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Editorial on the Research Topic
 Molecular and cellular mechanisms of synaptopathies: emerging synaptic aging-related molecular pathways in neurological disorders




Despite the enormous advances made in our understanding of neurological disorders, a knowledge gap still exists that prevents the scientific community from linking clinical manifestations with actual cellular neuropathological changes. This connection is especially crucial for pathologies like Alzheimer's disease (AD), which has a 10–20 year preclinical period offering an extended window for potential interventions (McKhann et al., 1984; Sperling et al., 2011). However, the preclinical period has been challenging to explore due to the lack of specific prognostic and predictive biomarkers.

To identify disease progression biomarkers, we must diligently explore and identify new causal genes and pathways associated with the disease. Furthermore, by understanding these pathologies' mechanistic, we will speed up the development of new disease-modifying therapies. Future advances in this endeavor will necessitate the collaborative efforts of researchers from diverse backgrounds. This diversity is reflected in our editorial panel and among the contributors to this topic. Our Frontiers Research Topic, entitled “Molecular and cellular mechanisms of synaptopathies: emerging synaptic aging-related molecular pathways in neurological disorders”, comprises original research articles from experts in the neuroscience field. These experts explore novel brain disease-related pathways that could serve as potential therapeutic targets. The number and originality of these contributions highlight the interest and ongoing activity in this area of investigation.

Among the promising new pharmacological discoveries, Bellanti et al. highlights the therapeutic potential of ultramicronized palmitoylethanolamide (um-PEA) in AD. Chronic um-PEA treatment improved mitochondrial function and restored energy metabolism in the frontal cortex of mice, suggesting um-PEA treatment as a potential novel strategy for future clinical treatment of AD due to its bioenergetic effects.

Nan et al. offer valuable insights regarding the intersection of metabolic disorders and neurodegenerative diseases. Increasing evidence points toward a potential connection between diabetes and AD. Diabetes can lead to cognitive impairment and brain changes such as altered synaptic plasticity, aggregated amyloid-beta (Aβ) plaques, and neurofibrillary tangles composed of hyperphosphorylated tau protein. Given the demographic trend toward global aging and that the incidence of diabetes has been steadily rising, the significance of their research is clear. They examine the pathogenesis of post-menopausal diabetic encephalopathy and propose Forsythoside·B as an effective a therapeutic agent.

Expanding our understanding of the role of age in cognitive health, Li et al. present a novel research perspective on the impact of young plasma on anesthesia and surgery-induced cognitive impairment in aged rats. Their study reveals a compelling connection between young plasma preinfusion and a reduction in such cognitive impairments. Thus, young plasma emerges as a potential therapeutic strategy to mitigate cognitive dysfunction linked to surgery and anesthesia in the aged population.

A remarkable example of a promising study that uncovers new treatment possibilities for neurodegenerative pathologies is the work of León et al.. They explore the potential of c-Abl tyrosine kinase as a therapeutic target in AD pathogenesis. In previous work, Dr. Alvarez, the lead author, had collaborated with Dr. Marugan from the National Center for Advancing Translational Sciences (NCATS) to develop neurotinib, a novel c-Abl inhibitor capable of crossing the blood-brain barrier. Here, they demonstrate that down-regulating c-Abl leads to improved cognitive performance and reduced neuropathological symptoms in AD mouse models, marking neurotinib as a promising candidate for AD therapy.

Delving into the intricate mechanisms behind protein misfolding, Cazzaro et al. contribute significantly to our understanding of the disease propagation in AD. They study the mechanisms that govern the secretion of small extracellular vesicles containing misfolded proteins. Their findings reveal that Slingshot Homolog-1 augments this secretion, suggesting a promising approach to promoting the degradation of misfolded proteins and curbing the spread of intercellular pathology.

In an effort to understand how AD pathology affects neuronal activity, Martinsson et al. have shown that elevated levels of Aβ and its precursor protein, the amyloid precursor protein (APP), induce increased neuronal activity in AD. Specifically, they found impaired adaptation of calcium transients to global activity changes and observed that neurons failed to adjust the length of their axon initial segments, which typically affects excitability. They hypothesize that the close localization of APP and Aβ near synapses may play a vital role in the altered synaptic responses. These insights point to potential treatment strategies focusing on early Aβ/APP-induced hyperexcitability and synapse dysfunction.

Underscoring the importance of synaptic health in neurodegenerative disease, Olajide et al. show that amyloid beta peptide 1–42 causes significant mitochondrial dysfunction at glutamatergic synapses, leading to rapid synapse alterations, reduced energy production efficiency, and a significant reduction in key mitochondrial and synaptic protein expression. Notably, they show that lowering reactive oxygen species prevents synaptic impairments. This implies that therapies targeting reactive oxygen species might help curb the advancement of neurodegeneration in chronic models of AD.

Zhang et al. shift our attention to the protective potential of naturally occurring compounds in neurodegenerative diseases. They show that polyphenols in oolong tea have neuroprotective and anti-aging activities, nominating them as potential therapeutic agents for age-related neurodegenerative diseases.

Pursuing further insights into the role of protein aggregates, Ferrari et al. shed light on the impact of soluble α-synuclein oligomers in Parkinson's disease, finding that these oligomers play a central role in the early events leading to synaptic loss. This discovery could offer new avenues for early detection and potential therapeutic interventions, underscoring the importance of comprehending the role of these oligomers in the onset of Parkinson's disease and related disorders.

As we conclude this brief overview of the featured articles in our Research Topics, we want to draw attention to the work by Carbonell et al.. They used quantitative mass spectrometry to compare hippocampal synaptic proteomes across different Autism Spectrum Disorder (ASD) mouse models, identifying shared alterations in cellular and molecular pathways at the synapse. These results suggest that diverse ASD-related genes may converge on shared synaptic signaling pathways, paving the way for a better understanding of the pathogenesis of not just ASD but also other neuropathologies.

Addressing neurodegenerative diseases remains a critical challenge of our era, further intensified by an aging population, increasing disease prevalence, and lack of disease-modifying therapies and good biomarkers. Vital to mitigating these conditions is strategically targeting the early stages of disease progression to prevent irreversible neuronal loss and increase therapeutic effectiveness. However, this is often hindered by the fact that their symptoms frequently remain undetected until the later stages, and our knowledge of the molecular events that initiate these diseases is still limited. Despite these difficulties, the innovative approaches and unwavering commitment demonstrated by the researchers contributing to this topic reflect the ongoing strides made to unravel these diseases' complexities and propose out-of-the-box therapeutic targets advancing the field toward personalized medicine. As we continue to gain novel insights and explore new pathways, we are confident in our collective ability to advance our understanding and ultimately turn the tide against neurodegenerative diseases.
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The therapeutic potential of ultramicronized palmitoylethanolamide (um-PEA) was investigated in young (6-month-old) and adult (12-month-old) 3×Tg-AD mice, which received um-PEA for 3 months via a subcutaneous delivery system. Mitochondrial bioenergetics, ATP homeostasis, and magnetic resonance imaging/magnetic resonance spectroscopy were evaluated in the frontal cortex (FC) and hippocampus (HIPP) at the end of um-PEA treatment. Glutamate release was investigated by in vivo microdialysis in the ventral HIPP (vHIPP). We demonstrated that chronic um-PEA treatment ameliorates the decrease in the complex-I respiration rate and the FoF1-ATPase (complex V) activity, as well as ATP content depletion in the cortical mitochondria. Otherwise, the impairment in mitochondrial bioenergetics and the release of glutamate after depolarization was not ameliorated by um-PEA treatment in the HIPP of both young and adult 3×Tg-AD mice. Moreover, progressive age- and pathology-related changes were observed in the cortical and hippocampal metabolism that closely mimic the alterations observed in the human AD brain; these metabolic alterations were not affected by chronic um-PEA treatment. These findings confirm that the HIPP is the most affected area by AD-like pathology and demonstrate that um-PEA counteracts mitochondrial dysfunctions and helps rescue brain energy metabolism in the FC, but not in the HIPP.

Keywords: glutamate, mitochondria, hippocampus, frontal cortex, microdialysis, Alzheimer's disease


INTRODUCTION

Alzheimer's disease (AD) is a consequence of several detrimental processes, such as protein aggregation, oxidative stress, mitochondrial malfunction, and neuroinflammation, finally resulting in the loss of neuronal functions (Blass and Gibson, 1991; Sullivan and Brown, 2005; Yao et al., 2009; Querfurth and Laferla, 2010; Serviddio et al., 2011; Cassano et al., 2016, 2019; Carapelle et al., 2020). Starting from this evidence, multitarget drugs have been increasingly sought after over the last decades (Barone et al., 2019; Cassano et al., 2019). In this regard, palmitoylethanolamide (PEA) seems to exert neuroprotective effects by modulating more therapeutic targets at the same time (Valenza et al., 2021). In fact, it has been demonstrated that PEA, the naturally occurring amide of ethanolamine and palmitic acid, is an endogenous lipid that exerts its beneficial effects through the peroxisome proliferator-activated receptors (PPARs) involvement, transient receptor potential vanilloid type 1 channel, orphan G-protein-coupled receptor 55, and the so-called entourage effect on the endocannabinoid system (Devchand et al., 1996; Delerive et al., 2001; LoVerme et al., 2005, 2006; Scuderi et al., 2011; Tomasini et al., 2015; Bronzuoli et al., 2019; Beggiato et al., 2020a,b). In addition to its known anti-inflammatory activity, PEA protects cultured mouse cerebellar granule cells from glutamate toxicity and reduces histamine-induced cell death in hippocampal cultures (Skaper et al., 1996).

Furthermore, it has been demonstrated that PEA exerts in vitro and in vivo a combination of neuroprotective and anti-inflammatory effects in amyloid-β (Aβ)-induced toxicity by interacting at the PPAR-α nuclear site (D'Agostino et al., 2012; Scuderi et al., 2012, 2014). The neuroprotective action of PEA has been established also in transgenic animal models of AD (D'Agostino et al., 2012; Bronzuoli et al., 2018; Scuderi et al., 2018). In fact, we have previously demonstrated that ultramicronized PEA (um-PEA), a formulation endowed with better bioavailability, can rescue learning and memory impairments in a triple transgenic mouse model of AD (3×Tg-AD) by exerting anti-inflammatory properties, dampening reactive astrogliosis, and promoting the glial neurosupportive function. Moreover, um-PEA strongly suppresses Aβ(1–42) expression and reduces the abnormal phosphorylation of tau in 3×Tg-AD mice (Scuderi et al., 2018).

Mitochondrial dysfunctions are related to inflammation and other energy-dependent disturbances, where the generation of reactive oxygen species (ROS) exceeds the physiological antioxidant activity, causing cellular oxidative damage (Lin and Beal, 2006; Reddy, 2009; Romano et al., 2017). Mitochondrial dysfunction can lead to glutamatergic neurotransmission alterations (Vos et al., 2010) and excitotoxicity (Schinder et al., 1996). In fact, excessive glutamate concentration can cause excitotoxicity, leading to calcium influx, mitochondrial dysfunction, and subsequent cell death (Mahmoud et al., 2019). Therefore, considering the tight link between mitochondria and glutamate, it could be crucial to investigate their alterations in the context of AD pathology.

In the last decade, neuroimaging has been used to complement clinical assessments in the early detection of AD, showing that morphological change (such as measurement of the hippocampal volume) might be an important hallmark for the diagnosis of AD. More recently, the development of magnetic resonance spectroscopy (MRS) in the field of AD revealed that tremendous metabolic changes occur during the progression of AD correlating with cognitive abnormalities (Meyerhoff et al., 1994; Shonk et al., 1995; Frederick et al., 1997; Rose et al., 1999; Kantarci et al., 2000; Huang et al., 2001). Nevertheless, few studies with relatively small sample sizes investigated MR spectral profile alteration as a biomarker for treatment response in AD, and some of them correlated this alteration with psychiatric symptoms in patients with AD (Sweet et al., 2002; Bartha et al., 2008). Although metabolite abnormalities in AD were demonstrated in different samples and pathologically confirmed cases, the pathological significance of these changes is not fully understood. Therefore, in our study, we exploited the availability of the MRS to investigate whether it can provide complementary predictive information regarding (i) progression of the AD-like pathology and (ii) um-PEA treatment effects.

In this article, we used the 3×Tg-AD mice harboring three mutant human genes (betaAPPSwe, PS1M146V, and tauP301L) to directly test the hypothesis that (i) progressive accumulation of Aβ is closely related to mitochondrial, metabolic, and glutamatergic alterations, and (ii) chronic um-PEA administration may ameliorate such alterations. To test these hypotheses, we used an integrated approach, based on ex vivo studies of several mitochondrial bioenergetic parameters, in vivo studies of magnetic resonance imaging (MRI) and spectroscopy (MRS) to evaluate brain metabolites, as well as neurochemical analysis of extracellular levels of glutamate by microdialysis in 3×Tg-AD vs. non-Tg control mice tested at two different stages (mild and severe) of AD-like pathology and subcutaneously treated for 3 months with um-PEA.



MATERIALS AND METHODS


Animals and Treatment

A total of 3×Tg-AD male mice and their sex- and age-matched wild-type littermates (non-Tg) (C57BL6/129SvJ) were maintained in controlled conditions (12 h light/12 h dark cycle, temperature 22°C, humidity 50–60%, fresh food, and water ad libitum). All procedures were conducted in accordance with the guidelines of the Italian Ministry of Health (D.L. 26/2014) and the European Parliamentary directive 2010/63/EU. All efforts were made to minimize the number of animals used and their suffering. In addition, 3- and 9-month-old mice were subcutaneously implanted with a 90-day-release pellet containing either 28 mg of um-PEA (Innovative Research of America, Sarasota, Florida; cat# NX-999) or vehicle (cat# NC-111), as previously described (Scuderi et al., 2018). Briefly, an um-PEA or a vehicle pellet was surgically positioned in a subcutaneous pocket created with a blunt probe between the shoulder blades. um-PEA (EPT2110/1) was obtained from the Epitech group (Saccolongo, Italy), and both dosage and administration routes were chosen according to previous data (Costa et al., 2002; Grillo et al., 2013; Scuderi et al., 2018). Both non-Tg and 3×Tg-AD mice were randomly assigned to either vehicle or um-PEA group. At the end of the 90-day treatment, mitochondrial bioenergetics, MRI/MRS experiments, and microdialysis/high-performance liquid chromatography (HPLC) analysis were performed as previously described (Cassano et al., 2012; Scuderi et al., 2018).



Mitochondrial Bioenergetics and ATP Homeostasis

On the day of the experiment, 6- and 12-month-old mice were decapitated and brains were rapidly removed and placed on a cold surface to dissect the hippocampus (HIPP), frontal cortex (FC), and cerebellum (Cassano et al., 2012). Experiments were conducted on four samples per group per each brain area. To obtain an optimal sample amount, tissues from three animals were pooled (a total of 12 mice per group). Mitochondria were freshly isolated by using a gradient of Percoll, as previously described (Cassano et al., 2012). Briefly, brain areas were weighted (100 mg) and immersed in ice-cold mitochondrial isolation buffer (MIB) containing 0.25 M sucrose, 0.5 mM K-EDTA, and 10 mM Tris–HCl (pH 7.4). Each sample was homogenized in 3.8 ml of 12% Percoll in MIB (5% w/v) using Dounce homogenizers with glass pestles. In addition, 3 ml of homogenate was then layered onto a previously poured, 3.5 ml 26% Percoll, on 3.5 ml 40% Percoll density gradient. The gradient was centrifuged at 19,000 rpm (30,000 × g) in a Sorval RC-5B type rotor for 5 min. The resulting top layer containing myelin and other cellular debris was carefully removed using a Pasteur pipette and discarded. Fraction 2 containing the mitochondria was removed by pipetting with a 200 ml gel loading tip and diluted 1:4 in cold MIB and centrifuged at 14,000 (15,000 × g) rpm for 10 min. The resulting pellet was then resuspended in 1 ml of MIB and centrifuged at 14,000 rpm (15,000 × g) for 5 min. The final pellet was resuspended in 100 ml of MIB containing 10% 10 mg/ml bovine serum albumin. After isolation, mitochondria were assayed for oxygen consumption at 37°C in a thermostatically controlled oxygraph apparatus equipped with Clark's electrode and a rapid mixing device (Hansatech Instruments, Ltd., Norfolk, England, UK). Mitochondrial respiration was triggered by glutamate and malate as complex I-linked substrates, or succinate (in the presence of rotenone as complex I inhibitor) as complex II-linked substrate. Oxygen uptake in states 3 and 4 and respiratory control index (RCI) was calculated as previously reported (Cassano et al., 2012). Respiratory activity was calculated as oxygen nmol per minute per mg of protein.

The FOF1-ATPase activity was measured following ATP hydrolysis with an ATP-regenerating system coupled to nicotinamide adenine dinucleotide phosphate (NADPH) oxidation, as previously reported (Cassano et al., 2012).

Measurement of ATP concentration in the total homogenates and mitochondrial fractions from brain areas was performed by using a commercial bioluminescent assay kit (Sigma-Aldrich, St. Louis, MO, USA).



Magnetic Resonance Imaging and Spectroscopy

The 6- and 12-month-old mice (n = 5–7) underwent MRI/MRS scanning to evaluate genotype- and treatment-induced differences in brain metabolites of FC and HIPP. MRI/MRS analyses were conducted at 4.7 T on a Varian/Agilent Inova horizontal bore system (Agilent, Palo Alto, USA) using a combination of volume and surface coil (RAPID Biomedical, Rimpar, Germany) according to a protocol described in Scuderi et al. (2018). Briefly, mice were anesthetized with isoflurane (IsoFlo, Abbott SpA, Berkshire, UK) 1.5–2.5% in O2 1 L/min. Anatomical T2-weighted sagittal MRIs were acquired for the positioning of the voxels for MRS. Localized 1H-MRS (PRESS TR/TE = 4,000/23 ms) were collected from HIPP and FC (volume 9.5 and 9.1 μl, respectively) as shown in Figure 4A, according to a quantitative protocol (Canese et al., 2012).

The following six metabolites were considered: N-acetyl-aspartate (NAA), myo-inositol (mINS), the sum of creatine and phosphocreatine (Cr + PCr), glutamate (Glu), glutamine (Gln), and total choline (tCho). Metabolite concentrations are expressed in mmol/L (mM). Moreover, we evaluated the NAA/Cr ratio and mINS/Cr.



In vivo Microdialysis and HPLC Analysis

In vivo microdialysis was performed in awake, freely moving mice, as previously described (Cassano et al., 2012; Romano et al., 2014). Briefly, 6- and 12-month-old anesthetized mice (n = 5–6) were stereotaxically implanted with a CMA/7 guide cannula with a stylet (CMA Microdialysis, Stockholm, Sweden) into the vHIPP (anterior-posterior, −3.0 mm; lateral, +3.0 mm; ventral, −1.8 mm from bregma, Figure 5A), according to the stereotaxis atlas of Franklin and Paxinos (Franklin and Paxinos, 1997). Following a 2-day recovery period, the CMA/7 probe (6-kDa cutoff; 2 mm membrane length) was inserted and dialyses were carried out, in awake, freely moving mice, perfusing each probe with Krebs-Ringer phosphate (KRP) buffer at a flow rate of 1 μl/min. The constituents of the KRP buffer were (in mM) NaCl 145, KCl 2.7, MgCl2 1, CaCl2 2.4, and Na2HPO4 2, buffered at pH 7.4. After a 2-h stabilization period, four baseline samples were collected every 20 min. Thereafter, the probes were perfused for 20 min with KCl (50 mM)-enriched KRP buffer, and then six samples were further collected with the previous KRP buffer. After completion of the microdialysis, the probe position was verified histologically, glutamate was quantified by HPLC coupled to fluorescence detection as previously described (Tomasini et al., 2002; Beggiato et al., 2020a,b).



Statistical Analysis

The sample size was determined based on our previous experiments and using the free software G*Power version 3.1.9.2. All data are expressed as mean ± standard error of the mean (SEM). Within-group variability was analyzed through the Levene test for homogeneity of variances.

Data from mitochondrial bioenergetics and MRI/MRS scanning were analyzed using a 2-way analysis of variance (ANOVA) with genotype and treatment as the between variables. Dunnett's and Tukey's post-hoc tests were used where appropriate to perform multiple comparisons.

Regarding the microdialysis data, the overall basal glutamate levels were calculated as marginal means of the first five dialysate samples (from time −80 up to time 0) and were analyzed by two-way ANOVA with genotype and treatment as the between variables. The neurotransmitter release in response to depolarization (K+-stimulation) (from time 0 up to time 140) was analyzed using three-way ANOVA for repeated measures with genotype (3×Tg-AD vs. non-Tg) and treatment (um-PEA vs. vehicle) as the between variable and time as the within the variable. Dunnett's and Tukey's post-hoc tests were used where appropriate to perform multiple comparisons.

The threshold for statistical significance was set at p < 0.05. The SPSS Statistics version 19 (IBM, Armonk, NY, USA) and GraphPad Prism 6 for Windows (GraphPad Software Inc., San Diego, CA, USA) were used to perform all the statistical analyses and represent graph data, respectively.




RESULTS


Mitochondrial Respiration Activity Is Altered in Aged 3×Tg-AD Mice: Effects of Chronic um-PEA Treatment

Oxygen consumption was detected in mitochondria freshly isolated from FC and HIPP of 6- and 12-month-old non-Tg and 3×Tg-AD mice chronically treated with either vehicle or um-PEA. Statistical analyses are shown in Tables 1, 2.


Table 1. Statistical analyses of respiratory activity in mitochondria isolated from the frontal cortex.
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Table 2. Statistical analyses of respiratory activity in mitochondria isolated from the hippocampus.
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In 6-month-old mice, no significant difference was observed among experimental groups within the different brain regions (Figures 1A,C). Otherwise, when the NADH-generating substrates glutamate and malate were added to the mitochondrial preparations, a lower respiration activity in state 3 was detected in the FC of vehicle-treated 12-month-old 3×Tg-AD compared to non-Tg mice (Figure 1B), whereas a significant increase in both state 4 and state 3 was detected in the HIPP compared to non-Tg mice (Figure 1D). The ratio between state 3 and state 4, named RCI, was decreased in the FC of vehicle-treated 3×Tg-AD compared to non-Tg mice (Figure 1B), whereas it was unaffected in the HIPP of both genotypes, regardless of treatment (Figure 1D). um-PEA treatment significantly increased the state 3 respiration activity and the RCI in the FC of 3×Tg-AD mice compared to the respective vehicle (Figure 1B).
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FIGURE 1. State 4 and state 3 mitochondrial respiratory activity and respiratory control index (RCI) measured in the frontal cortex (A,B), and hippocampus (C,D) of non-Tg (black bars) and 3×Tg-AD (red bars) 6-month-old (A,C) and 12-month-old (B,D) mice treated with vehicle (veh) (open bars) or um-PEA (filled bars), using complex I (glutamate-malate) and complex II (succinate) oxidative substrates. Data are expressed as a percentage of control ± SEM (n = 4). Statistical differences were assessed by two-way ANOVA and Tukey's post-hoc multiple comparisons test. *p < 0.05.


The analysis of complex II respiration, using succinate as a substrate in the presence of rotenone, revealed that cortical (Figure 1B) and hippocampal (Figure 1D) mitochondria were unaffected by both genotype and treatment.

Finally, neither genotype nor treatment affected the respiration activity of the cerebellum when its mitochondria were incubated with either the complex I-linked substrates or complex II-linked substrates (data not shown).



Chronic um-PEA Treatment Rescues the Impaired ATP Homeostasis in the Frontal Cortex of 3×Tg-AD Mice

To investigate the effects of chronic um-PEA treatment on ATP homeostasis, FoF1-ATPase (complex V) activity, ADP/O ratio (which expresses the coupling between the phosphorylation activity and mitochondrial respiration), and ATP content were measured in both non-Tg and 3×Tg-AD mice at two progressive stages of the disease (6 and 12 months of age).

Both the FoF1-ATPase activity and the ADP/O ratio were unaffected in mitochondria from FC (Figures 2A,E) and HIPP (Figures 2C,G) of both non-Tg and 3×Tg-AD mice at 6 months of age. Different results were obtained for FoF1-ATPase activity and ADP/O ratio in the presence of glutamate-malate at 12 months of age, where a significant effect of genotype (F(1, 12) = 15.59, p < 0.01; F(1, 12) = 7.98, p < 0.05, respectively) and treatment (F(1, 12) = 5.728, p < 0.05; F(1, 12) = 4.956, p < 0.05, respectively) was observed in the FC (Figures 2B,F). Multiple post-hoc comparison showed a significantly lower FoF1-ATPase activity and ADP/O ratio for vehicle-treated 3×Tg-AD mice compared to non-Tg mice that was counteracted by um-PEA treatment (Figures 2B,F). Regarding the HIPP, statistical analysis revealed only a significant main effect of genotype (F(1, 12) = 6.001, p < 0.05; F(1, 12) = 4.914, p < 0.05, respectively) (Figures 2D,H).
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FIGURE 2. FoF1-ATPase activity (A–D) and ADP/O ratio (E–H) measured in mitochondria isolated from the frontal cortex (A,B,E,F), and hippocampus (C,D,G,H) of non-Tg (black bars) and 3×Tg-AD (red bars) 6-month-old (A,C,E,G) and 12-month-old (B,D,F,H) mice treated with vehicle (open bars) or um-PEA (filled bars). Data are expressed as mean ± SEM (n = 4). Statistical differences were assessed by two-way ANOVA and Tukey's post-hoc test. *p < 0.05; **p < 0.01.


To further evaluate the effects of chronic treatment on ATP homeostasis, we measured ATP levels in tissue homogenates and mitochondrial fractions from both brain regions. Statistical analysis showed a significant main effect of genotype [6 months: (F(1, 12) = 9.738, p < 0.01); 12 months: (F(1, 12) = 34.61, p < 0.001)] and treatment [6 months: (F(1, 12) = 5.372, p < 0.05); 12 months: (F(1, 12) = 6.152, p < 0.001] in the FC at both ages (Figures 3A,B,E,F). In particular, multiple post-hoc comparison showed a significant lower ATP content for vehicle-treated 3×Tg-AD mice compared to non-Tg mice that was counteracted by um-PEA treatment (Figures 3A,B,E,F).
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FIGURE 3. Total homogenate ATP content measured in tissue homogenates and mitochondria isolated from frontal cortex (A,B,E,F) and hippocampus (C,D,G,H) of non-Tg (black bars) and 3×Tg-AD (red bars) 6-month-old (A,C,E,G) and 12-month-old (B,D,F,H) mice treated with vehicle (open bars) or um-PEA (filled bars). Data are expressed as mean ± SEM (n = 4). Statistical differences were assessed by two-way ANOVA and Tukey's post-hoc test. *p < 0.05; **p < 0.01.


Regarding the ATP content in the HIPP, no difference was observed at 6 months of age, whereas a significant main effect of genotype (F(1, 12) = 33.11, p < 0.001) was observed at 12 months of age (Figures 3C,D,G,H).



MRI/MRS Study Shows Metabolic Changes in the Frontal Cortex and Hippocampus of 3×Tg-AD Mice

Magnetic resonance imaging/spectroscopy was used to assess metabolic profiles of treated vs. untreated mice at 6 and 12 months of age. The quantitative results of all metabolite concentrations from FC and HIPP are reported in Figure 4. In the FC, two-way ANOVA analysis revealed no significant differences among groups in the NAA levels at both ages, whereas in the HIPP a main effect of genotype was observed at 6 (F(1, 19) = 10.098, p < 0.01) and 12 months (F(1, 22) = 5.820, p < 0.05).
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FIGURE 4. (A) MRI panel: example of in vivo fast spin-echo sagittal anatomical images [repetition time (TR)/echo time (TE) = 3,200/60 ms, consecutive slices]. Voxels localized in the frontal cortex and hippocampus are indicated by white rectangles. (B) MRS panel: examples of in vivo 1 H spectra (PRESS, TR/TE = 4,000/23 ms, NS = 256). Metabolite assignments: NAA, N-acetyl-aspartate; mINS, myo-inositol; tCr, total creatine; tCho, total choline; Glu, glutamate; Gln, glutamine. Histograms showing metabolites measured from the frontal cortex (upper panel) and hippocampus (lower panel) of non-Tg (black bars) and 3×Tg-AD (red bars) 6-month-old and 12-month-old mice treated with vehicle (open bars) or um-PEA (filled bars). Data are expressed as mean ± SEM (n = 5–7). Statistical differences were assessed by two-way ANOVA and Tukey's post-hoc test. *p < 0.05; **p < 0.01.


Statistical analysis for mINS showed a significant main effect of genotype in the FC at 6 months of age (F(1, 19) = 22.072, p < 0.01), whereas a significant main effect of treatment and genotype-by-treatment interaction effect was found at 12 months of age [(Ftreatment(1, 25) = 5.040, p < 0.05); (Fgenotype × treatment(1, 25) = 5.286, p < 0.05)]. Post-hoc comparisons showed a significantly higher mINS level in the um-PEA-treated compared to vehicle-treated 3×Tg-AD mice. Hippocampal mINS levels showed no significant differences among groups at 6 months, whereas a significant main effect of genotype was observed at 12 months of age (F(1, 23) = 6.502, p < 0.05).

