into the hippocampal CA1 region of mice for 1 month to mimic Alzheimer-like deposits of tau in the brain (Andorfer et al., 2003; Lasagna-Reeves et al., 2011; Li et al., 2019; Wan et al., 2021). Meanwhile, pAAV-SYN-PINK1-EGFP-3×FLAG-WPRE was also co-injected to explore its effect on tau pathology. SYN is a neuron-specific promoter, which means exogenous PINK1 and hTau would be specifically expressed in neurons. A high transfection efficiency of the virus was confirmed by Western blot, immunofluorescence and immunohistochemistry (Figures 4A,B,E; Supplementary Figure S1). As core symptoms of AD, cognitive decline and dementia are tightly associated with tau pathology (Bejanin et al., 2017). Thus, we conducted behavioral tests on the mice to assess cognitive function (Figure 1A). In contrast with WT mice, human Tau (hTau) mice (injected with pAAV-SYN-human TAU-mCherry-3×FLAG-WPRE) showed obvious learning and memory impairments as evaluated by NOR and MWM tests, while overexpression of PINK1 rescued the cognitive dysfunction. More specifically, in the NOR test, the time that hTau mice spent on exploring novel object was significantly reduced; however, this recognition index was improved by PINK1 overexpression (Figures 1B–D). In the MWM test, compared with the WT group, hTau mice had a longer latency period before finding the hidden platform at 3rd–5th days during the training stage. During the test stage, longer latency to reach the place where the platform was previously placed before, less retention time in the target quadrant, and fewer times crossing the platform region were observed in hTau mice, while overexpressing PINK1 attenuated the above learning and memory deficits, as evidenced by decreased time to find the platform during the 4th and 5th day during the training phase, less escape latency, more retention time in the target quadrant, and more times crossing the platform region during the test phase (Figures 1E–I). There was no significant difference in swimming speed among the four groups of mice (Figure 1J), which excluded defects in motor ability. Overall, our data demonstrated that PINK1 overexpression ameliorates cognitive deficits in hTau mice.
[image: Figure 1]FIGURE 1 | PINK1 ameliorates cognitive impairments in hTau mice. (A) Experimental processes of virus injection and behavioral tests. (B–D) PINK1 improved cognitive performance of hTau mice in the NOR test shown by elevated recognition index. One-way ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01. (E) Representative swimming path of mice in each group during the MWM probe test. (F) PINK1 improved learning ability in hTau mice shown by shortened latency to find the hidden platform during training stage in the MMW test. Two-way repeated-measures ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01 vs. WT + Vec; #p < 0.05 vs. hTau + Vec. (G–I) PINK1 improved memory ability in hTau mice shown by decreased latency to reach the location of platform (G), longer retention time in the target quadrant (H), and more target zone crossings (I) during the MWM probe test. One-way ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01. (J) No significant difference in swimming speed was seen among the four groups during the MWM probe test. One-way ANOVA followed by Tukey multiple-comparisons tests. All data were presented as mean ± SEM. n = 10 mice for each group.