Regarding the sum of creatine and phosphocreatine (Cr + PCr), named total creatine (tCr), two-way ANOVA analysis revealed in the FC a significant main effect of genotype at 6 months of age (F(1, 20) = 5.616, p < 0.05), whereas a significant main effect of treatment was observed at 12 months (F(1, 25) = 28.220, p < 0.01). Post-hoc comparisons within genotype showed that um-PEA treatment induced a significant increase in tCr levels compared to the vehicle-treated group. Moreover, hippocampal tCr levels showed no significant differences among groups at 6 months, whereas a significant main effect of genotype was observed at 12 months of age (F(1, 20) = 5.843, p < 0.01).

Statistical analysis for NAA/tCr ratio revealed a significant main effect of genotype at both ages in the FC [6 months: (F(1, 19) = 9.525, p < 0.01); 12 months: (F(1, 25) = 9.111, p < 0.01)], as well as in the HIPP [6 months: (F(1, 19) = 22.910, p < 0.01); 12 months: (F(1, 18) = 5.101, p < 0.05)]. Regarding the mINS/tCr ratio, two-way ANOVA analysis showed a significant main effect of genotype at both ages in the FC [6 months: (F(1, 17) = 18.179, p < 0.05); 12 months: (F(1, 21) = 10.820, p < 0.01)], as well as at 12 months of age in the HIPP (F(1, 18) = 9.217, p < 0.01), whereas no significant differences among groups were found at 6 months in the HIPP.

Statistical analysis for tCho showed no significant differences among groups in the cortical levels at both ages, whereas in the HIPP a main effect of genotype was observed at 6 (F(1, 19) = 14.329, p < 0.01) and 12 months of age (F(1, 24) = 6.007, p < 0.05).

Glu concentrations showed no differences among groups at both ages in the FC, as well as at 6 months in the HIPP; a significant main effect of genotype was observed at 12 months of age in the HIPP (F(1, 22) = 5.619, p < 0.05). Statistical analysis for Gln revealed a significant main effect of treatment at 6 months of age in the FC (F(1, 18) = 14.586, p < 0.01). Post-hoc comparisons within genotype showed that um-PEA treatment induced a significant increase in Gln levels compared to the vehicle-treated group. Moreover, no significant differences among groups were observed at 12 months in the FC, as well as in the HIPP at both ages.



Chronic um-PEA Treatment Does Not Ameliorate the Impaired K+-Evoked Release of Glutamate in the Ventral Hippocampus of 3×Tg-AD Mice

As we have previously published (Scuderi et al., 2018), the basal extracellular glutamate levels in the vHIPP of 6-month-old 3×Tg-AD mice were significantly higher compared to age-matched non-Tg mice, whereas no significant genotype-related difference in basal glutamate levels was observed in 12-month-old mice. Moreover, chronic um-PEA treatment did not affect the basal output of glutamate at both ages (Scuderi et al., 2018). The overall basal glutamate levels are recapitulated in the insets of Figure 5.
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FIGURE 5. (A) Brain diagrams illustrating the average sites (red lines) where microdialysis probes were implanted and where the representative microphotographs were taken. K+-evoked release of glutamate in the ventral hippocampus of 6- (B) and 12-month-old (C) freely moving non-Tg (squares) and 3×Tg-AD (circles) mice chronically treated with vehicle (empty squares and empty circles, respectively) or um-PEA (black squares and red circles, respectively); gray areas indicate the perfusion with KCl-enriched (50 mM) Krebs-Ringer phosphate (KRP) buffer. Histograms represent average baseline levels (marginal means of five consecutive dialysates: from time −80 up to time 0) observed in non-Tg (black bars) and 3×Tg-AD (red bars) mice treated with vehicle (open bars) and um-PEA (filled bars). Data are expressed as a percentage of control ± SEM (n = 5–6). Statistical differences were assessed by three-way ANOVA and Dunnett's multiple comparison test. **p < 0.01; ***p < 0.001 vs. last baseline within the same group.


After five consecutive samples, the basal extracellular levels of glutamate reached a steady state in the vHIPP of all mice. To address the impact of chronic um-PEA treatment on the impulse-driven glutamate release in the vHIPP of non-Tg and 3×Tg-AD mice, at both mild (6 months of age) and severe (12 months of age) stages of pathology, the probes were perfused with K+-enriched KRP buffer (containing KCl 50 mM) for 20 min (stimulated condition). Under the stimulated condition, the glutamate extracellular levels of non-Tg mice were increased due to the ability of neurons to increase their synaptic activity in response to depolarization. In this study, we observed the total lack of response to K+-stimulation in the vHIPP of 3×Tg-AD mice compared to the non-Tg group, at both 6 and 12 months of age. Moreover, chronic treatment of PEA did not ameliorate the impaired K+-evoked output of glutamate neurotransmission in the 6- and 12-month-old 3×Tg-AD mice (Figures 5A,B). The results of the statistical analyses performed by three-way ANOVA are reported in Table 3.


Table 3. Statistical analyses of K+-evoked release of glutamate in the ventral hippocampus of 3×Tg-AD mice and non-Tg mice.
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DISCUSSION

The most novel findings of our study are the demonstration that chronic um-PEA treatment can ameliorate the complex-I respiration rate, the FoF1-ATPase (complex V) activity, as well as ATP content in the cortical mitochondria from 3×Tg-AD mice. Otherwise, mitochondrial bioenergetics, as well as the release of glutamate after depolarization were not ameliorated by um-PEA treatment in the HIPP of both young and adult 3×Tg-AD mice. More interestingly, progressive age- and pathology-related changes were observed in the cortical and hippocampal metabolism that closely mimic the alterations observed in the human AD brain; these metabolic alterations were not affected by chronic um-PEA treatment.

We revealed for the first time that (i) AD-like pathology differently affects mitochondrial bioenergetics in the FC and HIPP and (ii) um-PEA treatment does not promote significant ameliorations simultaneously in those brain regions of 3×Tg-AD mice. This is in line with the temporal- and regional-specific development of AD neuropathology in the brain of 3×Tg-AD mice, which closely mimics their development in the human AD brain (Oddo et al., 2003a,b; Hirata-Fukae et al., 2008).

Compared with many studies, we adopted a longitudinal study design with a sufficiently long observation period that allowed us to assess early alterations and changes over time in both non-transgenic and 3×Tg-AD mice. This study further extends the knowledge of the molecular modification during both normal aging and the progression of AD-like pathology in our murine model of AD (Oddo et al., 2003a,b). Moreover, we analyzed the modulatory effect of PEA on pathways and factors consistently associated with AD-like pathology and symptoms. In fact, we selected two different subsets of 3×Tg-AD mice, which allowed us to investigate the therapeutic potential of um-PEA in restraining the development of AD-like pathology at mild and severe stages, focusing on the mitochondrial bioenergetics, cerebral metabolism, and glutamatergic transmission. Regarding mitochondria and glutamate, we have previously demonstrated that deficits of glutamatergic transmission and mitochondrial dysfunction coexist in the FC and HIPP of 18-month-old 3×Tg-AD mice, which show a substantial number of amyloid plaques and tau pathology; the HIPP was the most affected area at that age (Cassano et al., 2012).

Despite accumulating evidence supporting the link between inflammation, mitochondria, and metabolism, several important questions remain unanswered. Furthermore, there are no studies addressing the effects of PEA on mitochondria bioenergetics in in vivo experimental models of AD, and only one study, to our knowledge, has assessed in vivo the effects of PEA on mitochondrial dysfunction observed in central nervous system pathological conditions (Cristiano et al., 2018). In this regard, Cristiano and colleagues found that PEA treatment improves hippocampal mitochondrial function and reduces oxidative stress in a genetic murine model (BTBR T + tf/J), which exhibits a behavioral phenotype of autism spectrum disorder. In particular, 10-day treatment with um-PEA was able to (i) restore hippocampal mitochondrial state 3 respiration using succinate as substrate, (ii) increase superoxide dismutase (SOD) activity, (iii) counteract ROS, and (iv) decline the energy efficiency, as evidenced by the decreased degree of coupling (Cristiano et al., 2018). Together, these findings demonstrate that PEA counteracts mitochondrial dysfunction and helps rescue brain energy metabolism during pathological states, balancing ROS production/antioxidant defenses, and limiting oxidative stress. Moreover, PEA-treated BTRB mice showed a low activation of pro-inflammatory cytokines at hippocampal and serum levels (Cristiano et al., 2018). Likewise, we have previously observed that 3-month treatment of um-PEA almost completely abolishes the increase in inflammatory markers observed in 6-month-old 3×Tg-AD mice and suppresses the expression of proinflammatory mediators, including interleukin (IL)-1β, IL-16, IL-5, monocyte chemotactic protein 5 (MCP-5), and macrophage colony-stimulating factor (M-CSF), but not inducible nitric oxide synthase (iNOS) and tumor necrosis factor (TNF), while enhancing the anti-inflammatory IL-10 (Scuderi et al., 2018).

In this study, 6-month-old 3×Tg-AD mice with a mild AD-like pathology showed a significant reduction of ATP content in the FC that was counteracted by um-PEA treatment. Otherwise, at 12 months of age, together with severe hallmarks of AD-like pathology, mitochondrial alterations were more evident and regional-specific. In fact, cortical mitochondria of 3×Tg-AD mice exhibited a reduced respiratory capacity, which might partially block electron flow within the respiratory chain and consequently increase oxidative stress; this effect was counteracted by um-PEA. The reduced respiratory activity was not observed after incubation with a complex II-linked substrate. The same pattern of alterations was observed in the cortical mitochondria of 18-month-old 3×Tg-AD mice, which present diffuse extracellular Aβ deposits and extensive human tau immunoreactivity (Cassano et al., 2012). Different from the latter age, at 12 months the reduced oxygen consumption observed in the transgenic cortical preparations was accompanied by alterations of FoF1-ATPase activity and ATP content that were counteracted by um-PEA treatment.

Regarding the HIPP, 12-month-old 3×Tg-AD mice showed the same mitochondrial dysfunctions previously observed with mice at 18 months of age (Cassano et al., 2012). In fact, here we confirmed a significant increase in state 3 and state 4 respiration rates with complex I-linked substrates and a significant impairment of ATP homeostasis. Different from FC, the pharmacological treatment with um-PEA did not ameliorate the hippocampal mitochondrial bioenergetics. Taken together, these findings suggest that um-PEA counteracts mitochondrial dysfunction, helps rescue brain energy metabolism during pathological states only in the FC, and such discrepancy might be due to the difference in Aβ/tau-linked alterations observed between these brain regions. In fact, it has been documented that Aβ and tau pathology differently impact brain regions, with HIPP showing more severe alterations compared to FC (Oddo et al., 2003a,b; Cassano et al., 2012; Bellanti et al., 2017). However, other mechanisms could underlie the regional-specific effect of um-PEA on mitochondrial bioenergetics and other experiments will be necessary to explain this phenomenon.

Brain structures undergo drastic modifications during aging, becoming progressively less interconnected and undergoing several metabolic and structural changes. A clinical scanner by MRS may serve to identify patients with AD before clinical symptom onset to help distinguish AD from other neurodegenerative disorders, as well as evaluate treatment effects.

In this regard, clinical studies demonstrated that NAA, a marker of neuronal integrity, can be detected by MRS and used to differentiate normal aging and pathological dementia (Ackl et al., 2005; Jessen et al., 2005; den Heijer et al., 2006). Besides decreased levels of NAA, several clinical studies demonstrated that mINS, a marker of glial activation, was increased in patients with AD (Glanville et al., 1989; Miller et al., 1993; Bitsch et al., 1999; Jessen et al., 2000; Kantarci et al., 2000; Huang et al., 2001).

Herein, we performed for the first time a comprehensive evaluation of six brain metabolites in the areas most involved in AD-like pathology. Interestingly, HIPP of 3×Tg-AD mice was characterized by lower concentrations of NAA and increased mINS, as seen in human patients with AD (Glanville et al., 1989; Klunk et al., 1992; Miller et al., 1993; Bitsch et al., 1999; Jessen et al., 2000; Kantarci et al., 2000, 2007; Huang et al., 2001; Cheng et al., 2002; Schott et al., 2010). In particular, NAA reduction was observed at both ages (6 and 12 months), whereas mINS increased gradually with mouse age. Similar results were observed with APP/PS1 double transgenic mice, which is characterized by the early appearance of Aβ plaques, neuronal degeneration, and synaptic loss in the brain (Marjanska et al., 2005; Chen et al., 2009). The authors found that NAA was significantly reduced both in the FC and HIPP of 5-month-old APP/PS1 transgenic mice when pathology showed the formation of sparse Aβ plaques in these areas, and the number of neurons decreased. As the age of the mice increased, the NAA decrease was continuously accompanied by the increase in both mINS and the number of Aβ plaques (Marjanska et al., 2005; Chen et al., 2009). In our 3×Tg-AD mice, we found an increase in mINS by age only in the HIPP, but not in the FC, where a significantly higher concentration was observed only at 6 months of age compared to the non-Tg group.

Other results were obtained in the FC with different transgenic AD mice. In fact, no increase in mINS in the FC was observed in the transgenic mouse line PS2APP [PS2N141I × APP(swe)], which develops an age-related cognitive decline associated with severe amyloidosis (Von et al., 2005). Therefore, further studies need to be performed to justify the discrepancy existing in the literature, which may be attributed to the differences in the experimental parameters and animal models of AD-like pathology.

Our longitudinal study revealed a significant decrease in tCr only in the HIPP of 12-month-old 3×Tg-AD mice. This metabolic profile, together with lower NAA, is a clear indicator of the age-related hypometabolism in the HIPP of 3×Tg-AD mice, further suggesting that HIPP is the most affected area at that age (Cassano et al., 2012; Scuderi et al., 2018).

A decrease in NAA/Cr ratio accompanied by an increased mINS/Cr ratio occurs in patients with AD; the latter temporal progression of metabolite abnormalities in patients with AD correlates with the progression of the Aβ/tau-linked alterations (Glanville et al., 1989; Klunk et al., 1992; Miller et al., 1993; Bitsch et al., 1999; Jessen et al., 2000; Kantarci et al., 2000, 2007; Huang et al., 2001; Cheng et al., 2002; Schott et al., 2010). Interestingly, we found a similar pattern of changes in the metabolite ratio both in the FC and HIPP, as seen in human patients with AD.

The role of Cho metabolite in AD is more controversial since several clinical studies demonstrated an increase (Meyerhoff et al., 1994; Pfefferbaum et al., 1999; Kantarci et al., 2007), others no change (Moats et al., 1994; Schuff et al., 1997; Rose et al., 1999; Krishnan et al., 2003), whereas a decrease was reported in one study (Chantal et al., 2002). In our study, we observed a significant decrease of tCho only in the HIPP of both 6- and 12-month-old mice. The Cho cytosolic concentration derives from the breakdown products of phosphatidylcholine (Schuff et al., 1997). Therefore, it has been proposed that catabolism of the phospholipid membrane bilayer allows AD subjects to produce choline to compensate for declining acetylcholine (Wurtman et al., 1985).

Although Glu is the principal excitatory neurotransmitter involved in learning and memory, it has been less well investigated by MRS/MRI. In this regard, few clinical studies revealed a reduction of Glu levels in different brain regions of patients with AD (Antuono et al., 2001; Hattori et al., 2002; Rupsingh et al., 2011) that correlates with the severe reduction of the cerebral metabolic rate for glucose (Mosconi et al., 2008; Bedse et al., 2015; Barone et al., 2016). In fact, glutamate neurotransmission is carried out by a glial-neuronal process that includes the oxidation of glucose and the ATP-dependent glutamine-glutamate cycle. A total of 80–90% of total cerebral glucose usage is attributable to the energy requirements of glutamatergic neurotransmission (Magistretti et al., 1999; Gatta et al., 2016; Pardeshi et al., 2017; Tramutola et al., 2018; Sharma et al., 2019; Bukke et al., 2020a,b). The neurochemical changes obtained from in vivo human MRS studies agree with the results observed in preclinical studies. In fact, the analysis of cortex and HIPP in APP-PS1 mice showed an age-dependent reduction of Glu levels, which correlates with increasing brain amyloidosis (Marjanska et al., 2005). Similar findings were observed in the cortex of APP (Dedeoglu et al., 2004) and PS2APP mice (Von et al., 2005). This is in line with the Glu spectroscopy findings between human AD subjects and the three transgenic mouse models of AD.

In our study, we demonstrated a temporal- and regional-specific alteration of Glu in 3×Tg-AD mice with the HIPP the only affected area. In particular, at 12 months of age, we found a significant reduction (−38%) of Glu in the HIPP of vehicle-treated 3×Tg-AD vs. vehicle-treated non-Tg mice. These results, observed in the vehicle-treated 3×Tg-AD mice, together with lower hippocampal NAA (−45%), tCr (−24%), and tCho (−31%), further support the evidence of an age-related hypometabolism in the HIPP. MRS analysis might be of interest also to depict how neural correlates do change along with pharmacological treatment. In this regard, in our experimental condition, we did not observe any gross treatment-dependent differences between genotypes.

To investigate whether the decrease in hippocampal glutamate levels in the metabolic pool was paralleled by alterations in the glutamatergic nerve terminals, the pattern of glutamate release in basal condition, and in response to K+-stimulation was explored by microdialysis sampling in the vHIPP of 6- and 12-month-old mice. We have previously demonstrated that the basal release of glutamate was significantly increased (+80%) at 6 months of age whereas a trend toward an increase (+43%) was observed in 12-month-old 3×Tg-AD compared to non-Tg mice (Scuderi et al., 2018). Here, we demonstrated that at both ages the depolarization-evoked glutamate release resulted completely disrupted in 3×Tg-AD compared to non-Tg mice, thus suggesting that the deficit of glutamate metabolic pool observed by MRS might sustain, at least in part (at 12 months of age), the decrease of extracellular glutamate concentration in mutant mice.



CONCLUSION

Our results not only elucidate the temporal correlation among mitochondrion, metabolic alterations, and glutamatergic dysfunction but also, in future studies, allow the assessment of putative therapeutic strategies. However, this study presents some limitations. For instance, additional measurements would allow performing a tight correlation between molecular markers of bioenergetics dysfunction, for instance, hydrogen peroxide production, proton leak or membrane potential, and metabolic alterations. Finally, this study sheds additional light on the effects of PEA treatment, displaying selective bioenergetic effects. At present, the use of a PEA treatment may represent a possible novel frontier for the future clinical treatment of AD.
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Alzheimer’s disease (AD) is increasingly seen as a disease of synapses and diverse evidence has implicated the amyloid-β peptide (Aβ) in synapse damage. The molecular and cellular mechanism(s) by which Aβ and/or its precursor protein, the amyloid precursor protein (APP) can affect synapses remains unclear. Interestingly, early hyperexcitability has been described in human AD and mouse models of AD, which precedes later hypoactivity. Here we show that neurons in culture with either elevated levels of Aβ or with human APP mutated to prevent Aβ generation can both induce hyperactivity as detected by elevated calcium transient frequency and amplitude. Since homeostatic synaptic plasticity (HSP) mechanisms normally maintain a setpoint of activity, we examined whether HSP was altered in AD transgenic neurons. Using methods known to induce HSP, we demonstrate that APP protein levels are regulated by chronic modulation of activity and that AD transgenic neurons have an impaired adaptation of calcium transients to global changes in activity. Further, AD transgenic compared to WT neurons failed to adjust the length of their axon initial segments (AIS), an adaptation known to alter excitability. Thus, we show that both APP and Aβ influence neuronal activity and that mechanisms of HSP are disrupted in primary neuron models of AD.

Keywords: amyloid, APP – amyloid precursor protein, synapse, calcium imaging, homeostatic synaptic plasticity (HSP), neuron


INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of dementia and the most common neurodegenerative disease. AD is characterized by the progressive, age-related accumulation and aggregation of disease-associated proteins, in particular amyloid-β (Aβ), which is cleaved from the amyloid precursor protein (APP). Multiple lines of genetic, clinical and biological evidence support the involvement of Aβ in driving the loss of synapses and neurons that characterize the disease. However, preceding the massive neurodegeneration, AD features aberrant regional neuronal activity in the form of both hyper- and hypo-excitability, and evidence supports that the occurrence of network hyper-excitability early in the disease process is tied to elevated Aβ levels (Vossel et al., 2013; Zott et al., 2019). However, the precise mechanisms underlying this early Aβ-induced hyper-excitability remain unclear. In addition, the normal roles of Aβ/APP in brain physiology and their roles in pathophysiology during AD remain incompletely understood. Numerous lines of evidence indicate that synapses are sites of early pathogenesis in AD. APP mRNA is locally translated at post-synapses (Westmark and Malter, 2007) and APP protein is transported by fast axonal transport down axons (Koo et al., 1990), and the machinery to process APP to Aβ is localized to both pre- and post-synaptic sites. The presynaptic site is generally considered to process more APP to Aβ (Sadleir et al., 2016), although the role of neuron sub-types and anatomy in the subcellular location and generation of Aβ in brain remain poorly understood. The CA3 mossy fiber axonal terminals in the hippocampus, for example, are a site of high BACE1 levels and therefore could lead to high APP processing at presynapses (Sadleir et al., 2016). Numerous studies have reported detrimental electrophysiological, biological and behavioral effects of exogenously added Aβ on primary neurons, brain slices or murine brains in vivo (Abramov et al., 2009; Minkeviciene et al., 2009; Faucher et al., 2016). Emerging work indicates a complex interrelationship between intra- and extra-neuronal pools of Aβ, with the intraneuronal pool accumulating early on, prior to plaques (Roos et al., 2021). Aβ was shown to accumulate aberrantly in endosomes near synapses (Takahashi et al., 2002), where it can impair important endocytic pathways at synapses (Almeida et al., 2006). Normal synaptic function relies on regulated recycling, retrograde transport, secretion and degradation via endosomes that can be impaired by such aberrant protein aggregation (Perdigão et al., 2020). It is of considerable importance to parse out the earliest molecular steps in this synaptic dysfunction with AD. Primary cultures of neurons from AD transgenic mice have replicated in vivo phenotypes seen in AD, including increased endosome size (Willén et al., 2017) and loss of spines (Kashyap et al., 2019), and have shown Aβ-dependent reductions in important synaptic proteins, such as glutamate receptors, PSD-95 and synaptophysin (Almeida et al., 2005). Untangling the relative roles of Aβ and APP in AD also remains incomplete.

The coordinated firing of neurons across networks is considered to be crucial for cognitive function. To maintain their proper function and levels of activity, neurons employ homeostatic synaptic plasticity (HSP) and homeostatic intrinsic plasticity (HIP), which are means by which neurons can tune their activity to the global tonus of activity. Homeostatic scaling is an example of one such a tuning mechanism (Turrigiano et al., 1998), and other mechanisms of regulation are being investigated. These modulatory processes enable neuronal communication to be maintained within an appropriate window, allowing meaningful information transfer (Turrigiano, 2012). Recently, both APP and Aβ were implicated in the regulation of HSP (Gilbert et al., 2016; Galanis et al., 2021), indicating that these proteins play important roles beyond AD pathophysiology. Further, prior in vivo work in AD transgenic mice has suggested that HSP mechanisms might be impaired, since chronic hypo- or hyper-activity via either long term sleep deprivation or induction, or unilateral whisker removal, conditions in which HSP should be engaged, negatively impacted AD transgenic compared to wild-type (WT) mice (Kang et al., 2009; Tampellini et al., 2010). Recently, firing rate homeostasis was shown to be defective in APP/PS1 mice during sleep (Zarhin et al., 2022).

In this study, we set out to further elucidate the effects of APP and Aβ on calcium homeostasis in cultured primary neurons, a model system that allows for the exploration of underlying molecular and cellular biology more easily than in vivo in brain. To that end, we utilized primary neuronal cultures from APP/PS1 AD mutant transgenic mice and their WT counterparts and live-cell calcium imaging as a proxy for activity analyses of neuronal networks. We demonstrate that a general increase in transient calcium frequencies occurs both in the context of elevated APP or Aβ. Furthermore, we show that specifically CaMKII-positive excitatory neurons from AD transgenic mice exhibit higher amplitude calcium transients. Finally, we demonstrate the impaired ability of AD transgenic compared to WT neurons to properly initiate homeostatic plasticity mechanisms to adapt to global activity changes.



MATERIALS AND METHODS


Antibodies

The antibodies employed in this study were the following: mouse anti-beta-actin (Sigma-Aldrich, Sweden), rabbit anti-OC against high molecular weight Aβ (Merck Millipore, Sweden), mouse anti-6E10 for human Aβ/APP (BioLegend, Sweden), APPY188 rabbit anti C-terminal APP (Abcam, Sweden), rabbit anti-somatostatin (Abbexa, United Kingdom), mouse anti-GAD67 (Merck Millipore, Sweden), mouse anti-CaMKII (Merck Millipore, Sweden), mouse anti-ankyrin-G (Thermo Scientific, Sweden), guinea pig anti-Vglut1 (Synaptic Systems, Germany), rabbit anti-VGAT (Synaptic systems, Germany), rabbit anti-Gephyrin (Synaptic Systems, Germany), and chicken anti-MAP2 (Abcam, United Kingdom).



Neuronal Cell Culture

Primary neurons were cultured from the cortices and hippocampi of APP/PS1 AD transgenic mouse (APPswe, PSEN1dE9)85Dbo/Mmjax; Jackson Labs, Bar Harbor, ME, United States) and APP KO (Jackson labs, Bar Harbor, ME, United States, JAX 004133) mouse embryos at embryonic days 15–17 (E15-17). Neurons were cultured as previously described (Willén et al., 2017). Briefly, pregnant mice were anesthetized using isoflurane (MSD Animal Health, Stockholm, Sweden) and sacrificed. Embryos were quickly removed, and biopsies were taken for genotyping. Brains were dissected under constant cooling with chilled (∼4°C) Hanks balanced salt solution (HBSS; Thermo Scientific, Sweden) supplemented with 0.45% glucose (Thermo Scientific, Sweden). Cortices and hippocampi were retrieved and incubated in 0.25% trypsin (Thermo Scientific, Sweden), followed by 2 washes with HBSS. Brain tissue was then triturated in 10% fetal bovine serum (FBS) supplemented Dulbecco’s modified Eagle medium (DMEM; Thermo Scientific, Sweden) with 1% penicillin-streptomycin (Thermo Scientific, Sweden) using glass pipettes until neurons were dissociated. Neurons were plated onto 8 well- plates (for calcium imaging; Ibidi), 6 well plates (for Western blot; Sarstedt, Germany) or glass coverslips in 24 well plates (for immunolabeling; Sarstedt, Germany) coated with Poly-D-lysine (Sigma-Aldrich, Sweden). Neurons were plated with 10% FBS and 1% penicillin-streptomycin in DMEM; following 3–5 h incubation, media was exchanged for complete Neurobasal solution, consisting of Neurobasal medium, B27 supplement, penicillin-streptomycin, and L-glutamine (Thermo Scientific, Sweden). One embryo corresponds to one set of cultures. All animal experiments were performed in accordance with the ethical guidelines and were approved by the Animal Ethical Committee at Lund University ethical permit number 5.8.18-05983/2019.



Genotyping

Genotyping was carried out using the PCRbio Rapid Extract PCR kit (Techtum, Sweden). In brief, biopsies were incubated with 70 μl distilled H2O, 20 μl 5× PCRbio buffer A (lysis buffer) and 10 μl 10× PCRbio buffer B (protease containing buffer) per vial at 75°C for 5 min, followed by heating to 95°C for 10 min. The vials were placed on ice and allowed to cool before vortexing for 3–4 s and centrifuged at 10,000 rpm for 1 min to pellet the debris. The DNA supernatant was then transferred to a new vial. The DNA supernatant was either used directly or stored at −20°C. For PCR, 1 μl of DNA was incubated with 9.5 μl distilled H2O, 12.5 μl 2× PCRbio rapid PCR mix (containing Taq polymerase for DNA amplification), 1 μl primer-set F (APP knockout) and 1 μl primer-set G (APP WT; both 10 μM) for 3 min at 95°C. The temperature was decreased to 55°C for 15 s to allow for the annealing of primers. The temperature was then increased to 72°C for 5 min to allow for the extension of DNA. DNA bands were detected using agarose gel electrophoresis.



Viral Vectors

We used lentiviral vectors carrying TdTomato, hAPPwt, or hAPPmv (mutant APP resistant to BACE cleavage) under a CaMKII promoter; the genes were inserted via Gene synthesis (Thermo Fischer Scientific, United Kingdom) into a plasmid compatible with Gateway technology to serve as an entry clone. Production and titration were performed as previously described (Quintino et al., 2013). Primary neurons were transduced at 12–13 days in vitro (DIV) at a multiplicity of infection (MOI) of 5 and analyzed at 19–21 DIV.



Treatments

Cultured neurons at 19–21 DIV were treated with different compounds before live cell imaging, immunofluorescence or western blot experiments: thiorphan (500 nM, 1 h; Sigma-Aldrich, Sweden), TTX [1 μM, acute (0–1 h) or 48 h], bicuculline [20 μM, acute (0–1 h) or 48 h], picrotoxin (10 μM, 1 h), CNQX (10 μM, 1 h) (Sigma-Aldrich, Sweden), and synthetic Aβ1-42 (Tocris, United Kingdom) and synthetic reverse Aβ42-1 (Tocris, United Kingdom) reconstituted in dimethyl sulfoxide (DMSO) to 250 mM, sonicated 10 min and then centrifuged at 10,000 g for 15 min before adding the supernatant to cell culture media.