PINK1 ameliorates hTau-Induced Neuron Loss and Synaptic Damage
Growing evidence supports the neurotoxic effects of tau as a primary event for neuron loss and synaptic injury, both of which are common neuropathologic manifestations in AD and closely related to the severity of cognitive disfunction (Iqbal and Grundke-Iqbal, 2002; Giannakopoulos et al., 2003). Especially, neuron loss in the hippocampal CA1 region is a prominent feature of AD (West et al., 1994; Simic et al., 1997). Therefore, we aimed to investigate the underlying mechanisms by which PINK1 ameliorated cognitive deficits in hTau mice. Nissl’s staining and immunohistochemical staining were used to observe and compare neuron morphology and number in the hippocampal CA1 area of mice. In WT mice, irrespective of whether injected with PINK1 or not, neurons in the CA1 region had a full and orderly shape and were closely arranged with the Nissl bodies. Meanwhile, hTau mice displayed a reduced number of intact neurons (Figures 2A,B). Neurons had abnormal morphology, with an obscure structure and disorganized arrangement (Figure 2A). Interestingly, this phenotype was noticeably attenuated following PINK1 overexpression (Figures 2A,B). NeuN staining data also supported the finding that PINK1 overexpression ameliorated the neuron loss induced by accumulation of hTau (Figures 2C,D). In addition, overexpression of PINK1 attenuated the observed increased levels of cleaved caspase-3 induced by hTau, thus suggesting that PINK1 alleviates hTau-induced cell apoptosis (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | PINK1 alleviates hTau-induced neuronal loss in the hippocampal CA1 region of mice. (A) PINK1 ameliorated hippocampal CA1 neuronal loss in hTau mice exhibited by representative images of Nissl staining. (B) Quantitative analysis of numbers of intact neurons in area framed within black bordered rectangle. Neurons with visible nuclei, distinctive nucleolus, and cytoplasmic Nissl staining were regarded as intact neurons and counted. One-way ANOVA followed by Tukey multiple-comparisons tests. **p < 0.01, ***p < 0.001. (C) Representative images of NeuN immunohistochemical staining. (D) Quantitative analysis of numbers of neurons with positive NeuN staining in area framed within black bordered rectangle. One-way ANOVA followed by Tukey multiple-comparisons tests. **p < 0.01, ***p < 0.001. All data were presented as mean ± SD. n = 3 mice for each group.
The dendritic spine, functional protrusions on dendrite branches, is the main site of synaptogenesis, and so is closely related to synaptic transmission (Chidambaram et al., 2019). Here, we identified and quantified dendritic spines in the CA1 region using Golgi staining. Compared with WT mice, dendritic branches were sparser, and the dendritic spine density was significantly reduced in hTau mice (Figure 3). Meanwhile, overexpression of PINK1 attenuated such phenotype in hTau mice (Figure 3). These data indicated that PINK1 attenuates hTau-mediated neuron loss and synaptic damage.
[image: Figure 3]FIGURE 3 | PINK1 reverses the decreased dendritic spine density in the hippocampal CA1 region of hTau mice. (A) Representative images of Golgi Staining in the hippocampal CA1 region of mice. (B) Quantitative analysis of spine density in the CA1 area of mice. Thirty neurons from each group were analyzed. One-way ANOVA followed by Tukey multiple-comparisons tests. ****p < 0.0001. All data were presented as mean ± SD. n = 3 mice for each group.
PINK1 Overexpression Reduces Tau Protein Levels in hTau Mice
We observed obvious accumulation of exogenous tau (human Tau) proteins in the hippocampal CA1 region of hTau mice, including total human tau (detected using the HT7 and Tau5 antibodies) and phosphorylated tau at Ser396, Ser404, and Thr205 (Figures 4A,B,E), as detected by Western blot or immunohistochemistry. Simultaneously overexpressing PINK1 significantly reduced the levels of exogenous total and phosphorylated tau proteins (Figures 4A,B,E). Furthermore, we found that PINK1 overexpression decreased soluble and insoluble exogenous total and phosphorylated tau proteins compared with hTau mice (Figures 5E–H, 1–3 lane vs. 4–6 lane). PINK1 did not alter the mRNA levels of hTau (Figure 4D), which suggested that overexpressing PINK1 decreased hTau protein levels as a result of an increase in its degradation. Although the endogenous levels of mouse tau displayed a downward trend in the context of PINK1 overexpression, there was no significant difference among the four groups (Figures 4A,C). Overall, these data showed that PINK1 decreases the pathological accumulation of tau proteins induced by hTau overexpression.
[image: Figure 4]FIGURE 4 | Overexpression of PINK1 decreases tau protein levels in hTau mice. (A,B) Representative images and quantitative analysis of Western blot showed overexpression of PINK1 diminished levels of exogenous tau (∼106 kDa, human tau), including total tau (HT7, Tau5) and phosphorylated tau (pS396, pS404, and pT205) in the hippocampal CA1 area of hTau mice. Unpaired t-tests. **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Significant alteration of endogenous tau (∼55 kDa) was not found among the four groups. One-way ANOVA followed by Tukey multiple-comparisons tests. (D) The levels of human TAU mRNA had no significant changes with PINK1 overexpression. One-way ANOVA followed by Tukey multiple-comparisons tests. ****p < 0.0001. (E) Representative images of immunohistochemical staining showed PINK1 reduced tau pathology (total tau, phosphorylated tau at Ser396 or Ser404) in the hippocampal CA1 area. HT7 antibody exclusively reacts to human tau proteins. All data were presented as mean ± SD. n = 3 mice for each group.
[image: Figure 5]FIGURE 5 | PINK1 promotes clearance of hTau mainly through the autophagy pathway. (A,B) PINK1 increased the levels of LC3 II and lysosomal protein LAMP2, as well as decreased p62 levels detected by Western blot. One-way ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. WT + Vec; #p < 0.05, ##p < 0.01 vs. hTau + Vec. (C,D) In total fraction of mice hippocampal CA1, PINK1 diminished the levels of exogenous tau (∼106 kDa, human tau: both total and phosphorylated tau), while CQ treatment reversed this reduction shown by Western blot. Treatment with MG132 induced relatively small increase in the levels of hTau proteins in hTau and PINK1 overexpressing mice. (E–H) In both the soluble (E, G) and insoluble fraction (F, H) of mice hippocampal CA1 area, PINK1 decreased the levels of exogenous tau (∼106 kDa, human tau: both total and phosphorylated tau) in hTau mice, while CQ treatment reversed the reduction. Treatment with MG132 induced relatively small increase in the levels of hTau proteins in the soluble fraction. One-way ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. hTau + Vec; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. hTau + PINK1. All data were presented as mean ± SD. n = 3 mice for each group.
PINK1 Promotes Clearance of hTau Accumulation via the Autophagy–Lysosome Pathway
Given the protective effects of PINK1 against abnormally accumulated tau protein in mice, we sought to find out the potential underlying mechanism. As PINK1 did not lead to changes in the mRNA levels of hTau (Figure 4D), we inferred that PINK1 may affect the degradation pathways of hTau proteins. It has been previously shown that both UPS and ALP contribute to the degradation of tau aggregation in AD (Cheng et al., 2018), and there are also data that indicate the promotive effects of PINK1 on ALP (Michiorri et al., 2010; Parganlija et al., 2014; Du et al., 2017). Therefore, we aimed to detect the expression of autophagic markers (Abdelfatah et al., 2021). As illustrated in Figures 5A,B, PINK1 overexpression induced an increase in the expression of LC3 II and lysosomal protein LAMP2, and a decrease in the levels of p62 in the hippocampal CA1 region of hTau mice. The level of Beclin1 was not significantly altered among the four groups. Thus, these results suggest that PINK1 activates ALP in hTau mice.
To further confirm the pathway by which PINK1 induces elimination of abnormal accumulation of tau, MG132, an inhibitor of proteasome pathway, or chloroquine (CQ), an inhibitor of autophagy that blocks the fusion of autophagosome and lysosome, was used to treat the mice overexpressing hTau and PINK1, respectively. We found that CQ (lanes 10–12) but not MG132 treatment (lanes 7–9) reversed the decreased total (Tau5) and phosphorylated tau (pS396, pS404, and pT205) levels induced by PINK1 (Figures 5C,D; Supplementary Figure S3). Soluble and insoluble proteins were extracted, and total or phosphorylated tau levels were detected by Western blot. The levels of total and phosphorylated tau in the soluble and insoluble fraction of hTau mice were decreased following PINK1 overexpression, while CQ reversed the PINK1-induced reduction of total or phosphorylated tau levels (Figures 5E–H, lanes 10–12 vs. lanes 4–6; Supplementary Figure S3). MG132 treatment merely induced a small increase in total and phosphorylated tau levels in the soluble fraction, but had no effects in the levels of total or phosphorylated tau in the insoluble fraction (Figures 5E–H, lanes 7–9 vs. lanes 4–6; Supplementary Figure S3). We also observed that CQ caused an increase in the levels of endogenous tau (Figures 5E,F; Supplementary Figures S4A,B). All these data suggest that PINK1 decreases the levels of tau through the autophagy pathway.