Western Blot

Cell lysates were prepared using modified RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1% NP-40, 0.25% sodium deoxycholate with added protease and phosphatase inhibitor cocktail II (Sigma-Aldrich, Sweden). BCA protein assay kit (Thermo Scientific, Sweden) was used to determine protein concentrations. Equal amounts of protein from each sample were loaded into 10–20% Tricine sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE; Sigma-Aldrich, Sweden), followed by immunoblotting on polyvinylidene difluoride (PVDF) membranes (Sigma-Aldrich, Sweden) and intensity quantification was carried out using Image Lab 5.2.1.



Live-Cell Imaging

Cultured neurons at 19–21 DIV were incubated with 3 μM of the calcium dye Fluo-4 AM (Thermo Scientific, Sweden) in DMSO (Sigma-Aldrich, Sweden) for 30 min before imaging. Cells were imaged under a Nikon Eclipse Ti microscope at 10× with 1.4 NA. Live cell imaging chamber (Okolab, Italy) was kept at 5% CO2 and 37°C. Cells were imaged every 100 ms for a duration of 2 min with an iXon Ultra CCD camera (ANDOR Technology, United Kingdom). Multiple 2 min timestacks were captured from each experimental group.



Calcium Imaging Analysis

Time-stacks of calcium imaging files were opened in FiJi; individual Regions of interest (ROIs) were drawn around cell bodies and ROIs were determined to be CaMKII+ or CaMKII- based on TdTomato labeling. Fluorescence intensity over time was extracted, processed and normalized in the MatLab script PeakCaller (Artimovich et al., 2017). Spike frequencies and amplitudes were extracted, and raster plots were generated in MatLab. Spike detection threshold was set to 10% above baseline; for calculation of frequency all neurons including silent (<1 Peak per 2 min) were included in analysis. For calculation of amplitude heights and interspike intervals, however; silent neurons were excluded as these would bias the measurement and underestimate the amplitude heights and give misleading values in interspike intervals. Therefore number of neurons differ between frequency measurements and amplitude/interspike interval measurements.



Immunofluorescence

Cultured neurons at 19–21 DIV were fixed in 4% paraformaldehyde (PFA) in PBS with 0.12 M sucrose for 20 min, at room temperature (RT). Cells were then blocked in 0.1% saponin (Sigma-Aldrich, Sweden), 1% bovine serum albumin (BSA; Sigma-Aldrich, Sweden) and 2% normal goat serum (NGS; Thermo Scientific, Sweden) in PBS for 1 h at RT. Cells were incubated in primary antibody (diluted in 2% NGS in PBS) overnight at 4°C. Cells were rinsed in PBS and incubated with secondary antibodies diluted in 2% NGS in PBS. Cells were rinsed in PBS and counterstained with DAPI diluted at 1:2000 (Sigma-Aldrich, Sweden). Imaging was performed with an inverted Olympus IX70 epifluorescence or an inverted Leica SP8 confocal microscope.



Image Analysis

Neurons were labeled for inhibitory or excitatory pre- and post-synaptic markers; CaMKII and VGLUT1 for excitatory synapses and Gephyrin and VGAT for inhibitory synapses. Images were then processed in the ImageJ plugin: SynaptcountJ. SynaptCountJ is a semi-automated plugin for measuring synapse density (Mata et al., 2017). By colocalization of two different excitatory or inhibitory synaptic markers one can count the number of excitatory and inhibitory synapses per neuron along with other morphological parameters such as dendritic length. For CaMKII cell quantification 19–21 DIV APP/PS1 and WT neuronal cultures were labeled with DAPI, CaMKII, and MAP2. Images were sampled at 20× in an inverted Olympus IX70 epifluorescence microscope and analyzed with the “cell-counter” plugin in ImageJ as percent CaMKII positive out of all MAP2 positive neurons. For analysis of axon initial segment length, ankyrin-G positive axon initial segments were traced and measured in ImageJ by a blinded experimenter.



Experimental Design and Statistical Analysis

All statistical analyses were performed with GraphPad Prism 8.3. Sample size was denoted as n = number of cells analyzed and N = sets of cultures. Data was first tested for normality using D’Agostino-Pearson omnibus K2 normality test to determine the appropriate statistical test. No specific statistical analysis was performed to determine sample size. Mann–Whitney (two groups) or Kruskal–Wallis (3 or more groups) tests were used to compare distribution of data between groups unless otherwise stated. Correction for multiple testing was performed with Dunn’s correction unless otherwise stated. Graphs are expressed as mean ± 95% confidence interval (CI) with individual values plotted as dots unless otherwise stated in figure legend. Differences were considered significant at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001, n.s., not significant.




RESULTS


Characterization of Corticohippocampal Amyloid Precursor Protein/PS1 Transgenic Cultures

To study AD-related neuronal activity alterations in vitro, primary cortico-hippocampal neurons from APP/PS1 AD transgenic mice and their WT littermates were loaded with the calcium indicator Fluo-4 AM and imaged for calcium transients using a live cell imaging microscope. Mixed cortico-hippocampal neurons were used, since AD is characterized by cortical and hippocampal pathology. Live cell calcium imaging is used as a proxy of neuronal activity, although actual neuronal excitation and firing can deviate significantly from calcium levels (Gavello et al., 2018). Representative raster plots and calcium traces demonstrate that neurons from both APP/PS1 transgenic and WT mice were spontaneously active (Supplementary Figures 1A–D). APP/PS1 neurons overall had increased frequencies of calcium transients and higher amplitudes of calcium spikes compared to WT neurons (Figures 1A–D). Inter-spike intervals were also altered in APP/PS1 neurons, which had shorter inter-spike intervals than WT neurons (Figure 1E). Moreover, APP/PS1 cultures had fewer inactive neurons compared to WT cultures (Figure 1F), consistent with the other signs of increased excitability.
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FIGURE 1. Increased spontaneous activity in APP/PS1 primary neurons. (A) Representative micrograph of cultured neurons loaded with Fluo4. (B) Representative calcium traces from WT and APP/PS1 field of views (FOVs), black spikes are recognized by the Peakcaller algorithm. X-axis shows region of interest (ROI) number, Y-axis shows amplitude and Z-axis shows time point. (C) Frequency of firing (spikes per minute) is increased in APP/PS1 compared to WT neurons (APP/PS1 mean = 6.072, CI = 4.948–7.197, n = 90 compared to WT mean = 3.184, CI = 2.25–4.118, n = 142, p < 0.0001). (D) Amplitudes of spikes are increased in APP/PS1 compared to WT neurons (APP/PS1 mean = 0.1682, CI = 0.1532–0.1833, n = 76, compared to WT mean = 0.1352, CI = 0.1266–0.1437, n = 80, p = 0.0003). (E) Inter-spike interval distributions differ between APP/PS1 compared to WT neurons with more of the APP/PS1 neurons having low inter-spike intervals (p = 0.0011 using Kolmogorov–Smirnoff test). (F) Frequency distribution of firing frequencies of APP/PS1 compared to WT neurons shown in a graph; note higher percentage of WT neurons in the inactive bins; WT inactive = 69, APP/PS1 inactive = 22, WT active = 73 and APP/PS1 active 68, p = 0.0003, Fisher’s exact test; N = 4 cultures. (G) Representative Raster plot of APP/PS1 neurons treated with vehicle (sterile milliQ water), 10 μM of picrotoxin, 20 μM of bicuculline or 1 μM of tetrodotoxin (TTX); neurons were imaged every 100 ms for 5 min with detected spikes represented as green dots. Mann–Whitney U test; ∗∗p < 0.01, ∗∗∗p < 0.001; scale bar: 50 μm.


During early development, GABA can have excitatory effects in culture (Doshina et al., 2017). Normally, GABA signaling in culture shifts to being primarily inhibitory at around 14 days in vitro (DIV). However, because APP/PS1 neurons may have altered neuronal development due to constitutively over-expressing mutant APP and presenilin (Handler et al., 2000; Rama et al., 2012), the increased activity seen in 19–21 DIV cultures could, in part, have been due to excitatory GABA signaling. Thus, we tested whether GABA signaling had inhibitory or excitatory effects in our presumably mature 19–21 DIV APP/PS1 neurons by treating them with GABAA blockers bicuculline and picrotoxin. Blocking GABA signaling in the APP/PS1 cultures led to an increased frequency and synchronicity of firing, indicating that GABA had inhibitory effects in our cultures similar to that of WT cultures (Figure 1G). The addition of 1 μm TTX stopped most calcium transients in both WT and APP/PS1 neurons (Figure 1G), indicating that the majority of calcium transients that were detected were triggered by sodium channel activity.



Hyperactivity of Excitatory Neurons in Amyloid Precursor Protein/PS1 Cultures

To parse out the contributions of excitatory and inhibitory neurons in driving the hyperactivity in APP/PS1 cultures, we transduced neurons with a vector to induce the expression of TdTomato under a CaMKII promoter (Figure 2A), allowing us to distinguish excitatory neurons from putative GABAergic interneurons (Figure 2B) in imaged FOVs. Interestingly, we detected increased activity in CaMKII-positive APP/PS1 neurons compared to CaMKII-positive WT neurons. In contrast, activity levels in CaMKII-negative neurons were similar between APP/PS1 and WT cultures (Figure 2C). Furthermore, CaMKII-positive neurons had higher amplitude calcium transients compared to CaMKII-negative neurons in APP/PS1 but not WT cultures (Figure 2D).
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FIGURE 2. Increased amplitude and frequency of spontaneous calcium transients in CaMKII positive excitatory neurons. (A) Micrograph provides an example of an image of Fluo-4 (green) and CaMKII TdTomato (red) neurons in culture. (B) Representative calcium traces from WT and APP/PS1 FOVs, black spikes are recognized by the Peakcaller algorithm. X-axis shows ROI number, Y-axis shows amplitude and Z-axis shows time point. The red line shows which ROIs belonged to CaMKII positive neurons in the representative FOVs. (C) Graph showing increase in spike frequency (spikes per minute) of APP/PS1 CaMKII positive compared to WT CaMKII positive neurons (APP/PS1 mean = 5.176, CI = 4.456–5.896, n = 133 compared to WT mean = 3.479, CI = 2.9–4.057, n = 205, p = 0.0001). In contrast, spike frequency of CaMKII negative APP/PS1 neurons did not significantly differ from WT CaMKII negative neurons (APP/PS1 mean = 6.094, CI = 4.898–7.291, n = 108 compared to WT mean = 5.083, CI = 3.837–6.328, n = 114, p = 0.124). (D) Amplitude of transients is increased specifically in APP/PS1 compared to WT CaMKII positive excitatory neurons (APP/PS1 mean = 0.171, CI 0.1566–0.1856, n = 115, compared to WT mean = 0.1375, CI = 0.1304–0.1446, n = 138, p = 0.0024). In contrast, the amplitude of transients in CaMKII negative neurons did not differ between APP/PS1 and WT neurons (APP/PS1 mean = 0.1505, CI = 0.1385–0.1625, n = 85, compared to WT mean = 0.1391, CI = 0.1275–0.1506, n = 78, p = 0.302); N = 3. Kruskal–Wallis test with Dunn’s correction for multiple comparisons. n.s = not significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; scale bar: 50 μm.


We next sought to investigate whether an imbalance in the proportion of excitatory to inhibitory neurons and synapses could underlie the increased levels of activity in APP/PS1 neurons. To do this, we evaluated the relative levels of select proteins known to be localized in either excitatory or inhibitory neurons. Immunoblotting against CaMKII and GAD67, markers expressed by nearly all excitatory and inhibitory neurons, respectively, showed no differences in the levels of CaMKII and GAD67 between APP/PS1 and WT neurons (Figures 3A–C). Likewise, analyses of neurons immunolabelled for glutamatergic (VGluT and CaMKII) and GABAergic (vGAT and gephyrin) synaptic markers using the image analysis plugins NeuronJ and Synapcount (Mata et al., 2017) did not show significant differences between APP/PS1 and WT cultures (Figures 3D–F). Similarly, counting CaMKII positive cells as a percentage of all MAP2 positive cells per culture did not show a significant difference between the percentage of CaMKII neurons in WT and APP/PS1 neuronal cultures (Figure 3G). However, consistent with prior work (Siskova et al., 2014), our analyses did show decreased dendritic length in APP/PS1 compared to WT neurons (Figures 3H,I).
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FIGURE 3. No evidence for gross imbalances in excitatory/inhibitory neurons/synapses in APP/PS1 compared to WT neurons. (A) Representative western blot of CaMKII and GAD67 protein levels with actin as loading control. (B) Quantification of western blot of CaMKII in (A) (APP/PS1 mean = 1.164, CI = 1.030–1.298, n = 15 and WT mean = 1.181, CI = 1.080–1.282, n = 21, p = 0.8270). (C) Quantification of western blot of GAD67 in (A) (APP/PS1 mean = 0.7359, CI = 0.6129–0.8589, n = 15 and WT mean = 0.6620, CI = 0.5774–0.7466, n = 21, p = 0.2860, unpaired t-test). (D) Representative micrograph showing WT neuron labeled with VGAT (red), Gephyrin (green) and MAP2 (magenta). Lower panels show an enlarged view of neuron both with (left) and without (right) deconvolution. Scale bar = 20 μm and for Merge, 10 μm. (E) Graph depicting excitatory synaptic density from VGLUT/CAMKII overlap divided by neurite length (APP/PS1 mean = 16.64., CI = 12.53–20.74, n = 35 and WT mean = 15.28, CI = 11.74–18.83, n = 38, p = 0.6129, unpaired t-test). (F) Graph depicting inhibitory synaptic density from VGAT/Gephyrin overlap divided by neurite length (APP/PS1 mean = 12.00, CI = 9.160–14.84, n = 29 and WT mean = 11.87, CI = 9.243–14.50, n = 29 p = 0.9458). (G) Graph depicting quantification of percentage CaMKII neurons in WT and AD cultures. (APP/PS1 mean = 49.61% CaMKII positive neurons CI = 41.67–57.54% compared to WT mean = 54.64% CI = 47.08–62.14%, p = 0.35, unpaired t-test). (H) Representative binary images of WT and APP/PS1 neurons labeled for MAP2; scale bar = 20 μm. (I) Graph showing decreased dendrite length in APP/PS1 compared to WT neurons (APP/PS1 mean = 1518, CI = 1355–1682, n = 64, and WT mean = 1744, CI = 1588–1900. N = 67, p = 0.045, unpaired t-test). *p < 0.05.




Individual Contributions of Amyloid Precursor Protein and Aβ to Neuronal Hyperactivity

To dissect out the individual role of APP on neuronal activity, we investigated whether APP over-expression alone without a concomitant elevation in Aβ could cause hyper-activity by transducing WT neurons with constructs encoding either mutant human APP resistant to BACE cleavage (hAPPmv) (Kamenetz et al., 2003) or WT human APP (hAPPwt), both under a CaMKII promoter. Remarkably, the expression of either APP construct in WT neurons led to an increase in the frequency and amplitude of calcium transients (Figures 4A,B), indicating an Aβ-independent effect of APP on neuronal activity in excitatory neurons.
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FIGURE 4. Amyloid precursor protein and Aβ increase calcium oscillation frequency and amplitude. (A) Graph depicts firing frequencies in WT neurons transduced with a viral vector harboring hAPPwt or hAPPmv (BACE cleavage resistant) under a CaMKII promoter. Note that both hAPPwt and hAPPmv increase the firing frequency compared to control (CTRL), with hAPPmv having a stronger effect [hAPPmv mean = 5.087, CI = 4.542–5.633, n = 436; hAPPwt mean = 4.112, CI = 3.585–4.640, n = 375 and CTRL mean = 3.757, CI = 2.925–4.588, n = 292, p-values respective to CTRL = hAPPmv = 0.0001, hAPPwt = 0.0001, p-value hAPPmv compared to hAPPwt (p = 0.0259), Kruskal–Wallis Dunn’s correction]. (B) Graph showing increased amplitude in neurons expressing hAPPwt and hAPPmv under CaMKII promoter (hAPPmv mean = 0.3444, CI = 0.3197–0.3691, n = 344 and hAPPwt mean = 0.3021, CI = 0.2808–0.3433, n = 278 and CTRL mean = 0.2256, CI = 0.2034–0.2479, n = 67, N = 3, p-values respective to CTRL; hAPPmv = 0.0001, hAPPwt = 0.0004, p-value, Kruskal–Wallis Dunn’s correction). Kruskal–Wallis test with Dunn’s correction for multiple comparisons. (C) WT neurons treated with 500 nM of the neprilysin inhibitor thiorphan for 1 h show increased firing frequency (thiorphan mean = 6.814, CI = 5.283–8.344, n = 133, compared to vehicle mean = 5.783, CI = 3.749–7.817, n = 125, N = 3, p = 0.0101). (D) The graph depicts increased spike amplitudes after 1 h of treatment of WT neurons with thiorphan (thiorphan mean = 0.1605, CI = 0.1436–0.1774, n = 76, compared to vehicle mean = 0.1198, CI = 0.1036–0.136, n = 42, p = 0.0012). (E) Graph showing increase in spike frequency of thiorphan treated CaMKII positive compared to vehicle treated CaMKII positive neurons (thiorphan mean = 3.905, CI = 2.942–4.869, n = 128 compared to vehicle mean = 2.432, CI = 1.934–2.931, n = 332, N = 3, p = 0.0089). In contrast, spike frequency of CaMKII negative thiorphan treated neurons did not significantly differ from vehicle treated CaMKII negative neurons (thiorphan mean = 2.566, CI = 1.726–3.406, n = 173 compared to vehicle mean = 3.018, CI = 2.243–3.794, n = 218, p = 0.0894). (F) Graph showing that thiorphan was ineffective at inducing increased frequency in APP KO neurons compared to vehicle (APP KO thiorphan mean = 3.329, CI = 2.692–3.967, n = 601 compared to APP KO vehicle mean = 2.196, CI = 1.689–2.704, n = 514, N = 3, p = 0.8604, Mann–Whitney U-test).; n.s = not significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.


Likewise, we sought to investigate whether increased Aβ levels alone could induce hyper-activity. We wanted to increase Aβ levels in WT cultures without affecting APP and PS1 as this could confound our results, since we provide evidence that overexpression of APP has Aβ-independent effects on neuronal activity, while PS1 has been shown to alter calcium signaling (Lerdkrai et al., 2018). Therefore, we utilized an inhibitor of the Aβ degrading enzyme neprilysin, which increases Aβ levels (Abramov et al., 2009), primarily at synapses, as neprilysin is highly expressed pre-synaptically (Iwata et al., 2004; Abramov et al., 2009). After 1 h of treatment with the neprilysin inhibitor thiorphan (500 nM), calcium transient frequencies (Figure 4C) and amplitudes (Figure 4D) were increased in WT primary neurons. Interestingly, thiorphan led to a greater increase in firing frequency in CaMKII-positive compared to CaMKII-negative neurons (Figure 4E). As neprilysin also degrades other peptides, such as substance P and neurokinin A, as a control, we assessed the effect of thiorphan treatment on APP knockout (KO) neurons, which lack APP and, thus, the capacity to generate Aβ. Indeed, calcium transient frequencies and amplitudes from APP KO neurons treated with thiorphan did not significantly differ from APP KO neurons treated with vehicle alone (Figure 4F), supporting the conclusion of elevated Aβ levels as driving the hyperactivity in WT neurons treated with thiorphan. However, APP KO neurons have been shown to have altered synaptic composition (Martinsson et al., 2019) and calcium transients (Yang et al., 2009), which could potentially mask effects by thiorphan. Therefore, as an alternative to investigate elevated Aβ levels on hyperactivity, we added exogenous synthetic Aβ peptide to WT cultures.

Immunolabeling WT neuronal cultures treated with 0.5 μM of synthetic human Aβ1–42 for 2 h with the human-specific Aβ/APP antibody 6E10 showed that the added exogenous Aβ1–42 localized to the dendritic spines of CaMKII-TdTomato expressing neurons (Figures 5A,B). This was consistent with prior findings showing that exogenous Aβ1–42 preferentially binds to synapses of CaMKII-immunoreactive neurons (Willen et al., 2017). Interestingly, we detected marked colocalization of the added human Aβ1–42 with the fibril and fibrillar oligomer-specific antibody OC that detects amyloid structures (Hatami et al., 2014), indicating aggregation of the exogenous Aβ1–42 at synapses, which is consistant with prior work (Willén et al., 2017). While for these experiments we added supraphysiological levels of Aβ1–42 (0.5 μM), in order to more readily visualize its localization, we next assayed what effect more physiological Aβ1–42 increases would have on calcium oscillations. Given that physiological levels of Aβ are in the picomolar range and that picomolar levels of exogenous Aβ were reported to increase LTP (Puzzo et al., 2008), we added 200 pM of synthetic human Aβ1–42 acutely to mouse WT neuronal cultures expressing CaMKII-driven TdTomato. Addition of 200 pM synthetic Aβ to WT cultures led to modest increases in the firing frequencies of both CaMKII-positive and CaMKII-negative neurons (Figure 5C). In addition, these picomolar levels of Aβ1–42 led to increased amplitudes of calcium oscillations in CaMKII-positive neurons but not CaMKII-negative neurons (Figure 5D). However, higher concentrations of synthetic Aβ1–42 (500 nM) did not lead to significantly increased calcium oscillations (Figure 5E), though 500 nM of synthetic Aβ1–40 did lead to a robust increase in firing frequency. In summary, our results support the concept that APP and Aβ can independently induce increases in synaptic activity, which likely plays a role under physiological and pathological conditions.


[image: image]

FIGURE 5. Aβ preferentially binds synaptic compartments on CaMKII positive neurons and appears to have a dose dependent effect on spike frequency. (A) Micrograph showing that synthetic human Aβ1–42 preferentially binds to dendrites of CaMKII positive murine WT neurons; Td Tomato expressed through CaMKII promoter, human specific anti-Aβ antibody 6E10 (green) and conformation specific anti-amyloid antibody OC (magenta); scale bar = 50 μm. (B) Insert from (A) showing Aβ1–42 targeting synapses; note that antibody 6E10 labels the added synthetic human Aβ and that this is also labeled by the fibrillar oligomer antibody OC; scale bar = 5 μm. (C) WT neurons treated with 200 pM synthetic Aβ1–42 show increased spike frequency compared to DMSO treated vehicle control neurons both in CaMKII positive neurons (Aβ1–42 mean = 0.7554, CI = 0.5724–0.9383, n = 477, compared to vehicle mean = 0.367, CI = 0.1636–0.5704, n = 401, p < 0.0001) and in CaMKII negative neurons (Aβ1–42 mean = 3.829, CI = 3.033–4.685, n = 214, compared to vehicle mean = 3.346, CI = 2.508–4.183, n = 218). (D) Graph depicting increased amplitudes in CaMKII positive neurons treated with 200 pM Aβ1–42 compared with DMSO vehicle control (Aβ1–42 mean = 0.1256, CI = 0.119–0.1321, n = 128, compared to vehicle mean = 0.1087, CI = 0.09495–0.1225, n = 24, p = 0.045). However, CaMKII negative neurons did not show a significant increase in amplitude with Aβ treatment (Aβ1–42 mean = 0.1272, CI = 0.1209–0.1334, n = 133, compared to vehicle mean = 0.1235, CI = 0.114–0.133, n = 94, p = 0.2103). (E) Graph shows WT neurons treated with 500 nM Aβ1–42 or 500 nM Aβ1–40. While 500 nM Aβ1–42 leads to a slight but not significantly different distribution of activity, Aβ1–40 strongly increases activity (Aβ1–40 mean = 6.344, CI = 5.503–7.186, n = 235 and Aβ1–42 mean = 3.901, CI = 3.439–4.363, n = 287 compared to vehicle mean = 3.194, CI = 2.752–3.635, n = 255; p = 0.0001 and p = 0.14.); Kruskal–Wallis test, N = 3. n.s = not significant, *p < 0.05, ***p < 0.001.




Dysregulated Homeostatic Plasticity in Amyloid Precursor Protein/PS1 Neurons

Since we showed that elevating either APP or Aβ in WT neurons can increase neuronal activity, we hypothesized that the continuously high levels of APP and Aβ in APP/PS1 neurons disrupt neuronal network activity and function, and speculated that HSP mechanisms, which help maintain synaptic firing within the boundaries of meaningful communication (Turrigiano, 2008), might be impaired in AD transgenic neurons and, as a result, may no longer be effective at returning activity levels back to a baseline. Dysfunctional HSP could explain part of the sustained hyperexcitability observed in neurons from AD transgenic mouse models. We therefore hypothesized that long-term high levels of Aβ/APP might impair homeostatic plasticity. This can be tested by manipulating neuronal firing outside of a network’s set point, leading to plasticity changes that maintain the baseline activity level. We therefore initially treated APP/PS1 and WT neurons with TTX and bicuculline, which should immediately decrease network activity and increase network activity, respectively (Turrigiano et al., 1998). Indeed, acute treatment of WT and APP/PS1 neurons with TTX and bicuculline led to the expected decreased and increased activity, respectively (Supplementary Figures 1E,F). Next we treated WT and APP/PS1 neurons with TTX or bicuculline for a longer period of time (48 h), which are established methods for inducing HSP (Turrigiano et al., 1998). Interestingly, 48 h of TTX treatment led to a sharp decrease by western blot in total APP protein levels in both WT and APP/PS1 neurons (Figures 6A,B), in particular in the upper band, which corresponds to mature APP, as visualized by the APPY188 antibody. Although a similar trend was seen for the lower, immature APP band this did not reach statistical significance. The decrease in APP levels was also evident in WT primary neuron cultures immunolabelled after 48 h treatment with TTX or Bicuculline (Figure 6C). There was also a trend for a decrease in CaMKIIα, which was previously reported to be downregulated with TTX induced homeostatic scaling (Thiagarajan et al., 2002). To determine whether HSP mechanisms were induced by the long-term treatments, we measured the calcium transients after HSP induction. Treating WT neurons with TTX or bicuculline for 48 h led to the expected changes in excitability; most TTX treated WT neurons recover their ability to fire and while the distribution of firing rates is altered (Figure 6D and Supplementary Figures 2A,B), the mean firing frequency does not differ significantly from WT vehicle treated neurons after 48 h (Figure 6F). In response to the 48 h of treatment with bicuculline, which acutely elevates activity, most WT neurons, as expected, significantly decreased their firing frequency. Of note, the extended bicuculline treatment in WT neurons appears to lead to two types of firing, with one group of neurons maintaining a high firing frequency and another group that is silent (Figures 6D,F). In contrast, the firing frequency of APP/PS1 neurons treated for 48 h with bicuculline remained increased, while the firing frequency of APP/PS1 neurons after chronic TTX treatment remained low (Figures 6E,G). Thus, APP/PS1 neurons did not respond to the prolonged bicuculline or TTX exposure as the WT neurons, indicating that the APP/PS1 neurons were unable to compensate to these pharmacologically-induced changes in neuronal activity. Note that vehicle treated APP/PS1 and WT were not significantly different in this experiment although here we did not do direct comparisons.


[image: image]

FIGURE 6. Neurons from AD transgenic mice are unable to initiate homeostatic synaptic/intrinsic plasticity. (A) Representative western blot of APP (using antibody APPY188) and CaMKIIα in WT and APP/PS1 neurons treated with TTX or bicuculline for 48 h; αTubulin is used as a loading control. (B) Graph depicts quantification of fold change from western blots in (A), APP upper band (WT TTX mean = 0.2865, CI 0.1287–0.4244, n = 5, WT control mean = 1.000, CI 0.5298–1.470, n = 5, WT bicuculline mean = 0.9782, CI 0.3574–1.599, n = 3, APP/PS1 TTX mean = 0.4251, CI 0.2893–0.5609, n = 6, APP/PS1 control mean = 1.137, CI 0.8116–1.462, n = 6, APP/PS1 bicuculline mean = 0.9038, CI 0.6975–1.110, n = 3) and the fainter APP lower band (WT TTX mean = 0.4605, CI 0.1990–0.7220, n = 5, WT control mean = 1.000, CI 0.6601–1.340, n = 5, WT bicuculline mean = 1.386, CI –0.5278–3.299, n = 3, APP/PS1 TTX mean = 0.8590, CI 0.4258–1.292, n = 6, APP/PS1 control mean = 2.239, CI 1.493–3.290, n = 6, APP/PS1 bicuculline mean = 1.602, CI 0.6279–2.576, n = 3). Note that the upper APP band is lower in TTX treated WT compared to WT control (p = 0.0006) and TTX treated APP/PS1 compared to APP/PS1 control (p = 0.0002). For the APP lower band, it was significantly higher in the APP/PS1 control than the WT control (p = 0.0017), while APP was lower in the APP/PS1 TTX than the APP/PS1 control (p = 0.0003; one-way ANOVA, Šidak correction). (C) Micrograph showing APP and CaMKIIα labeling after 48 h of TTX or bicuclline treatment. Note that APP labeling is relatively weaker in the TTX treated neuron consistent with the results from western blot. Scale bar = 20 μm. (D) Graph demonstrating HSP adaptations in WT cultures treated with TTX or bicuculline for 48 h. Note that the distribution of oscillation frequency in bicuculline treated neurons is different compared to vehicle treated (TTX mean = 4.265, CI 3.397–5.134, n = 442; vehicle mean = 4.467, CI = 3.741–5.192, n = 413; bicuculline mean = 4.593, CI = 3.574–5.611, n = 303, p-values compared to vehicle: TTX = 0.0001 and bicuculline = 0.0001, Kruskal–Wallis test, N = 4). (E) Graph showing absence of adaptation in APP/PS1 neurons in response to 48 h of TTX or bicuculline treatment. Note how both TTX or bicuculline treated APP/PS1 neurons are largely opposite from WT neurons after 48 h. (TTX mean = 0.272, CI 0.0154–0.527, n = 210; vehicle mean = 4.368, CI = 3.729–5.008, n = 464; bicuculline mean = 10.990, CI = 9.835–12.140, n = 368, p-values compared to vehicle: TTX = 0.0001 and bicuculline = 0.0001, Kruskal–Wallis test, N = 4). (F) Bar graph showing mean firing frequency from (D); note that mean firing frequencies are similar between the groups. (WT TTX vs. WT vehicle p = 0.9203, WT bicuculline vs. WT vehicle, p = 0.9733, one-way ANOVA, Dunnett’s test). (G) Bar graph showing mean firing frequency from (E); note that mean firing frequencies are do not recover as in WT. (APP/PS1 TTX vs. APP/PS1 vehicle p = 0.0001, APP/PS1 bicuculline vs. APP/PS1 vehicle, p = 0.0001, one-way ANOVA, Dunnett’s test). (H) Micrograph depicting WT neuron labeled with MAP2 (red) and ankyrin-G (green), which labels the AIS. White arrow points to AIS; scale bar = 20 μm. (I) Graph shows quantification of AIS lengths after treatment with TTX or bicuculline for 48 h (WT TTX mean = 47.76, CI = 42.36–53.17, n = 32; WT vehicle mean = 39.44, CI = 35.87–43.02, n = 37; WT bicuculline mean = 28.07, CI = 25.75–30.39, n = 57; APP/PS1 TTX mean = 27.52, CI = 25.01–30.04, n = 35; APP/PS1 vehicle mean = 27.20, CI = 24.85–29.55, n = 49; APP/PS1 bicuculline mean = 21.57, CI = 18.86–24.27, n = 26); ordinary one way ANOVA, Tukey’s multiple comparisons test. ns = not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001.


To explore a mechanistic aspect of these HSP alterations we investigated axon initial segment (AIS) modifications in the chronic TTX and bicuculline treated cultures, as lengthening or shortening of the AIS modifies the excitability of neurons. By immunolabeling for ankyrin-G, a protein involved in linking voltage-gated channels to the AIS, we could identify the AIS and measure its length (Hedstrom et al., 2008). In WT neurons, 48 h of treatment with either bicuculline or TTX led to the expected decreased and increased AIS lengths, respectively (Figures 6H,I). In contrast, APP/PS1 neurons did not display adjustments of the AIS length upon either of these HSP-inducing treatments. Interestingly, the AIS lengths of APP/PS1 neurons were already shorter than those of WT neurons at baseline. Together these experiments demonstrate an inability of APP/PS1 neurons to use HSP mechanisms to adapt to extrinsic changes in activity.




DISCUSSION

Here we demonstrate that inhibition of Aβ degradation, application of synthetic Aβ, APP overexpression and familial AD-causing mutations all cause an increase in somatic calcium transients during spontaneous neuronal activity, in particular in excitatory CaMKII positive neurons. Moreover, we present evidence that homeostatic plasticity mechanisms are disrupted in APP/PS1 AD transgenic neurons, as these were unable to compensate their spontaneous calcium transient activity after chronic activity or inactivity. APP/PS1 neurons were shown to have shorter AIS and a lack of change in AIS length in response to chronic activity or chronic activity blockade. The proper function of neuronal networks depends on maintaining homeostatic set points and limiting activity within functional windows. Deviations from these set-points lead to network dysfunction. Structural homeostatic synaptic plasticity is known to occur at three main locations: (1) at the post-synapse involving reduced or increased levels of surface receptors (Turrigiano et al., 1998); (2) at the axon initial segment (AIS) by either increasing or decreasing its length or by shifting the AIS further out into the axon (Wefelmeyer et al., 2016); or (3) at the pre-synapse by modifying how much neurotransmitter is stored in synaptic vesicles or through homeostatic maintenance of presynaptic exocytosis (Delvendahl et al., 2019). Of note, Aβ was suggested to overshoot normal homeostatic scaling in response to sensory deprivation in vivo or TTX-mediated inhibition in vitro (Gilbert et al., 2016), and Aβ was recently shown to regulate homeostatic synaptic upscaling after activity blockade in dentate gyrus in vivo (Galanis et al., 2021). Our findings that APP/PS1 neurons do not increase their activity after 48 h of TTX treatment nor decrease firing rate after 48 h of bicuculline treatment suggest that Aβ/APP play important roles not only in adjusting to activity blockade but also have roles in homeostatic downscaling in response to excessive activity. Interestingly, we found that 48 h of bicuculline treatment led to a strong reduction in firing in the majority of neurons in WT cultures with, however, another population of neurons that maintained a high firing frequency; a related observation was reported on visual cortex homeostatic plasticity following visual deprivation (Barnes et al., 2015), where differential adaptations by excitatory and inhibitory neuron populations were described. Interestingly, we observed that the mean firing rates were similar between TTX, vehicle and bicuculline treated WT neurons after 48 h consistent with findings suggesting that while single unit firing is unstable, networks maintain surprisingly stable firing frequencies (Slomowitz et al., 2015). Aβ and APP have been implicated in normal HSP (Gilbert et al., 2016; Galanis et al., 2021), and APP/PS1 mice were recently shown to have defective downscaling during sleep (Zarhin et al., 2022). Defective HSP could help explain why AD transgenic mice are more susceptible to pharmacologically-induced and spontaneous seizures (Minkeviciene et al., 2009; Reyes-Marin and Nuñez, 2017) and could provide a framework for explaining the increased sensitivity to seizures in AD patients (Pandis and Scarmeas, 2012).

We provide evidence that the AIS is lengthened with TTX treatment and shortened after treatment with bicuculline in WT neurons, which, however, did not occur in APP/PS1 neurons. Shortening the AIS is a way to decrease intrinsic excitability and previous work in slice cultures has shown that 1 h of bicuculline treatment was sufficient to decrease the length of the AIS (Jamann et al., 2021). Since the average lengths of the AIS in APP/PS1 neurons are shorter at baseline than in WT neurons, and are not altered by chronic treatments known to induce HSP, our findings could indicate that APP/PS1 neurons have attempted to adapt to reduce excitability (reduced baseline AIS) but are unable to do so to treatments that normally would induce HSP. It should be noted, however, that the shortening of the AIS occurs within 1 h while complete downscaling takes closer to 48 h. Thus, the role of the AIS shortening in the regulation of activity in APP/PS1 neurons is likely minor. We previously showed in primary neurons from Tg2576 AD transgenic mice, which overexpress human APP with the Swedish familial AD mutation, reduced AMPA receptor levels in culture (Almeida et al., 2005). Whether this is the result of adaptation to higher basal activity levels or a consequence of synaptotoxicity remains to be determined. Moreover, we demonstrate here that APP protein levels decrease with chronic TTX treatment. It has been previously reported that conditional APP family triple knockout increases excitability of excitatory neurons (Lee et al., 2020). Thus, the reduction we see in APP protein levels could be related to increasing excitability in the chronic TTX treatment as we also demonstrated in a previous paper that APP knockout and knockdown led to increased GluA1 protein levels both in cultured neurons and brains of APP KO mice (Martinsson et al., 2019). However, while TTX decreased levels of APP, bicuculline treatment did not significantly alter APP levels.

Our data demonstrates hyperexcitability in APP/PS1 transgenic compared to WT neurons, which we now show occurs mainly in excitatory neurons. Similar to previous studies, we found that exogenously added Aβ1–42 primarily targeted synapses of CaMKII-positive neurons, specifically in a dendritic rather than axonal pattern (Lacor et al., 2004; Willen et al., 2017). However, this does not exclude the possibility of Aβ binding to presynaptic terminals proximal to dendrites. The binding of Aβ1–42 to CaMKII-positive synapses might explain why excitatory neurons, in particular, are affected. The increased frequencies and amplitudes of calcium oscillations that we observed with neprilysin inhibition as a means to elevate endogenous Aβ are consistent with results from Abramov et al. (2009), showing increased release probability with thiorphan treatment in cultured hippocampal neurons. However, since neprilysin also degrades various enkephalins and peptide neurotransmitters, such as substance P, which can influence calcium stores (Heath et al., 1994), we additionally showed a lack of effect on calcium oscillations with neprilysin inhibition in APP KO neurons.

As the calcium oscillations were increased in APP/PS1 compared to wild type neurons, we also considered whether this might be due to decreased inhibitory interneurons/synapses. However, we did not see significant differences in the protein levels of GAD67 and CaMKII, markers of GABAergic interneurons and excitatory neurons, respectively. Further, we did not detect significant differences in the synaptic density of either excitatory or inhibitory synapses. While neuropathological studies have emphasized the vulnerability of select classes of excitatory projection neurons (Stranahan and Mattson, 2010), the relative involvement of different inhibitory and excitatory neurons in early Aβ-induced hyperactivity remains less well defined. However, while there is no evidence for differences in the proportion of different subclasses of neurons in cortical versus hippocampal neurons of AD transgenic versus WT primary cultures, we also cannot exclude this possibility. Increasing evidence suggests that alterations in inhibitory neuron connectivity lead to changes in network functions in AD. For example, increased parvalbumin and gephyrin labeling perisomatically in CA1 neurons of young APP/PS1 transgenic mice was shown (Hollnagel et al., 2019), which might represent an adaptation to increased Aβ/APP and, therefore, increased activity in these mice.

Cortical neurons in proximity to plaques were reported to have higher basal calcium levels in spines and dendrites (Kuchibhotla et al., 2008). Aβ oligomers of different varieties have been reported to bind various cell surface receptors such as PrP (Lauren et al., 2009), alpha7 nicotinic receptor (Sadigh-Eteghad et al., 2014), NMDA receptors (Texidó et al., 2011), and Ephrins (Vargas et al., 2018), leading to an influx of calcium. Yet another hypothesis proposes that Aβ increases the cell membrane permeability for calcium (Kawahara and Kuroda, 2000; Kagan et al., 2002). To complicate matters, presenilins have also been implicated in the handling of Ca2+ stores independently of γ-secretase in AD transgenic mouse models (Lerdkrai et al., 2018). A recent study suggested that Aβ dimers could cause hyperactivity by inhibiting glutamate reuptake (Zott et al., 2019). Further, it was reported that Aβ oligomers can impair synaptic activity by repressing P/Q calcium channels (Nimmrich et al., 2008). While we prepared synthetic Aβ in DMSO, which prevents the formation of fibrils, Aβ forms amyloids with time in culture (Takahashi et al., 2004) and progressively aggregates at synapses (Takahashi et al., 2002, 2004; Willén et al., 2017), consistent with Aβ aggregation at synaptic compartments (Bilousova et al., 2016). Moreover, while Aβ and APP influence synaptic activity, neuronal activity also regulates APP cleavage and Aβ generation (Kamenetz et al., 2003); increased neuronal activity can increase both the generation and degradation of Aβ (Kamenetz et al., 2003; Tampellini et al., 2009). Thus, converging data indicate that both APP and Aβ are important for regulating neuronal activity. Among questions that remain to be answered are which specific aspects of neuronal activity APP and Aβ regulate/influence. Many transgenic models of AD exhibit epileptic seizures and hyperactivity (Scharfman, 2012; Born et al., 2014), and even models overexpressing wild-type human APP develop seizures (Born et al., 2014). Importantly, hyper-synchrony in AD transgenic mice could be rescued by genetic suppression of APP over-expression (Born et al., 2014). We hypothesize that the localization of APP and accumulating Aβ in endosomes near synapses (Takahashi et al., 2002) play a key role in the altered responses of synapses in the setting of AD. A better understanding of the neuron subtypes and molecular mechanisms involved in early Aβ/APP-induced hyperexcitability and synapse dysfunction should provide not only new insights into the disease, but also to new treatment strategies for AD.
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Supplementary Figure 1 | Live-cell imaging method for assaying spontaneous calcium transients. (A,B) Representative traces of spontaneous activity over a 2 min period in neurons from WT and APP/PS1 mice, respectively. (C,D) Raster plots showing overall calcium transients (spikes represented as green dots) in WT and APP/PS1 neuron field of views (FOVs); ROI# or neuron number on the Y-axis and time in minutes on the X-axis. (E) Graph shows frequency from WT neurons treated with 1 μM TTX or 20 μM bicuculline. Note that TTX significantly reduces calcium oscillations whereas bicuculline significantly increases them compared to vehicle treated CTRL (TTX mean = 0.01429 CI = −0.01421–0.04278, n = 70; vehicle mean = 2.923, CI = 2.094–3.752, n = 209; bicuculline mean = 25.00, CI = 23.04–26.97, n = 104, p-values compared to vehicle: TTX = 0.0001 and bicuculline = 0.0001, Kruskal–Wallis test). (F) Graph demonstrating acute effects of TTX and bicuculline in APP/PS1 neurons. Note that similar to in WT neurons, TTX blocks activity while bicuculline raises activity (TTX mean = 0.1644 CI −0.07614–0.4050, n = 118; vehicle mean = 5.164, CI = 4.140–6.188, n = 188; bicuculline mean = 13.77, CI = 10.49–17.06, n = 97, p-values compared to vehicle: TTX = 0.0001 and bicuculline = 0.0379, Kruskal–Wallis test). *p < 0.05, ***p < 0.001.

Supplementary Figure 2 | Frequency distribution of WT and APP/PS1 after 48 h treatment with TTX or bicuculline. (A) Frequency distribution of firing frequencies of WT neurons treated with TTX, bicuculline or vehicle for 48 h; neurons shown in a graph; N = 3 cultures. (B) Frequency distribution of firing frequencies of APP/PS1 neurons treated with TTX, bicuculline or vehicle for 48 h; neurons shown in a graph; N = 3 cultures.
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Increasing evidence indicates that the accumulation misfolded proteins in Alzheimer’s disease (AD) arises from clearance defects in the autophagy-lysosome pathway. Misfolded proteins such as Aβ and tau are secreted in small extracellular vesicles (i.e., exosomes) and are propagated from cell to cell in part through secreted small extracellular vesicles (sEVs). Recent studies suggest that autophagic activity and exosome secretion are coregulated events, and multiple autophagy-related proteins are found in sEVs, including the cargo receptors Sqstm1/p62 and optineurin. However, whether and how autophagy cargo receptors per se regulate the secretion of sEVs is unknown. Moreover, despite the prominent role of actin dynamics in secretory vesicle release, its role in EV secretion is unknown. In this study, we leveraged the dual axes of Slingshot Homolog-1 (SSH1), which inhibits Sqstm1/p62-mediated autophagy and activates cofilin-mediated actin dynamics, to study the regulation of sEV secretion. Here we show that cargo receptors Sqstm1/p62 and optineurin inhibit sEV secretion, an activity that requires their ability to bind ubiquitinated cargo. Conversely, SSH1 increases sEV secretion by dephosphorylating Sqstm1/p62 at pSer403, the phospho-residue that allows Sqstm1/p62 to bind ubiquitinated cargo. In addition, increasing actin dynamics through the SSH1-cofilin activation pathway also increases sEV secretion, which is mimicked by latrunculin B treatment. Finally, Aβ42 oligomers and mutant tau increase sEV secretion and are physically associated with secreted sEVs. These findings suggest that increasing cargo receptor engagement with autophagic cargo and reducing actin dynamics (i.e., SSH1 inhibition) represents an attractive strategy to promote misfolded protein degradation while reducing sEV-mediated cell to cell spread of pathology.
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Introduction

Emerging evidence indicates that the release and uptake of extracellular vesicles (EVs) represents an important form of intercellular communication that could transmit beneficial or pathogenic signals across different cells (Rajendran et al., 2014). Normal EVs have been shown to regulate neuronal neurite outgrowth, survival, and synaptic activity (Wang et al., 2011; Antonucci et al., 2012) as well as microglial activation (Verderio et al., 2012; Prada et al., 2013). EVs are secreted by all cell types and contain specific sets of RNA and proteins (membrane and cytosolic) (Valadi et al., 2007; Skog et al., 2008). Large microvesicles (MVs) (150–1000 nm) are derived from evagination and excision of the plasma membrane, whereas the smaller exosomes (30–150 nm) are intraluminal vesicles (ILVs) formed by inward budding of the limiting membrane of late endosomes or multivesicular bodies (MVBs), and are secreted by fusion with the plasma membrane (Raposo and Stoorvogel, 2013). Despite their ubiquitous presence in the brain, the role of EVs in brain cells and their potential effects on neurodegenerative processes are relatively unknown. In pathological settings, proteins prone to aggregation (i.e., Aβ, Tau, α-synuclein, and prion) are secreted in EVs, potentially providing an avenue for spreading such misfolded proteins to neighboring healthy cells (Rajendran et al., 2006; Vella et al., 2007; Danzer et al., 2012; Saman et al., 2012). For example, the spread of tau requires neighboring microglia and exosomes (Asai et al., 2015), and tau overexpression also abnormally recruits other proteins to exosomes (Saman et al., 2014). Alzheimer’s disease (AD) brain-derived exosomes contain tau and Aβ oligomers that can seed and propagate pathology (Sardar Sinha et al., 2018; Miyoshi et al., 2021). Other studies have shown beneficial effects of certain exosomes in reducing amyloid load and protecting against synaptic plasticity deficits (An et al., 2013; Yuyama et al., 2014).

Recent studies suggest that EV secretion of pathological proteins and autophagy pathways may be linked. For example, autophagy activation with the mTOR inhibitor rapamycin inhibits exosomal prion release, whereas inhibition of autophagy increases exosomal prion secretion (Abdulrahman et al., 2018). In a similar vein, inhibition of lysosome function by bafilomycin A1 increases TDP-43 and α-synuclein release in EVs (Iguchi et al., 2016; Minakaki et al., 2018), suggesting that failure of the autophagy-lysosome pathway (ALP) directs autophagosomes containing misfolded proteins for secretion in association with EVs. This secretory pathway has been proposed to involve the fusion of autophagosomes with MVBs to form amphisomes, which are then secreted by fusion with the plasma membrane (Gordon et al., 1992; Liou et al., 1997; Fader et al., 2008; Ganesan and Cai, 2021). Interestingly, autophagy cargo receptors, such as Sqstm1/p62 and optineurin, are often found in secreted exosomes (Gudbergsson and Johnsen, 2019), while they play vital roles in the clearance of misfolded proteins such as tau in AD (Xu et al., 2019; Woo et al., 2020; Fang et al., 2021; Roca-Agujetas et al., 2021a,b). However, whether prototypic autophagy cargo receptors regulate exosome secretion is unknown. Moreover, despite the crucial role of actin dynamics in secretory vesicle docking and secretion (Li et al., 2018), how actin dynamics regulate exosome secretion is also unknown. We and others previously showed that the protein phosphatase Slingshot Homolog-1 (SSH1) contains two major separable activities in the control of actin dynamics through cofilin activation through dephosphorylation at Ser3 (Niwa et al., 2002) and autophagy inhibition through p62 dephosphorylation at pSer403 (Fang et al., 2021). In this study, using a combination of DiI labeling of EVs and differential centrifugation, we explored the role of autophagy cargo receptors and actin dynamics regulated by SSH1 in small EV (sEV, aka exosome) secretion. Our findings highlight the roles of autophagy cargo receptors and actin dynamics in regulating sEV secretion through mechanisms impacting AD pathogenesis.



Materials and methods


Cell lines

Mouse hippocampus-derived neuroblastoma cells HT22, mouse embryonic fibroblast-derived NIH3T3, and tetracycline-inducible human embryonic kidney 293 cells overexpressing tau P301L (iHEK P301L) were cultured in Dulbecco’s modified Eagle’s medium (DMEM 1X) (Gibco, 11965-092) supplemented with 10% fetal bovine serum (FBS) (Sigma, 12306C) and 1% penicillin-streptomycin (P/S) (Gibco, 15140-122), and BM cyclin (Roche, 10799050001). iHEKP301L cells were induced with 1 μg/mL tetracycline when seeded, and cells were grown for 48 h before performing experimental assays. Cells were maintained at 37°C with 5% CO2 levels.



Primary neurons

Cortical primary neurons were cultured from C57BL6 or tauP301S P0 mouse pups as previously described (Woo et al., 2015b; Fang et al., 2021). Briefly, the cortex was dissected in ice-cold HBSS and digested with 0.25% Trypsin-EDTA (1X) (Gibco, 25200-056), then plated in culture-treated plates with neurobasal medium (Invitrogen, 21103049) supplemented with 2% GlutaMAX (Invitrogen, 35050061) and 2% B27 supplement (Invitrogen, 17504044). Cells were maintained at 37°C with 5% CO2 levels.



DNA constructs

pMXs-puro GFP-p62 (Addgene, 38277) (Itakura and Mizushima, 2011), pMXs-puro GFP-p62ΔC (addgene, 38282) (Itakura and Mizushima, 2011), ECFP-SSH1ΔC (Kurita et al., 2008), pEGFP-N1 human cofilin WT (addgene, 50859) (Garvalov et al., 2007), pEGFP-N1 human cofilin S3A (addgene, 50860) (Garvalov et al., 2007), pEGFP-N1 human cofilin S3E (addgene, 50861) (Garvalov et al., 2007), pOPTN-EGFP (addgene, 27052) (Park et al., 2006), pOPTN E478G-EGFP (addgene, 68848) (Turturro et al., 2014) were obtained from corresponding sources. Plasmids p3xFlag-SSH1 and p3xFlag-SSH1ΔN, and GFP-p62 403E were generated in the Kang lab as previously documented (Fang et al., 2021).



DNA transfections

DNA plasmids were transiently transfected using Lipofectamine 2000 (Invitrogen, 11668-019) and reduced serum media Opti-MEM I (Gibco, 31985-070). After 4–6 h post-transfection, the media was replaced with new complete medium. Cells were grown for 48 h after transfection.



Small extracellular vesicle (exosome) isolation

Small extracellular vesicles within the size range of exosomes were isolated by serial centrifugation as previously described (Witas et al., 2017). Briefly, 48 h after transfection, cells were washed twice with PBS (Gibco, 10010-023), and media was replaced with DMEM 1X supplemented with 10% exosome-depleted fetal bovine serum (FBS) (Gibco, A27208-03) and 1% P/S. Twenty-four hours later, media was collected for EV isolation. Samples were centrifuged at 4°C at 800 × g for 10 min to remove cells and large bodies, and supernatants were centrifuged at 4°C at 2,500 × g for 15 min to remove cell debris. Supernatants were then centrifuged at 4°C at 10,000 × g for 30 min to separate pellet microvesicles. Finally, the resulting supernatants were labeled with DiI and centrifuged 4°C at 100,000 × g for 1 h to pellet small EVs. Small EV pellets were washed with PBS and used for analysis.



DiI staining

Vesicles were stained with DiI as previously described (Witas et al., 2017). Briefly, post-microvesicle supernatants were rocked for 15 min in 5 μM DiI (Thermo Fisher, D3911) solution at 37°C. After EVs isolation and washing, pellets were resuspended in 5 μl of fluorochrome mounting solution (Thermo scientific, TA-030-FM), and the entire volume was placed on a glass slide and covered with a glass coverslip for imaging and analysis.



Nanoparticle tracking analysis

Isolated EVs were resuspended in 500 μl of PBS and ran on NanoSight™ LM10 with nanoparticle tracking analysis (Malvern). Using the NanoSight software, three videos of 60 s each were taken and analyzed for particle size distribution.



Protein extraction

For cell protein extraction, cells were washed with 1× PBS and then resuspended in RIPA lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100 [Amresco, 0694–1 L], 0.1% SDS) with protease inhibitor (GeneDEPOT, P3100-010) and phosphatase inhibitor (GeneDEPOT, P3200-005). Sample concentrations were determined and equalized using Pierce BCA Protein Assay Kit (Thermo Scientific, 23225), and then used for immunoblotting. For EV protein extraction, EVs isolated from the media of two 10 cm plates were resuspended in RIPA buffer with protease and phosphatase inhibitors. The samples were equalized based on corresponding protein concentrations in cell lysates.



Western blotting

Equal protein amounts were loaded and ran in SDS-PAGE gels, then transferred to nitrocellulose membranes (GE Healthcare, 10600002). Blots were probed with primary antibodies overnight at 4°C (1:1000 dilution in TBS-T) and with HRP-conjugated secondary antibodies overnight at 4°C (1:1000 dilution in TBS-T) before detection with ECL western blot reagents (Pierce, 34578) and imaged with Fuji LAS-4000 imager (LAS-4000, Pittsburgh, PA, United States). All images were quantified using NIH ImageJ software.



Antibodies

Antibodies were purchased from the following commercial sources: Aβ (Cell Signaling Technology, 8243S), Tau (Santa Cruz Biotech, sc-390476), Hsc70 (Enzo Life Sciences, ADI-SPA-815-F), TSG101 (Thermo Fisher, PA5-31260), GFP (Cell Signaling Technology, 2956S), β-Actin (Santa Cruz Biotech, sc-47778), p62 (Cell Signaling Technology, 5114), Flag (Sigma Aldrich, F1804), SSH1 (ECM Biosciences, SP1711) (Cell Signaling Technology, 13578), Cofilin (Cell Signaling Technology, 5175s), Peroxidase-Conjugated AffiniPure Goat anti-mouse IgG (Jackson ImmunoResearch, 115-035-033), Peroxidase-conjugated AffiniPure Goat anti-rabbit IgG (Jackson ImmunoResearch, 111-035-033), donkey anti-rat IgG-HRP (Southern Biotech, 6430-05).



Drugs, reagents, and oligonucleotides

Amyloid-β 1-42 (GenicBio, A-42-T-1), Rapamycin (Sigma Aldrich, R0395), Bafilomycin A1 (Sigma Aldrich, B1793), Latrunculin B (Sigma Aldrich, L5288), Jasplakinolide (AdipoGen Life Sciences, 102396-24-7), p62 siRNA (Cell Signaling Technology, 6399S), SSH1 siRNA (Dharmacon GE Healthcare, 5′-GAG GAG CUG UCC CGA UGA C-3′), Cofilin siRNA (Dharmacon GE Healthcare, 5′-GGA GGA CCU GGU GUU CAU C-3′).



Imaging and quantification

Confocal images were captured with the Olympus FV10i confocal microscope (Tokyo, Japan). All images were quantified using NIH ImageJ software.




Results


Rapamycin decreases and bafilomycin increases small extracellular vesicle secretion

To measure the secretion of exosomes, hereafter referred to as small EVs (sEVs), we used medium containing exosome-depleted (exo-free) FBS to collect conditioned medium from cells. Post-microvesicle (10,000 × g) supernatant was labeled with the fluorescent lipophilic dye DiI and ultracentrifuged at 100,000 × g to pellet sEVs (Figure 1A). We then visualized and quantified isolated sEVs on microscopic slides by fluorescence confocal microscopy. A similar method of DiI-labeling of EVs has previously been documented (Lehmann et al., 2008; Beer et al., 2015; Witas et al., 2017). As earlier studies showed that the autophagy activator and mTOR inhibitor rapamycin significantly inhibits sEV secretion (Fader et al., 2008; Abdulrahman et al., 2018; Bhat et al., 2021), we first tested the effects of rapamycin on sEV secretion in NIH3T3 cells. Indeed, rapamycin treatment for 24 h significantly reduced sEV secretion by ∼30% (Figures 1B,C). Western blotting for exosome markers Hsc70 and TSG101 showed corresponding reductions of both proteins in isolated sEVs but not in whole-cell lysates (Figure 1D). Nanoparticle tracking analysis (NTA) showed that the isolated sEVs are within the expected size range, the vast majority of which were under ∼150 nm in diameter with a minor proportion in the 150–250 nm range (Figure 1E). By contrast, inhibition of lysosomes with bafilomycin A1 treatment for 6 h significantly increased sEV release into the conditioned medium by ∼45% (Figures 1F,G), in agreement with previous studies (Iguchi et al., 2016; Minakaki et al., 2018).
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FIGURE 1
Rapamycin decreases and bafilomycin A1 increases small EV secretion. (A) Schematic of small EV isolation method. (B) Representative images of DiI-stained small EVs secreted from NIH3T3 cells with or without 200 nM rapamycin treatment for 24 h. (C) Quantification of secreted small EVs for (B). Data are presented as means ± SEM. n = 3 independent experiments, t-test, #P < 0.0001. (D) Representative immunoblots for the indicated proteins in secreted small EVs and cell lysates from NIH3T3 cells with or without 200 nM rapamycin treatment for 24 h. (E) Representative NTA analysis of small EVs isolated from NIH3T3 cells. The black line indicates concentration and size of particles, and the red line indicates standard error. (F) Representative images of DiI-stained small EVs secreted from NIH3T3 cells with or without 200 nM bafilomycin A1 treatment for 6 h. (G) Quantification of secreted small EVs for (F). Data are presented as means ± SEM. n = 4 independent experiments, t-test, *P = 0.02.