CQ Reverses the Improved Effects of PINK1 on Cognition
Furthermore, we conducted behavioral experiments to investigate whether the improved cognitive function induced by PINK1 was also reversed by CQ treatment (Figure 6A). Unsurprisingly, we found that CQ treatment caused a distinct cognitive decline in hTau and PINK1 overexpressing mice. This was evidenced by a lower recognition index in the NOR test (Figures 6B,C), a longer latency period to reach the hidden platform on days 3–5 during the training phase, as well as a longer escape latency, shorter residence time in the target quadrant, and decreased platform zone crossing times during the test phase of the MWM test (Figures 6D–I). Treatment with MG132 did not induce significant changes in the cognition of hTau and PINK1 overexpressing mice (Supplementary Figure S5).
[image: Figure 6]FIGURE 6 | CQ treatment reverses the improved cognition induced by PINK1 overexpression. (A) Experimental processes of virus injection, drug treatment, and behavioral tests. (B,C) CQ treatment lowered the recognition index of hTau and PINK1 overexpressing mice in the NOR test. Unpaired t-tests. *p < 0.05. (D) Representative swimming path of mice in each group during the MWM probe test. (E) CQ treatment impaired the learning ability of hTau and PINK1 overexpressing mice, shown by prolonged latency to find the hidden platform during training stage in the MWM test. Two-way repeated-measures ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05, **p < 0.01. (F–H) CQ treatment impaired the memory ability of hTau and PINK1 overexpressing mice, shown by longer latency to reach the location of platform (F), shorter retention time in the target quadrant (G) and fewer target zone crossings (H) during the MWM probe test. Unpaired t-tests. *p < 0.05, **p < 0.01, ***p < 0.001. (I) No significant difference in swimming speed was seen between the two groups during the MWM probe test. Unpaired t-tests. All data were presented as mean ± SEM. n = 10 mice for each group.
PINK1 Reduces the Accumulation of hTau in Mitochondria and Improves Mitochondrial Function
Besides our above discovery that PINK1 reduces tau proteins through the autophagy pathway, PINK1 has been widely reported to play vital roles in maintaining mitochondrial homeostasis (Arena and Valente, 2017). Here, we extracted the mitochondrial and cytoplasmic fraction from the hippocampal CA1 region of mice, and found accumulation of hTau in the mitochondrial fraction of hTau mice, which is consistent with our previous study in cells overexpressing hTau (Hu et al., 2016) as well as other previous studies (Lasagna-Reeves et al., 2011; Grassi et al., 2019; Torres et al., 2021), Meanwhile, PINK1 overexpression decreased the levels of hTau in both the mitochondrial and cytoplasmic fraction of hTau mice (Figures 7A,B). Furthermore, we found reduced levels of Parkin in the mitochondrial and cytoplasmic fraction of mice with PINK1 overexpression (Figures 7A,C), indicating an activation of Parkin by PINK1 as activation of Parkin would induce its own ubiquitylation and degradation (Zhang et al., 2000; Xiong et al., 2009; McWilliams et al., 2018). In line with previous studies (Li et al., 2016; Guha et al., 2020; Szabo et al., 2020), assessment of mitochondrial function revealed mitochondrial dysfunction in hTau mice, as evidenced by reduced levels of ATP and elevated MDA levels, both of which were reversed in the context of PINK1 overexpression (Figures 7D,E).
[image: Figure 7]FIGURE 7 | PINK1 reduces tau accumulation in mitochondria and rescues mitochondrial disorders. (A–C) The levels of exogenous tau (∼106 kDa, human tau) (A,B) or Parkin (A, C) in both cytoplasm and mitochondria fraction of mice hippocampal CA1 region were detected by Western blot and quantitative analysis. Unpaired t-tests. *p < 0.05, **p < 0.01. (D, E) Overexpression of PINK1 reversed the decreased ATP levels (D) or increased MDA levels (E) in hTau mice. One-way ANOVA followed by Tukey multiple-comparisons tests. *p < 0.05. All data were presented as mean ± SD. n = 3 mice for each group.