Autophagy cargo receptors, Sqstm1/p62 and optineurin, suppress secreted small extracellular vesicle secretion through the ubiquitin association domain

While previous studies have observed autophagy cargo receptors such as Sqstm1/p62 and optineurin in isolated sEVs (Gudbergsson and Johnsen, 2019), whether such cargo receptors regulate sEV secretion is unknown. Hence, we tested if overexpression of Sqstm1/p62 or optineurin alters sEV secretion. Hereafter, we use p62 in reference to Sqstm1/p62. The C-terminal region of p62 contains the UBA and LIR domains essential for binding to ubiquitinated cargo and LC3, respectively (Figure 2A; Katsuragi et al., 2015). The UBA region of p62 is subject to phosphorylation at Ser403 by ULK1, CK2, and/or TBK1, allowing p62 to bind ubiquitinated cargo (Pilli et al., 2012; Katsuragi et al., 2015; Lim et al., 2015; Matsumoto et al., 2015; Sanchez-Martin and Komatsu, 2018). GFP-p62 transfection significantly decreased sEV secretion by ∼50% compared to control GFP transfection (Figures 2B–D). However, transfection of p62 lacking the UBA and LIR domains (p62ΔC) failed to alter sEV secretion (Figures 2B–D), suggesting that p62 engagement with ubiquitinated cargo and/or LC3 binding are necessary to inhibit sEV release. Like p62, transfection of optineurin also suppressed sEV secretion. However, the ALS-linked optineurin E478G mutant, which fails to bind ubiquitin (Nakazawa et al., 2016), also failed to alter sEV secretion (Figures 2E–G), indicating that ubiquitin binding is a necessary step in suppressing sEV secretion by optineurin. To determine if endogenous p62 normally inhibits sEV secretion, we transfected cells with p62 siRNA. As expected, p62 knockdown significantly increased sEV secretion by ∼40% (Figures 2H–J). Hence, these observations indicate that autophagy cargo receptors, p62 and optineurin, inhibit sEV secretion by engaging ubiquitinated cargo.
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FIGURE 2
Autophagy cargo receptors, p62 and optineurin, inhibit small EV secretion through the ubiquitin association domain. (A) Schematic of p62 full length and p62ΔC proteins with their respective domains. (B) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing GFP, GFP-p62, or GFP-p62ΔC. (C) Quantification of secreted small EVs for (B). Data are presented as means ± SEM. n = 3 independent experiments, 1-way ANOVA, followed by Dunnett’s post-hoc, #P < 0.0001. (D) Representative immunoblots of GFP-p62, GFP-p62ΔC, GFP, and β-Actin protein levels in lysates from cells for (B). (E) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing GFP, GFP-OPTN, or GFP-OPTN E478G. (F) Quantification of secreted small EVs for (E). Data are presented as means ± SEM. n = 3 independent experiments, 1-way ANOVA, followed by Dunnett’s post-hoc, #P < 0.0001. n.s. = not significant. (G) Representative immunoblots for GFP, GFP-OPTN, and β-Actin protein levels in cell lysates for (E). (H) Representative images of DiI-stained small EVs secreted from NIH3T3 cells transfected with control siRNA or p62 siRNA. (I) Quantification of secreted small EVs for (H). Data are presented as means ± SEM. n = 4 independent experiments, t-test, #P < 0.0001. (J) Representative immunoblots for p62 and β-Actin protein levels in cell lysates for (H).




Slingshot homolog-1-mediated p62 inhibition at pSer403 increases secreted small extracellular vesicle secretion

We recently showed that SSH1 contains a modular activity in inhibiting p62 autophagy flux by dephosphorylating p62 at pSer403, the phospho-residue that allows p62 binding to ubiquitinated cargo (Fang et al., 2021). SSH1 siRNA significantly decreased sEV secretion by nearly ∼40% (Figures 3A–C), indicating that endogenous SSH1 promotes sEV secretion. Conversely, forced expression of SSH1 significantly increased sEV secretion (Figures 3D–F). In p62 depleted cells, which exhibited significantly elevated sEV secretion (Figures 3G–I), SSH1 failed to increase sEV secretion (Figures 3G–I), indicating that SSH1-induced sEV secretion requires p62. To determine if SSH1-induced sEV secretion is specifically through p62 dephosphorylation at pSer403, we co-transfected cells with or without SSH1 and GFP control, GFP-p62, or GFP-p62-S403E, the latter mutant which mimics constitutive p62 phosphorylation at Ser403 (Fang et al., 2021). As expected, SSH1 overexpression significantly increased sEV secretion in the setting of GFP transfection and significantly reversed the decline in sEV secretion induced by GFP-p62 (Figures 3J–L). However, SSH1 failed to change the reduction in sEV secretion caused by GFP-p62-S403E (Figures 3J–L), indicating that SSH1 increases sEV secretion by dephosphorylating p62 at pSer403, a step that renders p62 inactive for binding to ubiquitinated cargo. Hence, these results indicate that the ability of p62 to engage ubiquitinated cargo is critical to SSH1-regulated sEV secretion. We did not investigate SSH1-mediated effects on optineurin-induced inhibition of sEV secretion, as SSH1 does not alter optineurin-mediated autophagy (Fang et al., 2021).


[image: image]

FIGURE 3
Slingshot homolog-1 (SSH1)-mediated p62 inhibition at pSer403 increases small EV secretion. (A) Representative images of DiI-stained small EVs secreted from NIH3T3 cells transfected with control siRNA or SSH1 siRNA. (B) Quantification of secreted small EVs for (A). Data are presented as means ± SEM. n = 3 independent experiments, t-test, ***P = 0.0005. (C) Representative immunoblots for SSH1 and β-Actin protein levels in cell lysates for (A). (D) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing VC or Flag-SSH1 (E) Quantification of secreted small EVs for (D). Data are presented as means ± SEM. n = 3 independent experiments, t-test, #P < 0.0001 (F) Representative immunoblots for Flag and β-Actin protein levels in cell lysates for (D). (G) Representative images of DiI-stained small EVs secreted from NIH3T3 cells co-transfected with VC or Flag-SSH1 and control siRNA or p62 siRNA. (H) Quantification of secreted small EVs for (G). Data are presented as means ± SEM. n = 3 independent experiments, 2-way ANOVA, followed by Sidak’s post-hoc, ***P = 0.0004. n.s. = not significant. (I) Representative immunoblots showing SSH1, p62, and β-Actin protein levels in cell lysates for (G). (J) Representative images of DiI-stained small EVs secreted from NIH3T3 cells co-transfected with VC or Flag-SSH1 and GFP, GFP-p62, or GFP-p62 S403E. (K) Quantification of secreted small EVs for (J). Data are presented as means ± SEM. n = 3 independent experiments, 2-way ANOVA, followed by Sidak’s post-hoc, ***P = 0.0007, **P = 0.001. n.s. = not significant. (L) Representative immunoblots for SSH1, p62, and β-Actin protein levels in cell lysates for (J).




Slingshot homolog-1 increases secreted small extracellular vesicle secretion partially through cofilin activation and F-actin disruption

Slingshot homolog-1 was initially discovered as the major phosphatase that activates the actin severing and depolymerizing protein cofilin by its dephosphorylation at pSer3, increasing actin dynamics (Niwa et al., 2002; Kurita et al., 2007, 2008). SSH1-mediated dephosphorylation of cofilin and p62 are separable activities, as SSH1ΔN lacking the cofilin binding site dephosphorylates p62 but not cofilin, while the SSH1ΔC lacking the p62 binding site dephosphorylates cofilin but not p62 (Fang et al., 2021; Figure 4A). Hence, we tested if SSH1ΔN and SSH1ΔC increase sEV secretion compared to vector control and full-length SSH1. Surprisingly, SSH1ΔN or SSH1ΔC overexpression significantly increased sEV secretion compared to vector control, albeit less effectively than full-length SSH1 (Figures 4B–D). Given that SSH1ΔC increases cofilin activation, we next tested whether cofilin per se increases sEV secretion. Indeed, cofilin overexpression alone significantly increased sEV secretion by ∼30% (Figures 4E–G). The constitutively active cofilin-S3A similarly increased sEV secretion, whereas the inactive and dominant-negative cofilin-S3E (Liu et al., 2017; Shaw and Bamburg, 2017; Woo et al., 2019), which mimics the phosphorylated state, significantly decreased sEV secretion by ∼40% (Figures 4H–J). Moreover, cofilin siRNA significantly reduced sEV secretion by ∼35% (Figures 4K–M), indicating that endogenous cofilin promotes sEV secretion.
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FIGURE 4
Slingshot homolog-1 (SSH1) increases small EV secretion partially through cofilin activation and F-actin disruption. (A) Schematic of SSH1 full length, SSH1ΔC, and SSH1ΔN proteins. (B) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing VC, Flag-SSH1, Flag-SSH1ΔN, or CFP-SSH1ΔC. (C) Quantification of secreted small EVs for (B). Data are presented as means ± SEM. n = 3 independent experiments, 1-way ANOVA, followed by Dunnett’s post-hoc, #P < 0.0001, ***P = 0.001, **P = 0.0069. (D) Representative immunoblots for Flag, GFP, and β-Actin protein levels in cell lysates for (B). (E) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing GFP or GFP-Cofilin. (F) Quantification of secreted small EVs for (E). Data are presented as means ± SEM. n = 3 independent experiments, t-test, #P < 0.0001. (G) Representative immunoblots for cofilin and β-Actin protein levels in cell lysates for (E). (H) Representative images of DiI-stained small EVs secreted from NIH3T3 cells expressing GFP, GFP-cofilin-S3A, or GFP-cofilin-S3E. (I) Quantification of secreted small EVs for (H). Data are presented as means ± SEM. n = 3 independent experiments, 1-way ANOVA, followed by Dunnett’s post-hoc, #P < 0.0001. (J) Representative immunoblots for GFP and β-Actin protein levels in cell lysates for (H). (K) Representative images of DiI-stained small EVs secreted from NIH3T3 cells transfected with control siRNA or cofilin siRNA. (L) Quantification of secreted small EVs for (K). Data are presented as means ± SEM. n = 3 independent experiments, t-test, #P < 0.0001. (M) Representative immunoblots for cofilin and β-Actin protein levels in cell lysates for (K). (N) Representative images of DiI-stained small EVs secreted from NIH3T3 cells with or without 100 nM Latrunculin B (LatB) or 100 nM Jasplakinolide (Jasp) treatment for 8 h. (O) Quantification of secreted small EVs for (N). Data are presented as means ± SEM. n = 3 independent experiments, 1-way ANOVA, followed by Dunnett’s post-hoc, #P < 0.0001. n.s. = not significant.


As actin filament severing and depolymerization activity of cofilin promoted sEV secretion, we tested if latrunculin B and jasplakinolide, drugs known to inhibit actin polymerization (Wakatsuki et al., 2001) and nucleate actin (Bubb et al., 2000), respectively, alter sEV secretion. Compared to the vehicle control, preventing actin polymerization by latrunculin B significantly increased sEV secretion by ∼50%, whereas promoting actin nucleation by jasplakinolide had no significant effect on sEV secretion (Figures 4N,O). These results are consistent with the observation that activated cofilin, which severs and depolymerizes F-actin, increases sEV release.



Aβ42 oligomers and misfolded tau increase secreted small extracellular vesicle secretion and are associated with secreted small extracellular vesicles

Aβ42 oligomers (Aβ42o) increase cofilin activation via SSH1, disrupt F-actin (Woo et al., 2015b) and enhance mTOR signaling (Caccamo et al., 2010). Moreover, misfolded mutant tau inhibits p62-mediated autophagy flux (Fang et al., 2021) and promotes F-actin bundling (Fulga et al., 2007; Cabrales Fontela et al., 2017). We tested if these AD signature pathologies alter sEV secretion and are in turn associated with sEVs. For treatment with Aβ42o, we used mouse hippocampus-derived HT22 neuroblastoma cells, as HT22 cells are responsive to Aβ42o-induced cofilin activation (Woo et al., 2015b). Aβ42o were prepared as previously described (Woo et al., 2015b). Aβ42o (250 nM) treatment to HT22 cells for 24 h significantly increased sEV secretion by nearly ∼3-fold (Figures 5A,B). Likewise, Western blotting for Hsc70 and TSG101 also demonstrated significant increases in these exosome markers by Aβ42o treatment in isolated sEVs but not in cell lysates (Figures 5C,D). The treated Aβ42o were readily detected in isolated sEVs (Figure 5C). Like in NIH3T3 cells, isolation of DiI-labeled sEVs in HT22 cells yielded the vast majority of nanovesicles <150 nm in diameter by NTA (Figure 5E), consistent with the range for exosomes. To determine whether misfolded tau alters sEV secretion, we utilized Frontotemporal dementia with Parkinsonism-17 (FTDP-17) tauP301S mutant and littermate WT neurons from P0 pups grown for 9 days in vitro (DIV9). On DIV9, the media was replaced with fresh media and collected after 24 h. TauP301S neurons exhibited significantly increased sEV secretion compared to littermate WT neurons (Figures 5F,G). To confirm this finding in a different way using another FTDP-17-linked tau mutation, we utilized tetracycline-inducible HEK293 expressing the tauP301L mutation. Tetracycline-inducible expression of tauP301L significantly increased exosome markers Hsc70 and TSG101 in isolated sEVs but not in cell lysates (Figures 5H,I), indicating that misfolded tau increases sEV secretion in neurons and HEK293 cells. TauP301L was also readily detected in association with isolated sEVs (Figure 5H), indicating that misfolded tau not only drives sEV release but is also a content of sEVs.
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FIGURE 5
Aβ42 oligomers (Aβ42) oligomers and misfolded tau increase small EV secretion and are associated with secreted small EVs. (A) Representative images of DiI-stained small EVs secreted from HT22 cells with or without 250 nM Aβ treatment for 24 h. (B) Quantification of secreted small EVs for (A). Data are presented as means ± SEM. n = 3 independent experiments, t-test, **P < 0.005. (C) Representative immunoblots for the indicated proteins in secreted small EVs and cell lysates from HT22 cells with or without 250 nM Aβ treatment for 24 h. (D) Quantification of Hsc70 and TSG101 (small EV markers) for (C). Data are presented as means ± SEM. n = 4 independent experiments, t-test, ***P = 0.0007, **P < 0.004. (E) Representative NTA analysis of vesicle size distribution of small EVs isolated from HT22 cells. The black line indicates concentration and size of particles, and the red line indicates standard error. (F) Representative images of DiI-stained small EVs secreted by DIV10 cortical primary neurons derived from C57BL6 (WT) or tauP301S (P301S) mice. (G) Quantification of secreted small EVs for (F). Data are presented as means ± SEM. n = 3 independent experiments, t-test, **P = 0.002. (H) Representative immunoblots for the indicated proteins in secreted small EVs and cell lysates from tet-inducible iHEK-P301L cells expressing tauP301L, with or without tetracycline. (I) Quantification of Hsc70 and TSG101 (small EV markers) for (H). Data are presented as means ± SEM. n = 4 independent experiments, t-test, ***P < 0.0003.





Discussion

Multiple studies have implicated the involvement of the SSH1-cofilin pathway in Aβ-induced dendritic spine shrinkage and F-actin loss (Zhao et al., 2006; Shankar et al., 2007) as well as the accumulation of multiple pathologies, including cofilin-actin pathology (Minamide et al., 2000; Rahman et al., 2014), Aβ pathology (Liu et al., 2019), and tau pathology (Woo et al., 2019). Cofilin activity is increased in the brains of AD patients (Zhao et al., 2006; Kim et al., 2013) and the APP/PS1 mouse model (Woo et al., 2015b). At the same time, the autophagy-lysosome pathway is overwhelmed and impaired in AD (Lin et al., 2003; Nixon et al., 2005; Salminen et al., 2012; Hebron et al., 2014; Rea et al., 2014; Tanji et al., 2014; Feng et al., 2019; Roca-Agujetas et al., 2021a,b), which contributes to the accumulation of misfolded proteins and dysfunctional mitochondria (Ramesh Babu et al., 2008; Xu et al., 2019; Woo et al., 2020; Fang et al., 2021; Roca-Agujetas et al., 2021a,b). Meanwhile, AD pathological proteins Aβ and tau are secreted in exosomes and are propagated from cell to cell in part via exosomes (Asai et al., 2015; Sardar Sinha et al., 2018; Miyoshi et al., 2021). Yet, the pathobiological relationship between these drivers of AD pathogenesis and sEV secretion are unknown. In this study, we took advantage of the dual axes of SSH1 signaling in the inhibition of autophagy (Fang et al., 2021) and the promotion of actin dynamics (Niwa et al., 2002; Kurita et al., 2007, 2008) to study the corresponding pathways in sEV secretion. We used the neutral term sEVs to place no bias on the origin of the EVs; however, sEVs are largely equivalent to exosomes based on their predominant size range. Here we showed for the first time that autophagy cargo receptors, p62 and optineurin, inhibit sEV secretion, an activity that requires their ability to engage ubiquitinated cargo. SSH1, which inhibits p62 binding to cargo (Fang et al., 2021), increased sEV secretion, but not in p62-depleted cells or cells expressing the p62-S403E mutation. However, the N-terminal domain of SSH1 (SSH1ΔC), which activates cofilin but does not inhibit p62 (Fang et al., 2021), increased sEV secretion through the cofilin activation pathway. Accordingly, latrunculin B, which prevents actin polymerization and indirectly promotes F-actin depolymerization (Wakatsuki et al., 2001), mimicked the effect of cofilin in enhancing sEV secretion. Finally, we showed that AD pathological proteins, Aβ oligomers and mutant tau, both of which impact autophagy and F-actin dynamics pathways (Fulga et al., 2007; Caccamo et al., 2010; Woo et al., 2015b; Cabrales Fontela et al., 2017; Fang et al., 2021), increased sEV secretion and are also contents of secreted sEVs. These findings, therefore, implicate autophagy cargo receptor-cargo interactions and actin dynamics in regulating sEV secretion through mechanisms contributing to AD pathogenesis.

Multiple studies have shown that autophagosomes accumulate in AD brains (Lin et al., 2003; Nixon et al., 2005; Hebron et al., 2014; Feng et al., 2019), indicative of impairment in the autophagy-lysosome pathway. Autophagosomes can fuse with multivesicular bodies (MVBs) containing intraluminal vesicles to form amphisomes or fuse directly with lysosomes for degradation (Ganesan and Cai, 2021; Figure 6). Our observations that the ability of p62 and optineurin to inhibit sEV secretion depends on their ability to engage ubiquitinated cargo are intriguing in light of the significantly reduced p62 Ser403 phosphorylation in AD brains (Tanji et al., 2014), a phospho-residue required for p62 to bind ubiquitinated cargo (Pilli et al., 2012; Katsuragi et al., 2015; Lim et al., 2015; Matsumoto et al., 2015; Sanchez-Martin and Komatsu, 2018). We interpret this to indicate that the binding of autophagy cargo receptors to ubiquitinated cargo promotes autophagy flux and fusion of autophagosomes and amphisomes with lysosomes (Fang et al., 2021), which diverts amphisomes away from fusing with the plasma membrane and are instead degraded by lysosomes (Figure 6A). Indeed, cargo binding to p62 promotes autophagosome maturation by enhancing the synthesis of LC3 and its conversion to LC3-II (Cha-Molstad et al., 2017; Figure 6A). In support of this notion, SSH1 increased sEV secretion through its ability to dephosphorylate p62 at pSer403, which reduces cargo binding and inhibits p62 autophagy flux (Fang et al., 2021; Figure 6B). Interestingly, calcium elevation or reactive oxygen species (ROS) induced by Aβ oligomers or other stressors activate SSH1 (Davis et al., 2011; Woo et al., 2015a,b) through calcineurin activation (Wang et al., 2005; Tu et al., 2014) and/or 14-3-3 oxidation (Wang et al., 2005), respectively, the latter which releases SSH1 from 14-3-3 inhibitory control (Figure 6B). Such calcium and reactive oxygen species (ROS)-mediated control of SSH1 activation is consistent with our observation that Aβ42 oligomers also increase sEV secretion (Figure 6B). Like SSH1, inhibition of p62-mediated autophagy flux by misfolded tau (Fang et al., 2021) is also consistent with increased sEV secretion by mutant tau in this study, likely by diverting autophagosomes away from lysosomes toward secretory amphisomes (Figure 6B).
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FIGURE 6
Proposed model depicting the regulation of small EV secretion by p62-mediated autophagy and cofilin-mediated actin dynamics through the SSH1 pathway. Note that blue lines/arrows favor lysosomal degradation, whereas red lines/arrows favor secretory clearance. (A) Accumulation of misfolded proteins or dysfunctional mitochondria activates autophagy through ULK1 and TBK1, which phosphorylate p62 at Ser403, resulting in p62 binding to ubiquitinated cargo and activation of LC3 to drive autophagosome maturation. This promotes autophagy flux and fusion of autophagosomes and amphisomes with lysosomes, resulting in the degradation of ubiquitinated cargo together with intraluminal vesicles from amphisomes, thereby reducing small EV secretion. (B) Oxidative stress (ROS) or calcium elevation induced by Aβ oligomers or otherwise activates SSH1, which dephosphorylates p62 at pSer403 and inhibits p62 autophagy flux. Dephosphorylated p62 is less able to bind ubiquitinated cargo and activate LC3, which slows autophagy flux and fusion of autophagosomes and amphisomes with lysosomes. This process diverts amphisomes toward the secretory fusion pathway and increases small EV secretion. Like SSH1, inhibition of p62 autophagy flux by misfolded tau (Fang et al., 2021) also likely contributes to increased small EV secretion. (C) Actin filaments serve to recruit vesicles and create a diffusion barrier for vesicles to gain access to the plasma membrane. SSH1 activation by ROS or calcium also activates cofilin, which severs and depolymerizes the F-actin network near the plasma membrane. This process allows large secretory amphisomes to access membrane docking sites, facilitating small EV secretion. This illustration was generated at Biorender.com.


Control of actin dynamics is critical to maintaining cell morphology and other cellular processes, including membrane protein trafficking, endocytosis, phagocytosis, and exocytosis (Carlsson, 2018; Li et al., 2018; Liu et al., 2019). However, the role of actin dynamics in sEV secretion is essentially unknown. The actin-binding protein cortactin positively regulates sEV secretion by binding to F-actin and Arp2/3, stabilizing docking sites at the plasma membrane (Sinha et al., 2016). Like exocytosis of secretory vesicles, sEV secretion is increased by calcium elevation (Savina et al., 2003). At the microscale level, the actin-based cytoskeleton serves to both recruit vesicles and function as a diffusion barrier that prevents vesicles from gaining access to docking sites on the plasma membrane (Li et al., 2018). Hence, a dense network of actin filaments would serve as a far more significant barrier to the much larger MVBs or amphisomes. As SSH1-mediated cofilin activation is increased by calcium elevation (Wang et al., 2005), the F-actin severing and depolymerizing cofilin activities would be expected to trim the dense F-actin network, allowing MVBs and amphisomes to gain access to plasma membrane docking sites (Figure 6C). However, excessive depolymerization of F-actin could also hinder sEV secretion by failing to recruit MVBs or amphisomes to the F-actin mesh close to the plasma membrane. Studies on secretory vesicles have shown that it is the oscillation of calcium signals and actin dynamics (depolymerization and polymerization) that coordinately control vesicle access to docking sites and exocytosis (Li et al., 2018). Indeed, cofilin-S3A, which is far more active than wild-type (WT) cofilin, was slightly less effective than WT cofilin in increasing sEV secretion, which may be due to the excessive actin disruptive activity of this mutant. On the other hand, the inactive and dominant-negative cofilin-S3E significantly decreased sEV secretion, likely due to the inhibition of endogenous SSH1 (Liu et al., 2017; Shaw and Bamburg, 2017; Woo et al., 2019). Like cofilin, 100 nM latrunculin B treatment for 8 h, a dose that partially disrupts F-actin (Wakatsuki et al., 2001), had a net positive effect on sEV secretion.

Our studies showed that Aβ oligomers and misfolded tau not only increase sEV secretion but are also secreted in association with sEVs. This coupling appears to be a way for cells to efficiently expel misfolded proteins, which otherwise would impede and congest the autophagy machinery. Excessive secretion of misfolded proteins by “secretory autophagy” in association with sEVs or otherwise could then serve as seeds for the propagation of pathology from cell to cell (Rajendran et al., 2006; Vella et al., 2007; Danzer et al., 2012; Saman et al., 2012, 2014; Asai et al., 2015; Sardar Sinha et al., 2018; Miyoshi et al., 2021).



Conclusion

Our data suggest that increasing cargo receptor engagement with autophagic cargo and reducing actin dynamics (i.e., SSH1 inhibition) represents an attractive strategy to promote misfolded protein degradation while reducing sEV-mediated cell to cell spread of pathology.
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Potential health benefits of tea has attracted significant scientific and public attention worldwide. Tea polyphenols are considered as natural promising complementary therapeutical agents for neurodegenerative diseases. However, the anti-neurodegeneration or anti-aging activities of oolong tea polyphenols have not been investigated. The current study aims to document beneficial effects of oolong tea polyphenols [dimers of epigallocatechin gallate (EGCG), oolonghomobisflavan A (OFA), and oolonghomobisflavan B (OFB)] with neuroprotective and neuritogenesis properties in cultured neuronal (Neuro-2a and HT22) cells and Caenorhabditis elegans models. In vitro, we found that the compounds (EGCG, OFA, and OFB) protect against glutamate-induced neurotoxicity via scavenging radical activity, suppression intracellular ROS and up-regulation of antioxidant enzymes. Moreover, the compounds induce neurite outgrowth via up-regulate Ten-4 gene expression. Interestingly, OFA and OFB exert stronger neuroprotective and neurite outgrowth properties than EGCG known as an excellent antioxidant agent in tea. In vivo, we found that the compounds protect against C. elegans Aβ-induced paralysis, chemotaxis deficiency and α-synuclein aggregation. Moreover, the compounds are capable of extending the lifespan of C. elegans. OFA and OFB possess both anti-neurodegeneration and anti-aging activities, supporting its therapeutic potential for the treatment of age-related neurodegenerative diseases which need to be studied in more detail in intervention studies.
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Introduction

As aging populations increase rapidly, millions of people around the world are currently affected by neurodegenerative diseases and the disease treatment is expected to grow rapidly as more people live longer (Pérez-Hernández et al., 2016). The most common of neurodegenerative diseases is Alzheimer’s disease (AD) which is associated with age (Pérez-Hernández et al., 2016).

Glutamate is the main excitatory neurotransmitter in the brain while excessive levels of glutamate can cause neuronal cell death through mitochondrial function impairment and accumulation of reactive oxygen species (ROS) (Tobaben et al., 2011; Rocha et al., 2020). Oxidative stress has been reported as a factor in neurodegenerative diseases as well as AD. The accumulation of ROS during aging is closely related with mitochondrial dysfunction leading to neuro-inflammation and neuronal cell death which plays an important role in neurodegenerative diseases especially AD (Bonaterra et al., 2017).

Neuritogenesis involves the growth, differentiation and regeneration of neurites. The impairment of the neurogenesis process affects neurons cell survival and differentiation leading to various neurodegenerative diseases (Park et al., 2015). Neurite outgrowth is an initial process for functional neuron networks including neuronal differentiation and regeneration (Read and Gorman, 2009). Regulation of neurite outgrowth can promote neuronal regeneration from nerve injury or neurological disorders and plays an valuable role in development of therapies for neurodegenerative diseases (Park et al., 2015; Rangsinth et al., 2021).

In brain, reduction of oxidative stress and induction of neuronal differentiation are the key parameters for neuroprotective effects. Moreover, current drug treatment for neurodegenerative diseases is at the risk of loss of function with many unfavorable side effects (Pérez-Hernández et al., 2016).

Plant natural bioactive compounds have turned into an alternative choice to prevent and relieve neurodegenerative diseases. Oolong tea has been reported for many beneficial effects, including anti-hyperglycemic, anti-obesity, anti-bacterial and anti-inflammatory properties (Weerawatanakorn et al., 2015). Oolonghomobisflavan A (OFA) and oolonghomobisflavan B (OFB) have a unique structure as a dimer of epigallocatechin gallate (EGCG) which could be isolated from oolong tea but not from green tea or black tea (Nakai et al., 2005; Figure 1). However, neuroprotective and anti-aging activity of oolong tea polyphenols, OFA and OFB, have not been reported. Anti-aging in this study is concerned with extending the lifespan. This research shows the first proof of longevity promoting effects and neuroprotective properties of OFA and OFB in cultured neuronal cells (Neuro-2a and HT22) and C. elegans model.


[image: image]

FIGURE 1
Chemical structures of EGCG, OFA, and OFB.




Materials and methods


Chemicals and reagents

OFA (≥98%) and OFB (≥98%) were purchased from Nagara Science (Japan). EGCG (≥95%), Dimethyl sulfoxide (DMSO), Dulbecco’s modified eagle medium (DMEM), Fetal bovine serum (FBS), L-glutamic acid were purchased from Sigma-Aldrich (United States). Agar, tryptone, yeast extract were purchased from Becton, benzaldehyde from Merck, TRIzol§ from Invitrogen, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) from Bio Basic.



Diphenyl-2-picrylhydrazyl assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of the EGCG and OFA and OFB were evaluated according to the user’s manual (Peixoto et al., 2016), with a minor modification. The DPPH working solution was prepared in methanol and was mixed with the EGCG and OFA and OFB at a 1:1 ratio by serial methanolic dilution. After 30 min incubation at room temperature under dark condition, the absorbance was measured at 517 nm using an automatic 96 wells plate reader. Radical scavenging activity against DPPH was calculated follow the formula presented below, where A0 represent the absorbance of the control, and A1 represent the absorbance after adding the extract.

[image: image]

The results were collected from three independent experiments performed in duplicate and are showed as EC50 (μg/ml).



Cell culture and treatment

Neuro-2a cell line (purchased from The JCRB Cell Bank, Japan) and HT22 cell line (purchased from The Salk Institute, United States) were used as cultured neuronal cell models in this study. Neuro-2a cell line were cultured in DMEM/HamF12 medium contain 1% penicillin-streptomycin solution and 10% FBS. HT22 cell line were cultured in DMEM medium contain 1% penicillin-streptomycin solution and 10% FBS. Neuronal cells were incubated at incubator (37°C, 5% CO2).



Cell viability

MTT and lactate dehydrogenase (LDH) assays were used in investigating cell viability. Cells (1.5 104 cells/well) were seeded in plates (96-well) which contained 100 μl 10% FBS medium overnight and treated with compounds (EGCG, OFA, and OFB) for 1 h.

MTT and LDH assay were done as previously described (Zhang et al., 2020).



Measurement of neurite outgrowth and neurite-bearing cells

Neuro-2a cells (1.5 104 cells/well) were seeded in 6 wells plate containing 10% FBS and cultured overnight. Then the cell culture medium was removed and cells were washed with PBS. After that, cells were cultured 24 h with compounds under the condition of low nutrition (1% FBS). Photos were taken from around 100 cells/treatment group, the lengths of neurite were measured with Fiji software (NIH, Bethesda, MD, United States). The cells whose neurite length is longer than the diameter of cell body are regard as neurite bearing cells (Park et al., 2015).



Glutamate induced cell toxicity

The cells were exposed to 1.25–40 mM glutamate for 1–30 h, which decreased cell viability in a time and a dose-dependent manner (Zhang et al., 2020).

Cells were cultured overnight and then treated with or without compounds for 1 h, followed by adding 10 mM glutamate (Neuro-2a cell line) or 5 mM glutamate (HT22 cell line) for 24 or 18 h to induce cell toxicity.



Quantitative real-time PCR analysis

For neurite outgrowth assay, cells (9 × 104 cells/well) were seeded in 6 wells plates containing 10% FBS medium overnight, and then treated with compounds in 1% FBS for 24 h. For neuroprotective assay, cells (9 × 104 cells/well) were seeded in 6 wells plates containing 10% FBS medium overnight, and then treated with compounds in 10% FBS for 1 h. According to manufacturer’s instructions, total RNA was extracted using TRIzol® Reagent. cDNA was synthesized from 1 μg of total RNA using AccuPower® RT Premix with oligo (dT). All Quantitative real-time PCR (qRT-PCR) reactions were performed in an Exicycler™ 96. PCR settings: 95°C for 15 min, 45–55 cycles of denaturation at 95°C for 15 s, annealing/extension at 55°C for 30 s. The mRNA expression of GAP-43, Ten-4, GSTo1, GSTa2, GPx, CAT, SOD1, and SOD2 (Zhang et al., 2020) were detected by qRT-PCR, β-actin was selected for standardization control.



Measurement of intracellular reactive oxygen species levels in cultured neuronal cells

The protective effect against intracellular ROS accumulation was detected by H2DCFDA staining as previously described (Zhang et al., 2020). Briefly, the cells were seeded in the plates overnight and pre-treated with compounds (EGCG, OFA, and OFB) for 1 h, followed by co-treatment with glutamate for 18 h (Neuro-2a) or 12 h (HT22). The fluorescence intensity was measured under the condition of 485 nm excitation and 535 nm emission. The results are expressed as the percentage of the fluorescence intensity of treatment group compared with negative control group.



Caenorhabditis elegans strains and maintenance

Caenorhabditis elegans wild-type (N2), TJ356, TJ375, CL2166 were maintained at 20°C, while CL4176, CL802, CL2355, CL2122 were maintained at 16°C. All the strains were maintained on nematode growth medium (NGM) with Escherichia coli OP50 as food source.



Lifespan assay

Lifespan assay was conducted as previously described (Duangjan et al., 2019b). Age-synchronized L4 larvae were transferred with platinum picker to NGM plates, which contained different concentrations of OFA and OFB and the transfer time was set as day 0. During the egg-laying period, the worms were transferred to a fresh corresponding concentration plate every day to ensure that the offspring produced by worms do not affect the experimental results, after that, the worms were transferred to fresh plate every second day. The numbers of survival and dead worms were recorded every other day during transfer to the fresh plate until all worms died. If there was no response after slightly touching the worm with platinum wire, they were recorded as dead. Worms that produce “internal hatch,” escape from the NGM plate or lost, and were severely damaged during transfer are recorded as “censored.” Each group had at least three replicates, and each replicate consisted of approximately 30 worms. The experiment was conducted in a double-blind manner.



Measurement of intracellular reactive oxygen species levels in Caenorhabditis elegans

Under the condition of 20°C, wild type L1 larvae wild-type (N2) were treated with OFA and OFB (5, 10, 25 μM) for 48 h and exposed to non-lethal concentration of the pro-oxidative juglone (20 μM) for 24 h. After that, 20 μM H2DCFDA was added to the worm culture medium and then incubated in the dark for 45 min. Then worms were washed with M9 buffer to remove residual dye. Live images were captured from at least 20 worms per group by fluorescence microscopy. The fluorescence intensities were detected and analyzed (Duangjan et al., 2019b).



Survival assay under juglone-induced oxidative stress

Survival assay was done as previously described (Abbas and Wink, 2009). Briefly, age-synchronized L1 larvae wild-type (N2) worms were treated with OFA and OFB (5, 10, 25 μM) for 48 h in S-medium. Then, worms were exposed to the pro-oxidant juglone (80 μM) for 24 h, the number of survivors were examined and scored.



Fluorescence detection and image analysis

The transgenic worms with a target gene promoter fused with a GFP reporter were used in gene expression assay. The fluorescence intensity value emitted by the worm represents the relative expression of the target gene. Worms treated with OFA and OFB need to be cleaned by gently wash with M9 buffer, and then fixed on a glass slide with 100 mM tetramisole hydrochloride. After the cover glass has been placed, a fluorescence microscope (BIOREVO BZ-9000) was used for analysis. Approximately 20 worms were randomly selected for each group and each replicate to be photographed. The average fluorescence intensities value of worms were analyzed by Fiji software.



The expression of stress-related genes

The transgenic strain TJ375 (HSP-16.2:GFP) and CL2166 (GST-4:GFP) were employed in this assay. Age-synchronized L1 worms were cultured in S-medium containing OFA and OFB (5, 10, 25 μM) for 48 h, followed by exposure to 20 μM juglone for 24 h (Duangjan et al., 2019a).



Localization of DAF-16

The transgenic strain TJ356 (DAF-16:GFP) was applied to test the localization of DAF-16 in cells (Duangjan et al., 2019a). The synchronized L1 larvae TJ356 were cultured in S-medium and treated with different concentrations of OFA and OFB for 24 h. The worms were collected and photographed under a fluorescence microscope for the analysis of DAF-16 localization, respectively. Data were collected from at least three repetitions, each repetition containing about 20 worms.



Paralysis assay

Paralysis assay was conducted as previously described (Dostal and Link, 2010). Synchronized eggs of strain CL4176 and its control strain CL802 were maintained at 16°C, on the NGM plates with or without OFA and OFB. The expression of transgene (muscle-specific Aβ1–42 in CL4176) was activated by turning up the temperature from 16 to 25°C, begin 48 h after egg laying and continued until paralysis assay finished. The record was executed at 2 h interval until the last worm became paralyzed. The worms that did not move or only moved their head when gently touched with a platinum picker were scored as paralyzed. Time required for half of the nematodes in each group to represent paralysis (PT50) was used to quantify the speed of paralysis.



Chemotaxis assay

The synchronized L1 transgenic C. elegans CL2355 and its control strain CL2122 were treated with or without OFA and OFB at 16°C in S-medium with E. coli (OP50) for 36 h. The chemotaxis assay was carried out as previously described (Zhang et al., 2020).



Statistical analysis

All data come from at least three independent experiments. For comparison of two groups, Student’s t-test was performed. For comparisons among multiple groups, one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test (Prism, GraphPad Software, San Diego, CA, United States) were performed. Lifespan assay were performed by Kaplan-Meier in software SPSS24, survival curves were drawn by GraphPad Prism 8 software, and the comparison between the two groups of survival curves was showed by Log Rank (Mantel-Cox) test. P < 0.05 is regarded as significant difference between groups.




Results


The cytotoxicity of oolonghomobisflavan A and oolonghomobisflavan B in cultured neuronal (HT22 and Neuro-2a) cells

Firstly, to investigate whether EGCG, OFA, and OFB have toxic effects in cultured neuronal (HT22 and Neuro-2a) cells, the cells were treated with the polyphenols and cell viability was analyze by the MTT assay. Different concentrations of EGCG, OFA, and OFB did not cause a significant change in cell viability in Neuro-2a and HT22 cells compared to the negative control group. For subsequent experiments, non-cytotoxic concentrations (5, 10 μM) were chosen (Supplementary Figures 1A,B).



Oolonghomobisflavan A and oolonghomobisflavan B promotes neurite outgrowth involved in Teneurin-4

We investigated whether EGCG, OFA, and OFB can induce neurite outgrowth in Neuro-2a cells. The Neuro-2a cells in DMEM supplemented with 10% FBS showed round shape without neurite extension, whereas Neuro-2a cells in DMEM supplemented with 1% FBS (the serum-starved condition) apparently increased the number and the length of neurite (Figures 2A,B).
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FIGURE 2
Effect of EGCG, OFA, and OFB on neurite outgrowth. After treated with EGCG, OFA, and OFB in Neuro-2a cells, the average of neurite lengths (A) and the percentage of neurite-bearing cells (B) were measured. Relative GAP-43 (C) and Ten-4 (D) mRNA expression levels represented as fold change compared to the 10% FBS control in Neuro-2a cells. The images of cell morphology were taken under a 10 magnification microscope (E). β-Actin was used in RT-PCR assay as internal control. Results were normalized to 10% FBS control level and shown as the mean ± standard deviation (n ≥ 3 independent experiments). #p < 0.05, ##p < 0.01, and ###p < 0.001 compared to the 10% FBS control; **p < 0.01 and ***p < 0.001 compared to the 1% FBS control.


To investigate the effect of EGCG, OFA, and OFB on neurite outgrowth activity, the cells were maintained in low-serum medium (DMEM supplemented with 1% FBS). The cells treated with EGCG (10 μM), OFA (5, 10 μM), and OFB (5, 10 μM) exhibited significantly increased neurite lengths and neurite bearing cells in a dose-dependent manner, compared to the 1% FBS control group (Figures 2A,B). Interestingly, higher concentrations of OFA (10 μM) and OFB (10 μM) promoted neurite lengths and neurite bearing cells more effectively and were superior to EGCG (10 μM) (p < 0.001) (Figures 2A,B,E).

In agreement with neurite outgrowth results, a marker of neurite outgrowth (GAP-43 gene expression) was significantly increased in Neuro-2a cells treated with EGCG (10 μM), OFA (5, 10 μM), and OFB (5, 10 μM), when compared to1% FBS control group (Figure 2C).

To investigate whether Ten-4 expression is involved in EGCG, OFA, and OFB activity to induce neurite growth, the Ten-4 gene expression was examined. The cells treated with EGCG (10 μM), OFA (5, 10 μM), and OFB (5, 10 μM) exhibited significantly increased Ten-4 gene expression, compared to the 1% FBS control group (Figure 2D).

The results suggest that EGCG, OFA, and OFB promote neurite outgrowth, possibly involved the Teneurin-4 transmembrane protein.



Oolonghomobisflavan A and oolonghomobisflavan B protect against glutamate-induced cytotoxicity

To investigate whether EGCG, OFA, and OFB can protect neuronal (Neuro-2a and HT22) cells against glutamate-induced cytotoxicity, the cell viability was determined. The cells treated with varying concentrations of EGCG, OFA, and OFB significantly reduced glutamate-induced cell death, compared to the negative control group (Figures 3A,B). The results were confirmed by the LDH assay (Figures 3C,D) as well as morphological examination (Figures 3E,F). These results suggest that EGCG, OFA, and OFB exert a potent neuroprotective effect against cytotoxicity induced by excessive glutamate in cultured neuronal (Neuro-2a and HT22) cells.
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FIGURE 3
Protective effects of EGCG, OFA, and OFB against glutamate-induced toxicity in Neuro-2a and HT22 cells. Cell viability after treatment with different concentrations of EGCG, OFA, and OFB and exposed to glutamate in Neuro-2a (A,C) and HT22 cells (B,D). Samples were exposed to glutamate (5–10 mM) to induce toxicity. Cell morphology was also checked under a 5 magnification microscope (E,F). Results are shown as the mean ± standard deviation (n ≥ 3 independent experiments). ###p < 0.001 compared to the negative control; **p < 0.01 and ***p < 0.001, compared to the glutamate treated cells.




Oolonghomobisflavan A and oolonghomobisflavan B protect against glutamate-induced oxidative stress

To investigate whether EGCG, OFA, and OFB could suppress glutamate-induced oxidative stress, their antioxidant properties were explored in Neuro-2a and HT22 cells using intracellular ROS accumulation assay. The cells were exposured to glutamate (10 mM in Neuro-2a cells and 5 mM in HT22 cells) showed significantly elevated intracellular ROS level in Neuro-2a (approximately 2 fold) and HT22 (approximately 1.9 fold) cells, compared to the negative control group (Figures 4A,B). However, the cells treated with all concentration of EGCG, OFA, and OFB significantly reduced the elevated intracellular ROS levels, compared to the glutamate treated group (P < 0.001) (Figures 4A,B).
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FIGURE 4
Protective effect of EGCG, OFA, and OFB in Neuro-2a and HT22 cells against glutamate-induced oxidative stress by suppressing intracellular ROS and enhancing the antioxidant gene expression. After treated with EGCG, OFA, and OFB in Neuro-2a (A) and HT22 cells (B), the intracellular ROS were measured. Samples were exposed to glutamate (5–10 mM) to induce oxidative stress. The endogenous antioxidant gene expression in Neuro-2a (C) and HT22 cells (D). β-Actin was used in RT-PCR assay as internal control. Results are shown as the mean ± standard deviation (n ≥ 3 independent experiments). ###p < 0.001 compared to the negative control; *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the glutamate treated control.


In order to clarify the mechanism of action in antioxidant-mediated neuroprotective effects against glutamate toxicity, the effect of EGCG, OFA, and OFB on the expression of antioxidant as well as phase II enzyme gene were investigated.

Previous results found that EGCG, OFA, and OFB had demonstrated the protective effects against glutamate-induced oxidative stress and toxicity in a concentration-dependent manner with the maximum protective effect at 10 μM (Figures 3A,B, 4A,B). Thus, these concentrations were used to detect expressions of antioxidant genes. The cells treated with EGCG, OFA, and OFB showed significantly up-regulated expressions of antioxidant genes, including GSTo1, GSTa2, GPx, SOD1, and SOD2 (Figures 4C,D). Interestingly, the expression of CAT gene was not significant changed after treated with EGCG, OFA, and OFB in both Neuro-2a and HT22 cells (Figures 4C,D), compared to the negative control.

The results suggest that EGCG, OFA, and OFB protect against glutamate-induced cytotoxicity not only by suppressing intracellular ROS production but also through enhancing the expression of endogenous antioxidant enzymes in cultured neuronal (Neuro-2a and HT22) cells.



Oolonghomobisflavan A and oolonghomobisflavan B improve the Aβ-induced paralysis in Caenorhabditis elegans

We investigated whether EGCG, OFA, and OFB suppress Aβ-induced toxicity in the transgenic C. elegans strain CL4176. Worms of CL4176 strain, which express human Aβ1–42 peptides, become paralyzed due to the Aβ aggregate accumulation in muscle cells at 25°C, result in oxidative stress (Drake et al., 2003). We found that EGCG, OFA, and OFB extend PT50 when compare to negative control. 50 μM EGCG extended PT50 by 8.04% (P < 0.01), 5 μM OFA by 7.67% (P < 0.01), 10 μM OFA by 9.44% (P < 0.001), 25 μM OFA by 8.42% (P < 0.01), 5 μM OFB by 8.79% (P < 0.001), 10 μM OFB by 9.20% (P < 0.001), 25 μM OFB by 7.36% (P < 0.01) (Figure 5 and Supplementary Table 1). These results suggest that OFA and OFB may contain the potential to protect worms against Aβ-induced toxicity.
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FIGURE 5
Effect of EGCG, OFA, and OFB on Aβ -induced paralysis in transgenic stain AD model CL4176 (A–C). The indicated times are from the initiation of the temperature shift up. Effect of EGCG, OFA, and OFB on Aβ -induced deficit in chemotaxis behavior in transgenic strain AD model CL2355 (D). EGCG, OFA, and OFB didn’t affect the chemotaxis behaviour of the control strain CL2122 (E). All data are shown as the mean ± SEM (n ≥ 3 independent experiments). *p < 0.05, **p < 0.01 compared to the negative control.




Oolonghomobisflavan A and oolonghomobisflavan B improved the Aβ-induced chemotaxis deficit in Caenorhabditis elegans

The chemotaxis behavior in C. elegans is regulated by stimulation of sensory neurons and inters neurons to activate the motor neurons (Hobert, 2003). To investigate whether EGCG, OFA and OFB could improve Aβ-induced deficit in chemotaxis behavior, worms of CL2355 strain were used (Figure 5D). OFA and OFB show better chemotaxis ability toward benzaldehyde compare with negative control. 50 μM EGCG, 5 μM OFA, and 5 μM OFB significantly increased chemotaxis index for 71.43% (P < 0.01), 68.25% (P < 0.05), and 58.77% (P < 0.05), respectively. Meanwhile, OFA and OFB didn’t affect the chemotaxis behavior of the control strain CL2122. These results suggest that OFA and OFB contain some protective effects against Aβ-induced chemotaxis deficit.



Oolonghomobisflavan A and oolonghomobisflavan B extended the lifespan of Caenorhabditis elegans

In another set of experiments, we investigated whether OFA and OFB can increase the lifespan of C. elegans similarly as EGCG (Abbas and Wink, 2009). wild-type (N2) strain was used to detect the effect of OFA and OFB on lifespan (Supplementary Figure 2 and Supplementary Table 2). The mean lifespan of negative control was 14.92 ± 0.31 d, while OFA treated worms lived to 18.71 ± 0.40 d (5 μM), 19.55 ± 0.45 d (10 μM), and 19.83 ± 0.49 d (25 μM), respectively, OFB are 19.98 ± 0.58 (5 μM), 20.01 ± 0.46 (10 μM), and 18.50 ± 0.51 d (25 μM), respectively. These results show that OFA and OFB extend the lifespan of wild-type (N2) strain under normal condition.



The antioxidant effects of oolonghomobisflavan A and oolonghomobisflavan B

OFA and OFB exhibit substantial antioxidant activity. When tested in the DPPH assay, both OFA and OFB effectively scavenged radicals (IC50 = 4.65 ± 0.26 μM and 4.80 ± 0.30 μM, respectively). These values are in a similar range as those of known antioxidant EGCG (Supplementary Table 3).



Oolonghomobisflavan A and oolonghomobisflavan B increases the stress resistance in Caenorhabditis elegans

To further investigate the antioxidant properties of OFA and OFB, the survival of nematodes was analyzed under oxidative stress conditions. Wild-type (N2) strain was cultured in S-medium under oxidative stress which was induced by 80 μM juglone. We found that all concentrations of OFA and OFB significant increased the survival rate when compared with negative control. OFA (5, 10, and 25 μM) increased the survival rate to 25.79% (P < 0.05), 54.34% (P < 0.001), and 50.02% (P < 0.001), respectively, OFB (5, 10 and 25 μM) increased the survival to 43.11 (P < 0.001), 48.95% (P < 0.001), and 44.01% (P < 0.001), respectively compared with negative control (Figure 6A). These results show that OFA and OFB can increase the survival rate of wild-type (N2) under the lethal concentration of juglone.
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FIGURE 6
Effect of OFA and OFB on C. elegans under oxidative stress condition treated with juglone. Percent survival of wild-type (N2) treated with OFA and OFB under lethal juglone concentration (80 μM) condition (A). OFA and OFB attenuate intracellular ROS accumulation in wild-type (N2) under 20 μM juglone condition (B). Effects of OFA and OFB on the expression of hsp-16.2 (C) and gst-4 (D) under 20 μM juglone condition. The localization of DAF-16 transcription factors (E). All data are shown as the mean ± standard deviation (n ≥ 3 independent experiments). **p < 0.01, ***p < 0.001 compared to the negative control.




Oolonghomobisflavan A and oolonghomobisflavan B decreased the reactive oxygen species accumulation in Caenorhabditis elegans

To investigate whether EGCG, OFA, and OFB could suppress juglone-induced oxidative stress, the intracellular ROS accumulation assay was determined in wild-type (N2) worms. We found that OFA (5, 10, and 25 μM) significant decreased the ROS level 86.01, 88.12, and 90.87%, respectively compared with negative control, OFB (5, 10, and 25 μM) significant decreased the ROS level to 81.51, 87.71, and 91.13%, respectively compared with negative control (Figure 6B). These results suggest that OF can decrease the ROS accumulation in C. elegans.



Oolonghomobisflavan A and oolonghomobisflavan B modulated the expression of stress response genes in Caenorhabditis elegans

To elucidate mechanism of action of OFA and OFB, the expression of the stress response related genes were examined in transgenic C. elegans (CL2166 and TJ375) (Figure 6). We found that OFA (2.5, 5, 10 μM) significantly decreased the expression of GST-4:GFP by 62.92, 60.59, and 38.53% compared with negative control (Figure 6D). OFB (2.5, 5, 10 μM) significantly decreased the expression of GST-4:GFP by 60.29, 63.29, and 53.18% compared with negative control (Figure 6D). OFA (2.5, 5, 10 μM) significantly decreased the expression of HSP-16.2:GFP by 25.71, 25.91, and 25.70% compared with negative control (Figure 6C). OFB (2.5, 5, 10 μM) significantly decreased the expression of HSP-16.2:GFP by 18.13, 25.12, and 23.43% compared with negative control (Figure 6C).



Oolonghomobisflavan A and oolonghomobisflavan B increased the nuclear translocation of DAF-16 in Caenorhabditis elegans

DAF-16, a FOXO-family transcription factor, is the well-known regulator of aging in response to the IIS pathway in C. elegans (Murphy et al., 2003). The nuclear localization of DAF-16 is essential for activation stress resistance, and lifespan modulation genes. We next examined the effects of OFA and OFB on the nuclear localization of DAF-16. We found that OFA and OFB increased the nuclear translocation of DAF-16 (Figure 6E) in transgenic mutant C. elegans.




Discussion

The accelerated aging of the population is now affecting the entire world. Neurodegenerative disorders have attracted considerable attention among the age-related disorders. Neurodegenerative diseases are linked to neuronal cell death and neurite outgrowth impairment that are often caused by oxidative stress. Plant bioactive secondary metabolites, which have antioxidative and neuroprotective properties could be potential candidates for alternative treatment of neurodegenerative diseases. This is the first report the beneficial effects of oolong tea polyphenols (OFA and OFB) promoting neuroprotective and neuritogenesis properties as well as anti-aging potential. Anti-aging in this study is concerned with extending the lifespan. Both OFA and OFB can extend the lifespan of C. elegans wild-type (N2) under normal cultured condition and increase the survival rate of wild-type (N2) under the lethal concentration of juglone.

Neurite outgrowth is a basal process of neuronal differentiation to promote neuronal regeneration after damage or nervous system disorder (Huang et al., 2016). In addition, neurite outgrowth is a crucial goal for the process of anti-neurodegenerative disease therapy (Hu et al., 2015). We found that OFA and OFB promoted neurite outgrowth and neurite-bearing cells in Neuro-2a cells. Besides morphological observation, neurite outgrowth marker examination was also an effective way for measuring neurite outgrowth. GAP-43 (growth-associated protein) (Korshunova and Mosevitsky, 2010) and Ten-4 (Teneurin-4) (Suzuki et al., 2014) are neuron-specific protein associated which regulates neurite outgrowth through axon growth and growth cone formation. We found that OFA and OFB increased GAP-43 and Ten-4 gene expression. Thus, OFA and OFB exhibited neuritogenesis properties by enhancing neurite outgrowth and neurite outgrowth proteins. The utilization of small molecules that interact with neurotrophic factors to stimulate neurite outgrowth at the location of nerve damage has been a potential therapeutic strategy (Bawari et al., 2019). At present, the neurotrophic factor family includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). They mainly bind to the corresponding high-affinity tyrosine kinase receptors and initiate downstream signaling pathways to maintain neuron survival and promote nerve growth (Huang and Reichardt, 2003). Therefore, it is speculated that EGCG, OFA, and OFB may have physiological effects similar to neurotrophic factors.

The mechanism related to neuronal death in AD is still unclear, but excessive oxidative stress is regarded as major initiators or mediators of AD (Chen and Zhong, 2014). The aggregation of amyloid beta (Aβ) and neurofibrillary tangles enhanced the production of oxidative stress leading to neuronal cell death. In addition, excessive levels of glutamate can contribute to neuronal cell death through the mitochondrial function impairment and stimulation the ROS (Tobaben et al., 2011). We found that OFA and OFB exert a potent neuroprotective effects against cytotoxicity induced by excessive glutamate in cultured neuronal (Neuro-2a and HT22) cells by suppressing intracellular ROS production but also through enhancing the expression of endogenous antioxidant enzymes (GSTo1, GSTa2, GPx, SOD1, and SOD2).

Furthermore, we explored the neuroprotective effects in vivo by using transgenic worms which express human Aβ1–42 peptides. The CL4176 strain, which expresses Aβ1–42 peptides in muscle cells was used in paralysis assay. OFA and OFB delayed PT50 as compared to negative control. The CL2355 strain, which expresses Aβ1–42 peptides in neuron cells was used in chemotaxis assay. OFA and OFB improved chemotaxis ability toward benzaldehyde as compared with negative control worms. These results suggest that OFA and OFB exhibit protective effects against Aβ-induced toxicity in C. elegans. Taken together, OFA and OFB exhibit potent neuroprotective effects against glutamate/Aβ-induced toxicity both in vitro (Neuro-2a and HT22 cells) and in vivo (C. elegans). Numerous naturally occurring phytochemicals reduced the level of Aβ induced ROS level through its antioxidative property (Thapa and Carroll, 2017). Our results agree with the neuroprotective properties in tea polyphenol which have been reported in several studies (Abbas and Wink, 2009; Rho et al., 2019; Zhan et al., 2020).

Oxidative stress is considered as a major risk factor for age-related diseases (Wadhwa et al., 2018). In the last decade, the correlation between antioxidant and age-related diseases has gained a lot of attention. Some researchers announced a positive correlation between antioxidants in drinks and longevity (Sadowska-Bartosz and Bartosz, 2014). EGCG could increase lifespan in several animal models such as Drosophila melanogaster (Wagner et al., 2015), Caenorhabditis elegans (Abbas and Wink, 2009), and Rattus norvegicus (Niu et al., 2013). These studies are in agreement with our findings that OFA and OFB have longevity effect by extending the lifespan of C. elegans (Duangjan and Curran, 2022). Since OFA and OFB are dimers of EGCG, this result implies that even larger polyphenols exhibit bioavailability in worms. Interestingly, OFA and OFB also exhibit oxidative stress resistance properties in C. elegans. We found that OFA and OFB can effectively protect worms against severe oxidative stress and reduced the amount of intracellular ROS. The antioxidant effects of OFA and OFB were further confirmed by the in vitro DPPH assays. OFA and OFB exhibit powerful antioxidant activity in a similar range as EGCG. These results support the neuroprotective effects of OFA and OFB in cultured neuronal (Neuro-2a and HT22) cells which suppressed intracellular ROS and induced endogenous antioxidant enzymes. DAF-16, a FOXO-family transcription factor, is the well-known regulator of aging in response to the IIS pathway in C. elegans (Murphy et al., 2003; Guerrero-Rubio et al., 2020; Navarro-Hortal et al., 2021). DAF-16/FOXO remains inactive state in the cytoplasm until external factors such as stress or certain ligands motivate DAF-16/FOXO translocation from the cytoplasm to the nucleus, inducing the expression of stress response gene including sod-3, gst-4, and hsp-16.2 (Peixoto et al., 2016; Wang and Wink, 2016; Duangjan et al., 2019b; Li et al., 2019). We found that OFA and OFB increased the nuclear translocation of DAF-16. Moreover, OFA and OFB modulated the expression of stress response genes by down-regulation of hsp-16.2 and gst-4 gene expression under juglone induced-oxidative in C. elegans. Potential antioxidant activities of tea polyphenols such as EGCG, catechin and caffeine in C. elegans were also reported from previous studies (Abbas and Wink, 2009, 2014; Li et al., 2019). Tea has been shown a potential therapeutic agent for preventing age-related diseases such as cancer, cardiovascular diseases and neurodegenerative diseases. This ability is mostly attributed to their antioxidant activity of polyphenols, including the major component EGCG. However, we found that OFA and OFB exhibited the higher neuroprotective than EGCG. The enhanced anti-oxidant activity, is possibly due to existence of more hydroxyl groups, and cytoprotective effects of bi-flavonoids compared to flavonoid monomers (Shin et al., 2006; Hamaguchi et al., 2009; Thapa and Chi, 2015). Dimers of apigenin revealed enhanced anti-cancer effects compared to apigenin (flavonoid monomer) alone (Chan et al., 2006; Hadden and Blagg, 2008). Both OFA and OFB contain a methylene bridge linking the 8,8’-positons of two flavan units. Maybe it is the key why OFA and OFB showed a better neuroprotective effect than EGCG. Taken together, this study provides the first evidence of OFA and OFB in neuritogenesis and neuroprotective potential both in vitro (Neuro-2a and HT22 neuronal cells model) and in vivo (C. elegans model). OFA and OFB protected Neuro-2a and HT22 neuronal cells against glutamate-induced toxicity and of C. elegans against juglone/Aβ-induced toxicity. OFA and OFB significantly reduced the intracellular ROS accumulation and regulated the gene expression of antioxidant enzymes in these models. According to an examination of 302 neurons, the neurotransmitters, vesicle circulation and synaptic transmission of the nematode are highly conserved. Thus, C. elegans has been used as an in vivo model for neurotoxicity (Link et al., 2016). Amyloid-β, a well-known hallmark of AD, can induce oxidative stress and neuronal cell death, which plays an important role in AD (Yankner and Lu, 2009). Moreover, we got the positive results from paralysis assay (CL4176 model, which expresses Aβ1–42 peptides in muscle cells) and chemotaxis assay (CL2355 model, which expresses Aβ1–42 peptides in neuron cells) treated with OFA and OFB, which proved the neuroprotective effect against Aβ-induced toxicity. Considering the AD is age-related neurodegenerative disease, we deduced that OFA and OFB may contain the anti-aging effect. And it’s consistent with our findings that OFA and OFB significantly extend the lifespan of wild type (N2) C. elegans. The oolong tea polyphenols (OFA and OFB) possesses both longevity promoting effects and neuroprotective activity supporting its therapeutic potential for the treatment of age-associated neurodegenerative diseases. Further studies are required to study the molecular mechanism of OFA and OFB on longevity and neuroprotective properties, and in vivo tests with more complex model organisms and intervention studies.