DISCUSSION
As a primary cause of dementia and death in older people, AD has become a common problem and challenge in an aging society due to a lack of effective diagnosis and treatment. Here, we injected AAV2-full-length human TAU into the hippocampal CA1 region of mice to mimic Alzheimer-like tau pathology in the brain. We observed an obvious accumulation of tau proteins, neuron loss, synapse injury, mitochondrial function disorders, and cognitive impairments in hTau mice. We also found that overexpression of PINK1 effectively reduced neuropathological accumulation of tau proteins, ameliorated mitochondrial function, attenuated damage to neurons and synapses, and thus rescued cognitive decline in hTau mice.
In our study, overexpression of PINK1 led to activation of ALP, as evidenced by increased LC3 II and lysosomal protein LAMP2, as well as decreased levels of p62. PINK1-induced ALP activation has also been observed in other studies (Michiorri et al., 2010; Parganlija et al., 2014; Du et al., 2017). In transgenic mAPP mice, overexpression of PINK1 increased the expression of LC3 II, lysosome-associated membrane protein 1 (LAMP1), lysosomal proteases cathepsin D, autophagy receptor OPTN and NDP52, thus leading to the clearance of Aβ plaques (Du et al., 2017). SH-SY5Y cells with PINK1 knockdown showed decreased mRNA levels of ATG5, ATG6, ATG7, LC3A, P62, LAMP1, and LAMP2 (Parganlija et al., 2014). PINK1 was also reported to directly interact with Beclin1 to promote autophagy (Michiorri et al., 2010). Taken together, our results indicate that PINK1 promotes degradation of tau via ALP. After pharmaceutical blockade of the fusion between autophagosome and lysosome by CQ, we found that the decreased hTau proteins in hTau and PINK1-overexpressed mice, including total and phosphorylated tau in whole tissue homogenate, soluble and insoluble portions, were all reversed. In contrast, inhibiting proteasome by MG132 just induced partial increase of hTau proteins in hTau and PINK1-overexpressed mice. This increase was mainly observed in the soluble portion, which is in accord with the idea that the proteasome has a limited ability to deal with oligomeric and aggregated proteins (Kirkin et al., 2009). CQ also reversed the PINK1-induced improvements on cognitive impairment. Overall, the above findings verified that PINK1 relies on ALP to clear abnormal accumulated hTau proteins and ameliorate cognitive deficits. Thus, in future research, we will explore the detailed mechanism by which PINK1 overexpression leads to the degradation of tau via ALP.
Previous research has shown that cytosolic PINK1 fragments enhanced Parkin-mediated ubiquitination and degradation of Parkin substrates in neuroblastoma cells and human brain lysates (Xiong et al., 2009), and bioinformatic analysis presented the potential involvement of Parkin in the ubiquitination of tau (Kumar and Kumar, 2019). Researchers have also shown that Parkin brings about Lys63-linked polyubiquitination of misfolded proteins and leads to their clearance via the autophagy pathway (Olzmann and Chin, 2008; Khandelwal et al., 2011). In this study, a Co-IP experiment revealed upregulated ubiquitination of tau protein in the hippocampal CA1 region of mice with PINK1 overexpression (Supplementary Figure S6).
Our previous studies found that hTau can accumulate in mitochondria, inhibit mitophagy, disrupt mitochondrial dynamics, and induce mitochondrial dysfunction in cellular or animal models overexpressing hTau (Hu et al., 2016; Li et al., 2016), which are considered drivers of synaptic dysfunction and cognitive decline in AD (John and Reddy, 2021; Sharma et al., 2021). In this study, we verified the pathological accumulation of tau in mitochondria, which was reported to induce mitochondrial dysfunction, thus contributing to synaptic impairment and memory deficits in mice (Torres et al., 2021). PINK1 has been widely reported to play vital roles in maintaining mitochondrial homeostasis (Voigt et al., 2016; Arena and Valente, 2017). Parkin is a cytosolic member of E3 ubiquitin ligase family, and overexpression PINK1 can recruit Parkin to mitochondria and activate it via phosphorylation of its UBL domain. Then, Parkin transfers ubiquitin chains to the mitochondrial outer membrane to induce the elimination of mitochondria through mitophagy (Okatsu et al., 2012; Du et al., 2017; Gundogdu et al., 2021). Our study showed that PINK1 reduced hTau accumulation in mitochondria. We observed mitochondrial dysfunction in hTau mice, which was rescued following overexpression of PINK1, possibly because of PINK1-induced reduction of intracellular tau accumulation (Li et al., 2016; Guha et al., 2020; Szabo et al., 2020) and the direct protective effects of PINK1 on mitochondria (Voigt et al., 2016; Arena and Valente, 2017).