Conclusion

In conclusion, OFA and OFB increased the neurite length of Neuro-2a, decreased the accumulation of ROS in cultured neuronal cells (Neuro-2a and HT22), up-regulated the expression of antioxidant mRNA expression (GPx, GSTs, and SODs). Moreover, OFA and OFB delayed the Aβ-induced paralysis in transgenic strain CL4176 and counteracted the chemotaxis deficit in strain CL2355. Similar with EGCG, OFA, and OFB can extend the lifespan of C. elegans. OFA and OFB maybe become promising candidates agents for treating the age-related neuroprotective diseases in the future.
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Increasing evidence suggests that mitochondrial dysfunction and aberrant release of mitochondrial reactive oxygen species (ROS) play crucial roles in early synaptic perturbations and neuropathology that drive memory deficits in Alzheimer’s disease (AD). We recently showed that solubilized human amyloid beta peptide 1–42 (hAβ1–42) causes rapid alterations at glutamatergic synapses in the entorhinal cortex (EC) through the activation of both GluN2A- and GluN2B-containing NMDA receptors. However, whether disruption of mitochondrial dynamics and increased ROS contributes to mechanisms mediating hAβ1–42-induced synaptic perturbations in the EC is unknown. Here we assessed the impact of hAβ1–42 on mitochondrial respiratory functions, and the expression of key mitochondrial and synaptic proteins in the EC. Measurements of mitochondrial respiratory function in wild-type EC slices exposed to 1 μM hAβ1–42 revealed marked reductions in tissue oxygen consumption and energy production efficiency relative to control. hAβ1–42 also markedly reduced the immunoexpression of both mitochondrial superoxide dismutase (SOD2) and mitochondrial-cytochrome c protein but had no significant impact on cytosolic-cytochrome c expression, voltage-dependent anion channel protein (a marker for mitochondrial density/integrity), and the immunoexpression of protein markers for all five mitochondrial complexes. The rapid impairments in mitochondrial functions induced by hAβ1–42 were accompanied by reductions in the presynaptic marker synaptophysin, postsynaptic density protein (PSD95), and the vesicular acetylcholine transporter, with no significant changes in the degradative enzyme acetylcholinesterase. We then assessed whether reducing hAβ1–42-induced increases in ROS could prevent dysregulation of entorhinal synaptic proteins, and found that synaptic impairments induced by hAβ1–42 were prevented by the mitochondria-targeted antioxidant drug mitoquinone mesylate, and by the SOD and catalase mimetic EUK134. These findings indicate that hAβ1–2 can rapidly disrupt mitochondrial functions and increase ROS in the entorhinal, and that this may contribute to synaptic dysfunctions that may promote early AD-related neuropathology.
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Introduction

Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder that results from the progressive loss of neurons in selective brain areas, and is the primary cause of dementia worldwide (Fan et al., 2020; Guo et al., 2020; Olajide et al., 2021). Neuropathology in AD is hallmarked by abnormal accumulation of amyloid beta peptide (Aβ), a highly neurotoxic derivative of the amyloid precursor protein (APP) which is a transmembrane protein that is particularly concentrated in synapses (Haass and Selkoe, 2007; Masters and Selkoe, 2012; Mucke and Selkoe, 2012; Hampel et al., 2021). Aβ is thought to interact with multiple biological mechanisms to incite AD-related modifications in neurons, and several lines of experimental evidence, including our own, have shown that Aβ can rapidly dysregulate proteins mediating excitatory synaptic transmission (Selkoe, 2002; Coleman and Yao, 2003; Shankar and Walsh, 2009; Overk and Masliah, 2014; Tu et al., 2014; Olajide and Chapman, 2021; Olajide et al., 2021). These synaptic changes are thought to lead to cognitive deficits and memory failure early in AD (Arendt, 2009; Mucke and Selkoe, 2012; Marsh and Alifragis, 2018; Guo et al., 2020), but the molecular mechanisms through which Aβ induces excitotoxicity and neurodegeneration are still poorly understood.

Synaptic transmission relies heavily on mitochondria that generate energy through ATP and nicotinamide adenine dinucleotide (NAD +), maintain calcium homeostasis and buffering, and regulate cell signaling (Calkins et al., 2011; Akhter et al., 2017; Pickett et al., 2018). Perturbation of mitochondrial functions may contribute directly to impaired synaptic transmission in early AD (Cavallucci et al., 2013; Akhter et al., 2017; Olajide et al., 2017a; Xiao et al., 2017; Pickett et al., 2018; Khosravi and Harner, 2020), and Aβ can disrupt mitochondrial energy production and lead to increases in the synthesis of reactive oxygen species (ROS) and oxidative damage (Calkins et al., 2011; Hampel et al., 2021; Olajide et al., 2021; Ashleigh et al., 2022). Cellular ROS are natural by-products of mitochondrial aerobic respiration that result predominantly from leakage of electrons at complexes I and III of the electron transport chain. While ROS serve essential cellular functions, excess ROS can induce oxidative damage and AD-related neuropathology (Murphy, 2009; Patten et al., 2010; Wang et al., 2020). Under physiological conditions, oxidative damage by the major ROS, superoxide (O2−), is prevented by mitochondrial superoxide dismutase (SOD2), an antioxidant enzyme that catalyzes the dismutation of O2− to hydrogen peroxide (Murphy, 2009). However, Aβ can induce mitochondrial dysfunction both by increasing O2− production and by depleting the cellular antioxidant defense system, which causes degeneration of synaptic elements and alters neurotransmission processes in neurons (Tönnies and Trushina, 2017; Wang et al., 2020; Ionescu-Tucker and Cotman, 2021; Misrani et al., 2021). The overexpression of SOD2 in AD mouse models reportedly reduces Aβ deposition and prevents memory deficits (Dumont et al., 2009; Massaad et al., 2009), whereas mutant AD mice with depleted SOD2 expression show increased Aβ levels and accelerated synaptic dysfunction and cognitive decline (Li et al., 2004; Esposito et al., 2006).

The entorhinal cortex (EC) is important for cognitive functions including memory and is among the first cortical regions to be affected by AD pathology (van Hoesen et al., 1991; Velayudhan et al., 2013; Khan et al., 2014; Zhou et al., 2016; Grubman et al., 2019; Olajide et al., 2021). Subpopulations of neurons are differentially vulnerable to the toxicity of oxidative stress (Wang and Michaelis, 2010), and the EC is one of the earliest temporal lobe structures to show both oxidative impairment and Aβ accumulation (Nunomura et al., 2001; Terni et al., 2010; Olajide et al., 2021). Armand-Ugon et al. (2017) reported reduced expression of mitochondrial complexes I, II, IV, and V in the EC, but not in the frontal cortex, during the initial stages of AD, and this mitochondrial dysfunction and oxidative impairment may drive early synaptic failure in AD (Tönnies and Trushina, 2017). We have shown recently that human Aβ1–42 (hAβ1–42) rapidly alters elements of glutamatergic synapses in the EC through activation of both GluN2A and GluN2B subunit-containing NMDA receptors (Olajide and Chapman, 2021). This may drive the selective vulnerability of the EC to AD-type neurodegeneration (Olajide et al., 2021), but whether increased ROS and mitochondrial dysfunction contribute to the susceptibility of EC to early AD-related synaptic degeneration has not been explored.

Here, we investigated how mitochondrial proteins, respiratory function, and key synaptic proteins are affected in the EC of brain slices from wild-type rats following exposure to soluble hAβ1–42. We then assessed the ability of two novel and specific pharmacological ROS scavengers and inhibitors, the mitochondria-targeted antioxidant mitoquinone mesylate (MitoQ) and the SOD and catalase mimetic EUK134, to block the degradation of synaptic proteins induced by hAβ1–42 in the EC. Our results support the idea that mitochondrial alterations induced by hAβ1–42 are a central factor in early synaptic degeneration in the EC, and contribute to a more detailed understanding of the molecular mechanisms driving neurodegeneration in the EC during early AD.



Materials and methods


Animals and tissue preparation

Experiments were conducted according to the guidelines of the Canadian Council on Animal Care, and experimental procedures were approved by the Concordia University Animal Research Ethics Committee (Permit Number: 30000253). Six to ten-week-old male Long-Evans rats (Charles River) were housed and placed on a reverse 12 h: 12 h light-dark cycle, with free access to rat chow and water. Acute brain slices were obtained following isoflurane anesthesia and decapitation as previously described (Glovaci and Chapman, 2019). Brains were rapidly removed and cooled (4°C) in high-sucrose ACSF containing (in mM) 250 sucrose, 2 KCl, 1.25 NaH2PO4, 7 MgCl2, 26 NaHCO3, 0.5 CaCl2 and 10 dextrose, saturated with 95% O2 and 5% CO2. Horizontal slices (400 μm thick) were obtained throughout the ventral to the dorsal extent of the brain in cooled high-sucrose ACSF using a vibratome (Leica, VT1200). The EC was carefully excised from each slice, using a flat blade in contact with the vibratome blade (Paxinos and Watson, 1997; Olajide and Chapman, 2021). Obtained tissue was placed in normal ACSF consisting (in mM) of 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 dextrose saturated with 95% O2 and 5% CO2 at 32°C for 30 min. Assignment of EC slices taken from the right or left hemispheres were alternated between treatment groups at each consecutive level, so that tissue in the control and treated conditions was obtained from both hemispheres across the dorso-ventral extent of the EC.



Drug preparation and treatments

Drugs were prepared as stock solutions and diluted to final concentrations just before use. Tissue was incubated for 3 h in submersion chambers containing ACSF at 22–24°C, saturated with 95% O2 and 5% CO2. EC slices were incubated in 1 μM hAβ1–42 (MW 4514.08; Abcam, AB120301) with a final concentration of DMSO of 0.1%, while control EC slices were exposed to 0.1% DSMO in ACSF. Solubilization and preparation of hAβ1–42 were done as previously described (Olajide and Chapman, 2021). hAβ1–42 was first solubilized in DMSO at 500 μM, sonicated for 15 min at room temperature, and then centrifuged at 15,000 × g at 4°C for 20 min. The supernatant was stored at −80°C in 10 μL aliquots and diluted in ACSF just before use. This method is known to result in low molecular weight β-oligomers including monomers to tetramers (Bitan et al., 2003; Stine et al., 2003) which are the most neurotoxic (Masters and Selkoe, 2012; Guo et al., 2020). It is possible for some protofibrils to develop following this preparation, but significant fibrillary aggregation requires longer incubation times and higher concentrations (>10 μM; O’Nuallain et al., 2004; Wogulis et al., 2005).

The role of mitochondrial ROS and oxidative stress was assessed by applying the mitochondria-targeted antioxidant drug mitoquinone mesylate (MitoQ, 500 nM; Toronto Research Chemicals; M372215), and SOD/catalase mimetic drug EUK134 (250 nM; Cayman Chemical; 10006329) during incubation of slices in hAβ1–42 or DMSO. Each treatment group included slices from at least 6 animals.



Mitochondrial respiration measurements

A sequential substrate addition protocol was conducted to assess mitochondrial coupled and uncoupled oxygen consumption, LEAK respiration, and membrane integrity using a two-chamber polarographic sensor (Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria). hAβ1–42-incubated and control EC samples were assessed simultaneously in both chambers under similar reaction conditions (n = 5 or 6). The measurements of oxygen consumption were performed in MiR05 at 37°C. MiR05 contains (in mM) 0.5 EGTA, 3.0 MgCl2⋅6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES, 110 sucrose, and 1 g/L BSA (pH 7.1). The oxygen flux was registered and analyzed by the DatLab 7.0 software. Between 2 and 3 mg (wet weight) of treated entorhinal tissue was placed in the Oxygraph and oxygen levels were increased to approximately 480 pmol. Saponin (50 μg/mL) was added to the chambers to permeabilize the tissue before the experiment was begun. In the protocol, non-phosphorylating LEAK-respiration was induced by adding the Complex I-linked substrates malate (2 mM), pyruvate (5 mM), and glutamate (5 mM). Subsequently, the OXPHOS-capacity of Complex I-linked activity was measured after the addition of a saturating concentration of ADP (5 mM). Cytochrome c (10 μM) was then added to assess mitochondrial membrane damage. OXPHOS-capacity with combined Complex I and II-linked substrates was assessed by the addition of succinate (10 mM). This was followed by FCCP (carbonylcyanide-4 (trifluoromethoxy) phenylhydrazone, 1 μM) to test for uncoupling. The acceptor control ratio (ACR), which measures the degree of coupling between oxidation and phosphorylation, was calculated as the rate of oxygen consumption during ADP phosphorylation divided by the rate of non-phosphorylating LEAK-respiration induced by glutamate administration.



Protein preparation and Western blotting

To perform Western immunoblotting, treated EC tissue was collected into microfuge tubes and snap-frozen. Tissues were disrupted with a tissue sonicator (QSonica: Q55) in homogenization buffer (10 mM Tris, pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.5 DTT, 0.1 μM okadaic acid, 1 mM Na3VO4, 1 mM PMSF and 10 μg/mL leupeptin). Mitochondrial protein purification was done following extraction in mitochondrial homogenization buffer (10 mM Tris-HCl, pH 6.7, 10 mM KCl, 0.15 mM MgCl2, 1 mM PMSF, 1 mM DTT) followed by resuspension in mitochondrial suspension buffer (10 mM Tris HCl-pH 6.7, 0.15 mM MgCl2, 0.25 mM sucrose, 1 mM PMSF, 1 mM DTT). The quantity of protein in each sample was determined using BCA Protein Assay (Thermo Fisher: 23,227) and an ELISA Fluorostar Analysis System Plate Reader. Bovine serum albumin (BSA) was used as the standard for protein quantification. Protein samples (20–30 μg) were resolved on Tris-glycine 8–12% SDS-PAGE gels. The resolved proteins were transferred from gels to nitrocellulose membrane (Bio-Rad: 1620112) and blocked for 1–2 h in either 5% milk or 5% BSA (as indicated below for each specific antibody) in Tris-buffered saline (TBS) containing 0.2% Tween-20 (TBST). All antibodies used were solubilized (0.5–2.0 mg/mL) by manufacturers in buffered saline or culture supernatant containing 0.02–0.1% sodium azide (pH 7.2–7.6). Primary antibodies were diluted for overnight incubation of membranes at 4°C, and included total oxidative phosphorylation (OXPHOS) rodent antibody cocktail (1:2,000, 5% milk in TBST, MitoSciences, MS604), rabbit anti-SOD2 antibody (1:4,000, 5% milk in TBST; Proteintech, 24127-1-AP), rabbit anti-Cytochrome c antibody (1:2,000, 5% milk in TBST; Abcam, AB133504), mouse anti-VDAC-1/Porin antibody (1:2,000, 5% BSA in TBST, Abcam, AB14734), mouse anti-synaptophysin (1:3,000, 5% BSA in TBST; Sigma-Aldrich, MAB5258), rabbit anti-PSD95 (1:3,000, 5% milk in TBST; Abcam, AB18258), rabbit anti-choline acetylcholinesterase (1:1,000, 5% milk in TBST; Abcam, AB183591), rabbit anti-vesicular acetylcholine transporter (1:2,000, 5% milk in TBST; Abcam, AB235201), mouse anti-vinculin (1:4,000, 5% milk in TBST; Abcam, AB130007), and mouse anti-β-Actin (1:5,000, 5% BSA in TBST; Abcam, AB8226). Membranes were then washed 3 times for 5 min each in TBST and incubated at room temperature with either peroxidase-conjugated goat anti-mouse secondary antibody (1:4,000; Millipore Sigma, AP124P) or peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; Millipore Sigma, AP132P) for 1–2 h. Immunoreactivity was detected using ECL Western blotting substrate (Thermo Fisher Scientific, 32106) and visualized using a CDP-STAR chemiluminescence system (Amersham hyperfilm ECL). All antibody signals were normalized against loading control (β-Actin or vinculin) immunoreactivity. Western blot data were compiled from six animals, and bands were quantified by densitometric analysis using Image-J software (version 1.41).



Data analysis

Results obtained from mitochondrial respiratory measurements were tested statistically using a two-tailed Student’s t-test. Data from Western blot densitometry were analyzed using either two-tailed Student’s t-tests or one-way analyses of variance (ANOVA) with Sidak’s multiple comparisons tests. All data analyses were done using GraphPad Prism software version 8.0.1 with significance set at p < 0.05. Bar graphs indicate the mean and standard deviation, normalized to the largest control value in percentage (for protein analysis), and include plots showing values obtained from individual animals.




Results


Effects of hAβ1–42 on entorhinal mitochondrial function and integrity

During the pathogenesis of AD, the EC selectively accumulates neurotoxic Aβ and shows the earliest signs of oxidative impairment and neurodegeneration (Terni et al., 2010; Olajide et al., 2021), but the mechanisms involved are still unclear. We therefore examined the rapid effects of hAβ1–42 on mitochondrial functions in entorhinal tissue using high-resolution respirometry. Utilization of respiration substrates in entorhinal samples was significantly reduced by exposing brain slices to 1 μM hAβ1–42 for a period of 3 h (Figure 1A1). Relative to control, hAβ1–42 markedly reduced respiration in EC slices (in pmol/s/mg; n = 5–6) following the addition of glutamate (2.9 ± 1.2 vs. 5.6 ± 1.0 in controls; p = 0.0211), ADP (3.8 ± 3.3 vs. 20.2 ± 2.4; p = 0.0022), cytochrome c (4.2 ± 3.7 vs. 19.4 ± 2.7; p = 0.0036), succinate (13.7 ± 5.9 vs. 36.0 ± 4.7; p = 0.0045), and FCCP (11.7 ± 5.0 vs. 27.0 ± 4.0; p = 0.0070). However, incubation of EC slices with hAβ1–42 did not significantly alter the consumption of malate (0.7 ± 0.2 vs. 1.1 ± 0.5 in controls; p = 0.2427), and pyruvate (1.8 ± 1.2 vs. 3.5 ± 0.6; p = 0.0570). hAβ1–42 also markedly reduced the ratio between oxidation and phosphorylation which measures the efficiency of the mitochondria in generating ATP per given amount of oxygen, and is shown by assessments of the ACR (1.1 ± 0.6 vs. 3.6 ± 0.4 in controls; p < 0.0001; Figure 1A2).


[image: image]

FIGURE 1
Impact of hAβ1–42 on mitochondrial respiration and function in the entorhinal cortex. (A1) Bar graphs represent mitochondrial substrate utilization in permeabilized entorhinal tissue previously treated with 1 μM hAβ1–42 for 3 h vs. control tissue, assessed through high-resolution respirometry (n = 5–6). (A2) Graph showing the acceptor control ratio (ACR) which measures the relative efficiency of phosphorylation and is determined by dividing ADP by glutamate average rates of respiration. hAβ1–42 treatment significantly reduced the ACR relative to control. (B1) Representative immunoblots of mitochondrial membrane and gatekeeper protein voltage-dependent anion channel 1 (VDAC1) and vinculin (loading control) in entorhinal lysates following incubation in control medium or hAβ1–42. (B2) Bar graphs showing the normalized protein expression of VDAC1 (n = 6). (C1) Representative immunoblots of mitochondrial complex I to V with total OXPHOS rodent antibody cocktail with vinculin serving as a loading control. (C2) Graphs showing normalized data for all five mitochondrial subunits in hAβ1–42-treated slices vs. the largest expression in the control group (n = 6) (*p < 0.05; **p < 0.01; ****p < 0.0001).


We next assessed the impact of hAβ1–42 on immunoexpression of markers for the integrity of the mitochondrial membrane and for the five mitochondrial protein complexes that make up the electron transport chain. Compared to control, hAβ1–42 treatment did not alter immunoblot expression of the mitochondrial membrane and gatekeeper protein voltage-dependent anion channel 1 (VDAC1; 91.9 ± 7.3 vs. 94.3 ± 7.8 in controls; p = 0.6125) (Figure 1B). Similarly, immunoblotting of complexes I to V with total OXPHOS rodent antibody cocktail (Figure 1C) revealed no significant changes (n = 6) in protein expression between control and hAβ1–42-treated entorhinal slices. When compared to control, hAβ1–42 (1 μM) treatment for 3 h did not alter the normalized protein expression of Complex V (93.2 ± 4.6 and 94.0 ± 5.0; p = 0.785), Complex III (90.5 ± 7.4 and 91.4 ± 7.0; p = 0.833), Complex IV (94.2 ± 4.6 and 94.1 ± 5.3; p = 0.961), Complex II (95.1 ± 3.6 and 93.4 ± 3.5; p = 0.560), and Complex I (91.1 ± 9.3 and 94.0 ± 4.3; p = 0.589) in entorhinal lysates. Therefore, although hAβ1–42 treatment reduces mitochondrial function as reflected in respirometry analysis, it did not significantly affect the expression of protein markers for mitochondrial integrity and for respiratory complexes.



hAβ1–42 reduces immunoexpression of mitochondrial enzymes, synaptophysin, postsynaptic density protein-95 and vesicular acetylcholine transporter

Our finding that hAβ1–42 rapidly impairs mitochondrial respiration in the EC suggests that a resulting oxidative redox imbalance, due to increased leakage of mitochondrial electrons and ROS formation, could have deleterious effects on the mitochondrial antioxidant system. We therefore characterized the expression of the mitochondrial oxidative scavenger enzyme SOD2, and both mitochondrial and cytosolic cytochrome c protein. Representative immunoblots and quantification data show that, compared to control, hAβ1–42 markedly reduced the relative expression of SOD2 (53.3 ± 14.0 vs. 90.4 ± 8.1 in controls; p = 0.0002) (Figure 2A). Mitochondrial cytochrome c expression was also reduced by application of hAβ1–42 (33.6 ± 17.2 vs. 86.0 ± 12.3 in controls; p = 0.0001), and this effect was specific to mitochondria because immunoexpression of cytosolic cytochrome c was not significantly affected (81.7 ± 13.6 vs. 89.6 ± 11.3 p = 0.298).
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FIGURE 2
Effects of hAβ1–42 on key mitochondrial elements, synaptic proteins, and cholinergic markers in the entorhinal cortex. (A1) Representative immunoblots of mitochondrial superoxide dismutase 2 (SOD2), mitochondrial cytochrome c (Mito-cyt C), cytosolic cytochrome c (Cyto-cyt C), and β-actin loading control in entorhinal lysates treated with hAβ1–42 and control medium. (A2) Normalized expression of SOD2, Mito-cyt C, and Cyto-cyt C in hAβ1–42-treated entorhinal samples compared to control (n = 6). (B1) Representative immunoblots of postsynaptic density protein (PSD95), presynaptic marker synaptophysin (Synap), and vinculin loading control in entorhinal lysates. (B2) Quantification data showing the normalized expression of both PSD95 and Synap in slices incubated with hAβ1–42 vs. control (n = 6). (C1) Representative immunoblots of cholinergic markers acetylcholinesterase (AChE), vesicular acetylcholine transporter (VAChT), and β-actin (loading control). (C) Bar graphs showing normalized expression of AChE and VAChT in hAβ1–42–treated slices and control (n = 6) (**p < 0.01; ***p < 0.005; ****p < 0.0001).


A reduction in the efficiency and energy production capacity of the mitochondrial electron transport chain, increased mitochondrial ROS, and oxidative stress could impact both pre- and post-synaptic elements, and we therefore evaluated the effects of hAβ1–42 on the presynaptic marker synaptophysin, and the postsynaptic density protein 95 (PSD95). We found that hAβ1–42-induced mitochondrial dysregulation was accompanied by a marked reduction in relative immunoexpression of both PSD95 (91.9 ± 6.6 and 26.4 ± 11.3; p < 0.0001) and synaptophysin (87.5 ± 12.2 and 31.3 ± 21.8; p = 0.0003) (Figure 2B).

Reductions in cholinergic function in the EC is one of the earliest manifestations of AD (Hampel et al., 2018), and we therefore assessed the effects of hAβ1–42 on the expression of the vesicular acetylcholine transporter (VAChT) and the degradative enzyme acetylcholinesterase (AChE). Although hAβ1–42 did not cause a significant change in AChE immunoexpression when compared to control (97.4 ± 18.2 vs. 91.5 ± 8.7 in controls; p = 0.5433), hAβ1–42 markedly reduced the expression of VAChT in entorhinal lysates vs. control (60.0 ± 16.6 vs. 87.7 ± 12.7; p = 0.0312) (Figure 2C), suggesting a disruption in the function of cholinergic terminals in the EC.



Mitochondria-targeted antioxidant mitoquinone mesylate and EUK134 reduce hAβ1–42-induced impairments in synaptic proteins

To determine if increased ROS associated with mitochondrial dysregulation is related to the reductions in mitochondrial enzymes and synaptic proteins induced by hAβ1–42, we tested the ability of two novel, structurally distinct ROS scavengers (MitoQ and EUK134) to block protein reductions induced by hAβ1–42. The mitochondria-targeted antioxidant MitoQ administered alone had no significant effect on the expression of mitochondrial enzymes, but was found to block changes in both SOD2 and mitochondrial cytochrome c induced by hAβ1–42 (compare Figure 3A and Figure 2A). There was no significant main effect of treatment on the relative expression of SOD2 between control slices (92.2 ± 6.4) and slices incubated with MitoQ alone (90.4 ± 15.6) or MitoQ with hAβ1–42 (88.7 ± 8.9) [F(2, 15) = 0.15, p = 0.8646]. Similarly, the expression of mitochondrial cytochrome c protein was not significantly different between control slices (90.7.0 ± 8.3) and slices treated with either MitoQ (94.5 ± 9.8) or MitoQ and hAβ1–42 (88.0 ± 11.4) [F(2, 15) = 0.65, p = 0.5355] (Figure 3A).
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FIGURE 3
Inhibiting increases in reactive oxygen species with MitoQ prevents hAβ1–42-induced changes in mitochondrial and synaptic proteins. (A1) Representative immunoblots of superoxide dismutase 2 (SOD2), mitochondrial cytochrome c (Mito-cyt C), and the loading control β-Actin, are shown in slices treated with MitoQ, hAβ1–42 with MitoQ, and control. (A2) Normalized relative expression of SOD2 and Mito-cyt C proteins (n = 6). (B1) Representative immunoblots of postsynaptic density protein PSD95, presynaptic marker synaptophysin (Synap.), vesicular acetylcholine transporter (VAChT), and the loading control β-Actin are shown in tissue treated with MitoQ, hAβ1–42 with MitoQ, and control. Bar graphs indicate normalized relative expression of PSD95, Synap., and VAChT (B2).


We then assessed if blocking excess ROS induced by hAβ1–42 using MitoQ would also block reductions in the immunoexpression of PSD95, synaptophysin, and the vesicular acetylcholine transporter (VChAT). The application of MitoQ had no effect alone, but it prevented reductions in all three proteins induced by hAβ1–42 (compare Figure 3B and Figures 2B,C). There were no significant main effects of treatment (n = 6) on the expression of PSD95 [F(2, 15) = 0.14, p = 0.8742], synaptophysin [F(2, 15) = 0.31, p = 0.7386], and VChAT [F(2, 15) = 1.66, p = 0.2226]. Preventing increases in ROS induced by hAβ1–42 can therefore prevent degradation of key synaptic proteins.