It has been extensively reported that tau accumulation induces neuron loss and synaptic impairments, which are closely related to cognitive deficits in AD (Iqbal and Grundke-Iqbal, 2002; Giannakopoulos et al., 2003; Yin et al., 2016). We also found that overexpression of hTau or P301L hTau activated STAT1 and inactivated STAT3 to inhibit the expression of NMDARs, thus inducing dendritic plasticity deficits, including LTP suppression and spine density decrease, and memory deficits (Li et al., 2019; Hong et al., 2020; Wan et al., 2021). In this study, PINK1 overexpression rescued neuron loss and synaptic damage, and ameliorated cognitive impairments by promoting the degradation of accumulated tau in the autophagy pathway, reducing tau accumulation in mitochondria and alleviating mitochondrial disorders. These findings, together with the previous finding that PINK1 decreased Aβ level in transgenic mAPP mice (Du et al., 2017), indicate the potential of PINK1 as a therapeutic target for AD treatment.
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Parameters AD patients Healthy control
(n =88) (n =65)
Age (y) 74.28 + 8.89 73.58 +8.18
Gender (male/female) 40/48 32/33
BMI (Mean + SD) 23.20 + 3.25 23.68 + 3.48
Antibiotics use, no. 0 0
Complications, no.
Hypertension 30 18
Diabetes mellitus 13 8
Hypercholesterolemia 12 8
Coronary heart disease 11 6
Diarrhea 2 3
Constipation 6 4
Cognitive and functional status
MMSE Score* 4.35 £5.89 26,85+ 8.78
WAIS Score* 36.25 +£ 16.84 91.25 + 11.28
Barthel Score* 22.38 £24.20 77.80 +9.85

BMI, body mass index; SD, standard deviation; no., numbers; MMSE, Mini-Mental

State Examination; WAIS, Wechsler Adult Intelligence Scale.

*p < 0.05.
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Disease Model (s) Changes Mechanism of STEP alterations Intervention strategies and outcome References
in STEP
Alzheimer’s Humans, 1 AB-induced dysregulation of UPS, Pharmacologic (TC-2153) or genetic inhibition ~ Dineley et al., 2001; Stevens
disease Mice & activation of a7nAChRs and (KO, KD) of STEP improved phosphorylation of et al., 2003; Lacor et al., 2004;
Cells dysregulation of BDNF/TrkB signaling GluN2B, GIuA2, ERK1/2, Fyn, Pyk2, synaptic Chin et al., 2005; Aimeida et al.,
connectivity, BDNF and cognitive functions 2006; Venkitaramani et al.,
2007, 2011; Tseng et al., 2008;
Kurup et al., 2010; Zhang et al.,
2010, 2013; Olausson et al.,
2012; Xu et al., 2014, 2016;
Saavedra et al., 2016
Parkinson’s Humans, 4 Disrupted UPS associated with Activation of BDNF signling decreases STEP Kitada et al., 2009; Chagniel
disease Rats, Mice mutation/decreased activity of parkin, a level and activity which results in upregulation of et al., 2014; Kurup et al., 2015;
& Cells product of PARK2 gene and pERK, pCREB and BDNF Saavedra et al., 2016; Xu et al.,
downregulation of BDNF/TrkB signaling 2016
Huntington’s Mice N Downregulation: enhanced PKA and Genetic deletion of STEP delayed onset of Desplats et al., 2006; Hodges
disease reduced PP2B activities; Upregulation:  motor and cognitive symptoms. TC-2153 et al., 2006; Saavedra et al.,
decrease DARPP-32 levels improved cognition, TAT-STEP increased 2011; Gladding et al., 2012;
VGLUT1-GIuN2B colocalization, Y1472GIuN2B ~ Garcia-Forn et al., 2018
and BDNF expression
Schizophrenia Humans, 4 NRG1 mutation and NRG1/ErbB4 Neuroleptic drugs or genetic inhibition of STEP ~ Stefansson et al., 2004; Barros
Mice & signaling abnormality improved synaptic proteins (NRG1, GIuN2B, et al., 2009; Belforte et al.,
Cells Pyk2 and ERK1/2) and behavioral deficits 2010; Carty et al., 2012;
Goebel-Goody et al., 2012z;
Lohetal., 2013; Xu et al., 2018
Fragile X Mice & 4 Defect in the Fmr1 gene causes TC-2153 or genetic deletion of Fmr1 or Huber et al., 2002; Hou et al.,
syndrome Cells deficiency of FMRP, the protein product STEP/Fmr1 double KO improved exaggerated — 2006; Gross et al., 2010;
of Fmr1, which normally binds to and LTD, audiogenic seizure incidences, Darnell et al., 2011;
suppresses MRNAs translation c-Fos-positive neurons hyperactivity, anxiety Goebel-Goody et al., 2012b;
including that of STEP; mGlu signaling ~ and synaptic aberrations Chatterjee et al., 2018
alteration
Age-related Humans, 4 Abnormalities in the UPS as well as Up- or down-regulation, led to worsening or Castonguay et al., 2018
memory decline  Monkeys, alteration in the NMDAR and ERK alleviation of age-related memory deficits,
Mice & signaling pathways respectively; TC-2153 improved synaptic
Cells proteins and alleviated cognitive impairments
Depressive Humans & 1 Downregulation of BDNF signaling TC-2153 mitigates depressive-like symptoms in - Kulikov et al., 2012; Elizabeth
disorders Mouse pathway mice via decreasing 5-HToa receptor and and Alexander, 2017; Kulikova

increasing BDNF

etal, 2018

*There is a controversy regarding the level of STEP in depressive disorders with elevation of this enzyme seen in mice but no changes were observed in postmortem
human study. Therefore, further researches are needed to draw a conclusion.
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STEP Phosphorylation Site Consequences of STEP action References
substrates mechanism
GluN2B Directly and indirectly via Tyr1472 Internalization of GIuN1/GIuN2B receptor Nakazawa et al., 2001; Roche et al., 2001;
Fyn dephosphorylation complex and impaired synaptic plasticity Nguyen et al., 2002; Lavezzari et al., 2003
GIuA2 Direct dephosphorylation Tyr876 Internalization of GluA1/GIuA2 receptor Zhang et al., 2008; Won et al., 2016, 2019
complex and impaired synaptic plasticity
ERK1/2 Direct dephosphorylation Tyr204/187 Decreased ERK1/2 substrates (CREB, Elk1) Paul et al., 2003; Valjent et al., 2005; Paul and
phosphorylation, synaptic plasticity deficits Connor, 2010; Liet al., 2014
p38 Direct dephosphorylation Tyr182 Inhibition of cell death pathways, enhanced cell ~ Xu et al., 2009; Poddar et al., 2010
survival
Fyn Directly and indirectly via Tyr420 Inhibition of Fyn substrates (GIUN2B) Nguyen et al., 2002; Venkitaramani et al., 2011
Pyk2 dephosphorylation phosphorylation
Pyk2 Direct dephosphorylation Tyrd02 Inhibition of Pyk2 substrates (Fyn) Xuetal., 2012
phosphorylation
PTPa Direct dephosphorylation Tyr789 Inhibition of Fyn dephosphorylation at inhibitory Engen et al., 2008; Ingley, 2008; Xu et al., 2015
Try531 residue (Fyn inhibition)
SPIN9O Direct dephosphorylation Y85, Y161or Y227*  Activation of cofilin which depolymerizes actin Cho et al., 2013a,b

leading to spine collapse, memory impairment

*It is not confirmed which of these sites is/are STEP dephosphorylation residue (s).
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