The idea that increases in mitochondrial ROS induced by hAβ1–42 mediate synaptic degeneration in entorhinal slices was further tested by determining if the synthetic SOD and catalase mimetic EUK134 could block the reductions in synaptic and mitochondrial proteins induced by hAβ1–42. Application of EUK134 blocked reductions in both SOD2 and mitochondrial cytochrome c induced by hAβ1–42 (compare Figure 4A and Figure 2A), and there were no significant main effects of treatment with EUK134, or with EUK134 and hAβ1–42, (n = 6), on the relative expression of SOD2 [F(2, 15) = 0.95, p = 0.4084] or mitochondrial cytochrome c [F(2, 15) = 0.61, p = 0.5578].
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FIGURE 4
Inhibiting increases in reactive oxygen species with EUK134 prevents hAβ1–42-induced changes in mitochondrial and synaptic proteins. (A1) Representative immunoblots of superoxide dismutase 2 (SOD2), mitochondrial cytochrome c (Mito-cyt C), and the loading control β-Actin, are shown in slices treated with EUK134, hAβ1–42 with EUK134, and control. (A2) Normalized relative expression of SOD2 and Mito-cyt C proteins (n = 6). (B1) Representative immunoblots of postsynaptic density protein PSD95, presynaptic marker synaptophysin (Synap.), vesicular acetylcholine transporter (VAChT), and the loading control β-Actin are shown for tissue treated with EUK134, hAβ1–42 with EUK134, and control. Bar graphs indicate normalized relative expression of PSD95, Synap., and VAChT (B2) (*p < 0.05).


We also found that EUK134 rescued hAβ1–42-induced reductions in immunoexpression of PSD95 and VChAT, and partially rescued hAβ1–42-induced reductions in the presynaptic protein synaptophysin (compare Figure 4B and Figures 2B,C). There was no significant effect of treatment with EUK134 or EUK134 and hAβ1–42 on the relative expression of PSD95 [F(2, 15) = 0.04, p = 0.9650] and VChAT [F(2, 15) = 2.83, p = 0.0905]. There was, however, a significant main effect of treatment on synaptophysin immunoexpression [F(2, 15) = 4.44, p = 0.0305] in which the expression of synaptophysin was significantly reduced in slices treated with EUK134 + hAβ1–42 relative to control slices (69.8 ± 21.6 vs. 92.7 ± 5.7 in controls; p = 0.0480), but not relative to slices treated with EUK134 alone (90.4 ± 12.1; p = 0.0811). The mean expression of synaptophysin following treatment with hAβ1–42 in the presence of EUK134 (69.8 ± 21.6) was greater than that following treatment with hAβ1–42 alone (31.3 ± 21.8; Figure 2B), however, suggesting that EUK134 was partially protective in preventing reductions in synaptophysin. These findings suggest that hAβ1–42-induced rapid synaptic impairments in entorhinal tissue can be significantly rescued by inhibiting mitochondrial ROS levels.




Discussion

A previous report from our lab has shown that hAβ1–42 causes rapid degeneration of presynaptic and postsynaptic elements in the EC through activation of GluN2A- and GluN2B-containing NMDA glutamate receptors (Olajide and Chapman, 2021). The selective vulnerability of the EC to early AD-related synaptic damage and neurodegeneration (Du et al., 2004; Velayudhan et al., 2013; Zhou et al., 2016), may reflect the dysregulation of neural mechanisms including NMDA glutamate receptors that contribute to learning and memory (Olajide et al., 2021). Aβ can accumulate in mitochondria where it impairs mitochondrial dynamics and upregulates oxidative stress by impairing mitochondrial respiratory function and the production of adenosine triphosphate (ATP) (Wang et al., 2014, 2020; Ashleigh et al., 2022). Further, activation of NMDA receptors by hAβ1–42 can lead to increases in calcium influx, the rapid facilitation of AMPA glutamate receptor responses, and hyperexcitability that increases metabolic demands on mitochondria, ultimately culminating in oxidative stress and synaptic dysfunction (Findley et al., 2019; Guo et al., 2020; Wang et al., 2020). We have found here that exposure to 1 μM hAβ1–42 for a period of 3 h markedly reduces mitochondrial respiratory function and integrity in the EC. Further, the resulting increase in ROS appears to be a major driver of the rapid degeneration of both pre- and post-synaptic proteins in the EC because the ROS scavengers Mito-Q and EUK134 strongly inhibited reductions in synaptophysin and PSD-95. The reductions in synaptic proteins observed here imply a reduction in number of synapses, but it is not clear if this would be expressed following this relatively brief application of hAβ1–42. However, these results point to a major role of mitochondrial dysregulation in the synaptic degeneration induced by hAβ1–42, which may contribute to the early progression of AD in the EC (Olajide et al., 2021). The present results may reflect mitochondrial dysfunction in glia as well as neurons, and mitochondrial dysfunction in glia is also thought to be a major contributor to the progression of AD (Mulica et al., 2021).

In our experimental model we have applied moderate concentrations of Aβ to wildtype slices for 3 h, but the progression of AD involves circulation of lower concentrations of Aβ over greatly extended periods of time. Although our model may reflect degenerative mechanisms that are expressed early in the progression of AD, and reflect the early selective vulnerability of the EC to Aβ toxicity (Olajide et al., 2021), the changes in mitochondrial function and synaptic proteins that we have observed might also occur in later stages of AD after prolonged exposure to lower concentrations of Aβ.


Human Aβ1–42 impairs mitochondrial respiration and function in the entorhinal cortex

We have found here that hAβ1–42 markedly reduces mitochondrial-coupled oxygen consumption, and functional membrane integrity as reflected by oxygen use in the presence of cytochrome c. High-resolution respirometry showed no significant changes in non-phosphorylating LEAK respiration during the addition of the Complex I-linked substrates malate, pyruvate or glutamate, but the OXPHOS capacity of Complex I-linked activity was markedly reduced by hAβ1–42, as shown by the approximately fivefold reduction in oxygen utilization during the addition of ADP. Exposure to hAβ1–42 also impaired the function of Complex II, because the addition of succinate, which reflects the combined OXPHOS capacity of Complex I and Complex II, was also significantly reduced. The rapid defects in mitochondrial-related metabolic pathways provide direct evidence that impaired bioenergetic machinery in mitochondria is an early driver of AD-related pathology in the EC. Similarly, OXPHOS and associated pathways are significantly downregulated within the hippocampus during AD, and reductions in Complex I, III, and IV of OXPHOS have been reported in both early and definite AD brains (Manczak et al., 2004; Brooks et al., 2007).

Further, the indication that hAβ1–42-induced impairments in entorhinal electron transport chain complexes can dysregulate bioenergetics is corroborated by our findings that the efficiency of the link between oxidation and the production of ATP by phosphorylation of ADP was reduced by hAβ1–42, as reflected by both reductions in the uncoupling capacity of the mitochondria during the addition of FCCP, and by a reduction in the ACR. The ACR expresses the rate of oxygen consumption during ADP phosphorylation relative to the rate of non-phosphorylating LEAK-respiration induced by glutamate. Our data corresponds with several reports indicating a large and consistent decline in mitochondrial substrate utilization and energy production in the neocortex during the prodromal stages of AD (Croteau et al., 2018; Wang et al., 2020), suggesting that mitochondrial bioenergetics dysfunction plays an early role in the pathogenesis of AD in the EC.

Mitochondrial cytochrome c transfers electrons to complex IV in the electron transport chain which is the primary site of cellular oxygen consumption (Timón-Gómez et al., 2018). We found that hAβ1–42 caused about a 2.5-fold reduction in mitochondrial cytochrome c function, suggesting alterations to the mitochondrial membrane in entorhinal tissue. We further found that, although total cytoplasmic cytochrome c protein expression was unaffected, the expression of mitochondrial cytochrome c was greatly reduced by treatment with hAβ1–42. An increase in cytosolic cytochrome c could be expected from previous work showing that Aβ can activate intrinsic apoptotic pathways and the release of mitochondrial cytochrome c into the cytosol (Kim et al., 2014), but the lack of an increase in cytosolic cytochrome c in the present study may be due to the relatively brief duration of exposure to Aβ. Deficiency of cytochrome c oxidase (Complex IV) is the most common defect in the mitochondrial electron transport chain in AD, leading to an increase in ROS production, a decrease in energy stores, and a disruption of energy metabolism (Rak et al., 2016). We found a marked reduction in the expression of SOD2, a key antioxidant enzyme that scavenges superoxide in mitochondria, and this is consistent with a rapid increase in mitochondrial ROS production induced by hAβ1–42 that depletes the energy metabolism machinery in the EC.

Although hAβ1–42 significantly reduced respiration and bioenergetics, it did not alter the expression of protein markers for the five mitochondrial Complexes or the expression of the mitochondrial voltage-dependent anion channel 1 (VDAC1). VDAC1 is the most abundant protein on the outer membrane of mitochondria, and it serves as a gatekeeper for the passage of metabolites, and is crucial for the metabolic functions of mitochondria (Camara et al., 2017). It is well established that the expression of mitochondrial proteins and genes are among the most prominent changes in the cortex during AD (Cottrell et al., 2001; Valla et al., 2001; Minjarez et al., 2016; Adav et al., 2019), and the lack of a significant effect of hAβ1–42 on the expression of mitochondrial complex proteins observed here may reflect the resistance of these proteins to rapid degradation over the relativity short incubation time.



Preventing increases in reactive oxygen species inhibits hAβ1–42-induced synaptic changes

Reductions in synaptic proteins induced by hAβ1–42 are likely to have resulted from increased ROS and oxidative stress in entorhinal neurons. Incubation in hAβ1–42 resulted in a marked reduction in SOD2, which is the primary antioxidant enzyme that scavenges superoxide in mitochondria, suggesting that SOD2 may have been depleted due to increases in ROS and overwhelming activity-dependent utilization of SOD2. The reduction in SOD2 may have further impaired ROS scavenging in entorhinal neurons thereby exacerbating oxidative damage and a loss of mitochondrial cytochrome c function. Excessive ROS and oxidative stress have been extensively linked to synaptic loss associated with aging and AD (Patten et al., 2010; Tönnies and Trushina, 2017; Guo et al., 2020), and increases in ROS associated with mitochondrial dysfunction that exceed the scavenging ability of entorhinal neurons is likely to have contributed to the observed loss of synaptic proteins. Consistent with our previous findings in the EC (Olajide and Chapman, 2021), both the presynaptic marker synaptophysin and the postsynaptic marker PSD-95, were reduced by hAβ1–42.

The degeneration of cholinergic terminals in the EC is one of the earliest neuropathologies in AD (Francis et al., 1999; Gil-Bea et al., 2005; Hamam et al., 2007; Schaeffer and Gattaz, 2008). Although we found that the degradative enzyme acetylcholinesterase was not affected by hAβ1–42, we did observe a reduction in the vesicular acetylcholine transporter (VAChT), suggesting a reduced function in cholinergic terminals. Several other reports have also shown marked reductions in the expression of VAChT following Aβ infusion in rats and in AD models (Ikeda et al., 2000; Pákáski and Kálmán, 2008; Schliebs and Arendt, 2011; Hampel et al., 2018).

ROS-mediated oxidative stress is thought to have a major role in synaptic dysregulation and neurodegeneration in AD, and various antioxidants, and the genetic overexpression of SOD2, have been explored as therapeutic strategies for AD (Dumont et al., 2009; Massaad et al., 2009; Bonda et al., 2010; Olajide et al., 2017a,b, 2018; Tönnies and Trushina, 2017; Misrani et al., 2021). We co-incubated slices with hAβ1–42 and the ROS inhibitors MitoQ or EUK134 to determine if reducing oxidative stress could prevent the degeneration of synaptic proteins in the EC. Both MitoQ and EUK134 inhibited hAβ1–42-induced reductions in both SOD2 and mitochondrial cytochrome c, likely by maintaining a sufficient ROS scavenging capacity in entorhinal neurons and preventing overwhelming demands on SOD2. In addition, co-incubation with MitoQ blocked hAβ1–42-induced decreases in synaptophysin, PSD-95, and VAChT, indicating that oxidative stress arising from insufficient mitochondrial capacity can drive degeneration of these synaptic proteins. Similarly, the ROS inhibitor EUK134 prevented reductions in PSD-95 and VAChT, and greatly attenuated reductions in synaptophysin induced by hAβ1–42. Others have also found that decreasing ROS using MitoQ and EUK134 can prevent synaptic degeneration induced by oxidative stress in cortical and hippocampal neurons (Ma et al., 2011; Mcmanus et al., 2011; Reddy et al., 2012; Sanmartín et al., 2017; Yu et al., 2018; Cenini and Voos, 2019). These studies suggest that the protective effect of ROS inhibition that we have observed following acute application of hAβ1–42 to wildtype slices might be similarly protective for the advancement of neurodegeneration in more chronic models of AD.




Conclusion

Mitochondrial dysfunction resulting in increased ROS production and oxidative stress precedes the formation of neuritic plaques and neurofibrillary tangles, and is thought to contribute substantially to the earliest stages of AD and the onset of cognitive decline and memory loss (Uttara et al., 2009; Wang et al., 2014; Tönnies and Trushina, 2017; Ashleigh et al., 2022). We have shown here that short-term exposure of wild-type EC slices to hAβ1–42 results in deficits in mitochondrial respiration, and have provided evidence that oxidative stress associated with increased ROS is a major factor in the rapid degeneration of key pre- and post-synaptic proteins in the EC. Further, these mechanisms may be a major contributor to the reduction in cholinergic transmission in the EC, which is an early pathology thought to contribute to cognitive decline.
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Background: Diabetes-associated cognitive impairment (DACI) is a common complication of diabetes, and studies have shown that DACI is more severe in postmenopausal patients with diabetes. Forsythoside B (FTS⋅B) can inhibit inflammation and reduce synaptic dysfunction, which can improve cognitive function. However, it has not been confirmed whether FTS⋅B has a reversing or retarding effect on postmenopausal diabetic encephalopathy.

Methods: Seven days after bilateral ovariectomy (OVX) or sham surgery, adult female C57 mice (n = 15/group) received intraperitoneal injection of streptozotocin (60 mg/kg/day/L) and citrate buffer for 5 consecutive days to induce diabetes mellitus (DM). Fourteen days later, ovariectomized diabetic mice were given intraperitoneal injection of FTS⋅B (100, 150 mg/kg/day/L) and subcutaneous injection of 17β-estradiol (1 mg/kg) for 8 weeks [OVX + DM + low-FTS⋅B group (L-F), OVX + DM + high-FTS⋅B group (H-F), and OVX + DM + 17β-estradiol (ER)]. In addition, the following control groups were defined: Sham, OVX, DM, and OVX + DM (O + D). Fasting plasma glucose, body weight and blood insulin levels were determined in each group of mice. Next, their cognitive function was tested through behavioral experiments. Hematoxylin & eosin (H&E) and Nissl staining were used to detect the morphological changes in the hippocampus. The aggregation of amyloid beta (Aβ) and the hyperaggregation of p-tau were assessed by immunohistochemistry. Interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), brain-derived neurotrophic factor (BDNF), post-synaptic density-95 (PSD-95), synaptophysin, and synapsin-1 expression in the hippocampus was detected by real-time polymerase chain reaction (RT-PCR) and western blot analysis.

Results: FTS⋅B can decrease fasting glucose and blood insulin level. Behavioral results showed that cognitive decline was the most severe in the O + D group, and the ER, L-F, and H-F groups revised the cognitive decline. Compared to the O + D group, more normal morphology, which has obvious nucleoli and clear nuclear membrane, was observed by H&E and Nissl staining in the ER, L-F, and H-F groups. FTS⋅B alleviated DACI by reducing the aggregation of Aβ and the hyperaggregation of p-tau in the hippocampus. Moreover, the protein and mRNA expression showed that FTS⋅B not only inhibited inflammation by decreasing IL-1β, IL-6, and TNF-α but also modulated synaptic plasticity by increasing BDNF, PSD-95, synaptophysin, and synapsin-1.

Conclusion: These results suggest that FTS⋅B may be a novel therapeutic target for postmenopausal diabetic encephalopathy treatment.

KEYWORDS
diabetes-associated cognitive impairment, ovariectomy, forsythoside b, inflammation, synaptic dysfunction


Introduction

Diabetes is a chronic metabolic disorder that is currently a serious health problem worldwide. A previous study predicted that the number of patients with diabetes may reach 578 million by 2030 and 700 million by 2045 worldwide (Piatkowska-Chmiel et al., 2022). One of the long-term complications of diabetes in the nervous system is called diabetic encephalopathy (DACI), which is characterized by cognitive impairment and neuropathological changes, mainly manifested by altered synaptic plasticity (Wang B. N. et al., 2021), extracellular plaques of aggregated amyloid beta (Aβ), and neurofibrillary tangles composed of hyperphosphorylated tau protein (Pang et al., 2022). With the intensification of the global aging of society, in recent years, the incidence of diabetes mellitus (DM) has been rising, particularly in post-menopausal women (Bragg et al., 2017; Wang B. N. et al., 2021), which brings huge medical and economic burdens to the world and seriously affects people’s daily life and work. Thus, it is necessary to explore the related pathogenesis of menopausal diabetic encephalopathy and to develop an effective drug to treat it.

The inflammatory factors, such as tumor necrosis factor (TNF) and interleukins (IL-1β and IL-6), and free radicals, can lead to cellular damage in the brain, including mitochondrial damage and neuronal apoptosis, which in turn affects cognitive function (Skundric and Lisak, 2003; Chung et al., 2015; Sadeghi et al., 2016). Brain-derived neurotrophic factor (BDNF) is a factor that effectively regulates synaptic plasticity and has a function in promoting learning and memory (Jin et al., 2020). BDNF can modulate synapse-related proteins such as synaptophysin, synapsin-1, and post-synaptic density-95 (PSD-95), which are essential for synaptic plasticity and cognition (Liu et al., 2012; Wang et al., 2016). Therefore, neuroinflammation, neurotrophic factors, and synaptic proteins may be involved in synaptic plasticity damage, which is considered to be the neuropathogenesis of diabetic encephalopathy, to a large extent (Podda et al., 2016).

Forsythoside B (FTS⋅B) is one of the main active components of the air-dried fruit of Forsythia (Wang et al., 2018), and the current study showed that the neuroprotective effect of FTS⋅B depends on multiple antioxidant, anti-apoptotic, anti-inflammatory, and neurogenesis-promoting properties (Jiang et al., 2012). However, whether FTS⋅B can delay menopausal diabetic encephalopathy has not yet been reported and studied. To the best of our knowledge, in this study, we used an ovariectomized diabetic mice model to study the related mechanism of FTS⋅B in the treatment of menopausal diabetic encephalopathy for the first time. We found that FTS⋅B could be a potential drug candidate for the treatment of menopausal diabetic encephalopathy by inhibiting hippocampal neuroinflammation and reducing synaptic dysfunction.



Materials and methods


Animals and experimental design

Female C57BL mice (8-weeks-old) were purchased from the Yi Wei Wo Technology Co., Ltd., Shijiazhuang, China. The mice were randomly divided into seven groups as follows: Sham control (Sham); DM; ovariectomy (OVX); ovariectomy and diabetes (O + D); ovariectomy, diabetes, and 17β-estradiol (1 mg/kg) (ER); ovariectomy, diabetes, and low-FTS⋅B (100 mg/kg) (L-F); and ovariectomy, diabetes and high-FTS⋅B (150 mg/kg) (H-F). After anesthesia, each mouse underwent either sham operation (Sham, only a skin incision was made and then sutured) or bilateral ovariectomy. All of the animals were given prophylactic antibiotics (penicillin-G; 20,000 U) beginning soon after surgery and lasting for 3 days. After ovariectomy and 1 week of recovery, 60 mg/kg streptozotocin (freshly prepared, pH 4.5 in citrate buffer) was applied intraperitoneally to induce diabetes. In the control group, ovaries were identified but not removed, and these mice received citrate buffer as a streptozotocin (STZ) vehicle (Wang T. et al., 2021). Forty-eight hours after STZ injections, mice with blood glucose levels above 200 mg/dl were considered diabetic. In addition, the glucose tolerance test was used to convince the success of diabetic model. FTS⋅B and 17β-estradiol were administered intraperitoneally once per day for 8 weeks. Body weight was measured once 2 weeks. After the treatment, the mice were used to evaluate the fasting blood glucose levels and blood insulin levels, and then the mice were subjected to the Morris water maze test, Y maze test, and novel object recognition test (NORT). After the behavioral tests, the animals were anesthetized with 10% chloral hydrate (3.5 ml/kg) and perfused initially with 0.9% saline solution via cardiac puncture. For immunofluorescence, hematoxylin & eosin (H&E), and Nissl staining, the animals were perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) following the initial saline solution perfusion. Next, the brain tissues were rapidly removed and post-fixed by immersion in 4% PFA for 24 h. For real-time polymerase chain reaction (RT-PCR) and western blot analysis, the whole hippocampus was removed and snap-frozen at −80°C. All animal experiments were conducted following the national guidelines and the relevant national laws on the protection of animals. The summary of the experiment’s timeline is shown as Scheme 1.
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SCHEME 1
The scheme illustrates the stages of the experiment.




Morris water maze test

After 8 weeks of treatment with FTS⋅B, a water maze test was performed to detect the cognitive level of the mice. The water maze was divided into four quadrants, with a platform placed in the third quadrant. The maze was filled with water containing milk up to 1.5 cm above the platform at a temperature of 22–24°C, with different shapes and colors attached to the walls of the maze. During the training phase, mice were placed into any of the three quadrants without a platform, and it ended when the mice climbed onto the platform. If a mouse did not find the platform within 60 s, the escape latency was recorded as 60 s, and the mouse was carefully guided into the platform, where it remained for 15 s. The mice were then sun-dried and returned to their cages. During the training period, the mice were tested four times a day on the hidden platform for 5 consecutive days to evaluate their learning ability. On the fifth day of training, the platform was removed and the mice were again placed in the maze to test their spatial memory. In the spatial memory ability test, they were placed in water and allowed to swim for 60 s. An IBM computer (Armonk, NY, USA) equipped with a tracking program was used to record the trajectories of the mice, locate the escape latency of the hidden platform, and record the number of times of crossing the platform (Li et al., 2017).



Y maze

Y maze spontaneous alternate behavior is a measure of spatial working memory during exploratory activities. The experiment was carried out in a three-arm maze with three arms of equal size, labeled A, B, and C. Each arm was 34 cm long, 8 cm wide, and 14.5 cm high, at an angle of 120° from the other two arms. Each mouse was placed at the end of one arm and allowed to move freely through the maze for 5 min. The arm entry times and the sequence number (e.g., ABABCC) of each mouse were recorded manually. An arm entry was considered complete when the mouse’s hind paw was fully on one arm. The measured parameters included the number of consecutive spontaneous alternate performance (SAP) of mice entering three different arms (i.e., ABC, ACB, BCA, and BAC), the number of mice visiting other arms and returning to the same arm (i.e., ABA, ACA, and BAB), and the number of repeated mice visits to the same arm—returning to the same arm (SAR) (i.e., AA, BB, and CC).

The percentage of SAP was calculated as [(alternating times)/(total arm entry − 2)] × 100.



Novel object recognition test

The NORT is a simple behavioral assay of memory that primarily relies on rodent’s innate exploratory behavior in the absence of externally applied rules or reinforcement. The test can be used as a model for the investigation of memory alterations. NORT has habituation, familiarization, and test phases. The experiments were carried out in an isolated chamber, and mice were familiarized with the researcher before the test. The box and objects were cleaned with 70% isopropanol solution before each trial. Habituation phase: the animals were allowed to stay in a box (65 × 45 × 45 cm) for 5 min (Scheme 2). Familiarization phase: the animals were first observed for 5 min in the same box with two identical objects (A + A), and their behavior was recorded with a video camera. Test phase: the animals were observed for 5 min in a box containing a familiar object and a novel object, which was different in shape and color (A + B), and their behavior was recorded with a video camera. Evaluation: results were assigned by comparing the time spent with the familiar and novel objects. The calculation formula is as follows:
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SCHEME 2
The scheme illustrates the phases of the novel object recognition (NOR) test.


Discrimination index (DI) was calculated by dividing the difference in exploration time (seconds) for a familiar object (TF) and a novel object (TN), with the total amount of exploration time for novel and familiar objects: DI = TN/(TN + TF).



Hematoxylin & eosin and Nissl staining

The brain tissues were carefully collected and fixed in 4% PFA solution for 24 h. Next, they were dehydrated in alcohol and embedded in paraffin. After that, the brain tissue sections were dewaxed, hydrated, and stained with H&E solution (Beyotime, China). For Nissl staining, the slides were stained with cresol violet and Nissl differentiation solution in accordance with the manufacturer’s instructions (Beyotime, China). Finally, the slides were observed under a light microscope (Nikon, Japan).



Immunofluorescence

The brains were dissected, fixed in PBS with 4% PFA for 2 days, and then frozen into sections. The sections were 10 μm thick and were immunostained with primary Aβ antibody (1:200, Arigobio, China) and tau antibody (1:500, HA, China) at 4°C overnight. The following day, the sections were washed in PBS, incubated with horseradish peroxidase (HRP)–conjugated anti-rabbit secondary antibody at 25°C for 1 h, and incubated with streptavidin-organism HRP complex at 25°C for another 1 h. Next, 5% diaminobenzidine tetrahydrochloride solution and hematoxylin were added as a counterstain (25°C for 5 min). Photomicrographs were obtained using an inverted fluorescence microscope (magnification ×40 and ×200; Nikon, Japan). The intensity of positive staining in the ROI was calculated and defined as the sum of integrated optical density (IOD), and the area of the ROI was also calculated. The average IOD of specific proteins, reported as IOD/mm2, was defined as the sum of IOD divided by the area of ROI.



Real-time polymerase chain reaction

Hippocampal samples were obtained for this analysis. A Gene Amp 7,700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) and SYBER® Premix Ex Taq™II kit (Takara, Kusatsu, Japan) were used to perform RT-PCR. The primers for the selected genes are listed in Table 1. GAPDH was used as an endogenous control. The changes of relative mRNA transcript levels were reported using the 2 [-Delta C(T)] method as previously described (Mohammadi and Zare, 2020). The experiment was repeated at least three times to ensure accuracy.


TABLE 1    Sequences of primers used for RT-PCR.
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Western blot analysis

Tissues were collected and dissolved in a radioimmunoprecipitation analysis buffer using a cocktail of protease inhibitors. Protein lysate was electrophoresed with sodium dodecyl sulfate-polyacrylamide gel and transferred to nitrocellulose membranes. Next, 5% bovine serum albumin was used to block the membranes at 4°C for 2 h. The membranes were subsequently incubated with the following primary antibodies at 4°C overnight: BDNF (1:1,000, Abcam), PSD-95 (1:1,000, Abcam), synaptogenin (1:1,000, Abcam), synapsin-1 (1:1,000, Abcam), TNF-α (1:2,000, HA), IL-6 (1:2,000, HA), IL-1β (1:2,000, HA), and the reference protein β action (1:100,000, HA). After washing with TBST, the membranes were incubated with HRP-conjugated secondary antibody at a dilution of 1:2,000 at 4°C for 4 h. An enhanced chemiluminescence kit (Merck Millipore, Billerica, MA, USA) and imaging system (Bio Spectrum 600; UVP, Upland, CA, USA) were used to visualize the bands. ImageJ (National Institutes of Health, Bethesda, MD, USA) was used to quantify the blots.



Statistical analysis

All data were analyzed using SPSS software (SPSS, Chicago, IL, USA), and the results were expressed as mean ± standard deviation (SD). The Shapiro–Wilk test and the Bartlett’s test were used to analyze the normality of distribution and homogeneity of variance. One-way analysis of variance (ANOVA) and Fisher’s protected least significant difference test were used to determine statistically significant differences between the groups. The results of radiography scores were analyzed using the Kruskal–Wallis test. P < 0.05 was considered to indicate statistical significance.




Results


Glucose tolerance curve and the effects of forsythoside B on blood glucose, body weight, and blood insulin levels (FPI) in ovariectomized diabetic mice were analyzed

We detected the levels of fasting blood glucose and blood insulin levels in each group (Table 2). As shown in Figure 1A, the blood glucose levels in the Sham group at 0, 60, and 120 min were significantly lower than those in the OVX group, and the blood glucose levels in the DM group at 0, 60, and 120 min were significantly lower than those in the O + D group. But there was no significant difference between the groups at 30 min. Among them, the DM group showed the lowest level. This suggests that the diabetes model was established successfully. As shown in Table 2, compared with the Sham group, the levels of fasting blood glucose in the OVX, DM, and O + D groups were higher. However, treatment with FTS⋅B and 17β-estradiol significantly reversed this trend. Figure 1B demonstrates that campared with Sham group, the fasting weight was significantly reduced in the DM group and significantly increased in the OVX group. Figure 1B also showed that when compared with the O + D group, the fasting weight in the OVX group was significantly increased in the fourth, sixth, and eighth weeks and in the DM group was significantly reduced in the eighth week. However, no significant differences were found between the treatment groups that received different doses of FTS⋅B and 17β-estradiol. Compared to the Sham group, the FPI level was significantly reduced in the DM and O + D groups (Table 2). After treatment, significant improvements were observed in the ER, L-F, and H-F groups. This suggests that FTS⋅B has anti-diabetic effects.


TABLE 2    Effects of forsythoside B on blood glucose and blood insulin levels in ovariectomized diabetic mice.
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FIGURE 1
Changes of blood glucose and fasting weight. (A) Blood glucose and (B) fasting weight in Sham, OVX, DM, O+D, ER, L-F, and H-F groups. Before operation (Pre); after operation and streptozotocin injection (0), while FTS•B and 17β-estradiol were administered from the first week to the eighth week on an alternate day. Compared to Sham group, aP < 0.05, aaP < 0.01, and aaaP < 0.001. Compared to O+D group, bP < 0.05, bbP < 0.01, bbbP < 0.001, and ns indicates not significant.




Forsythoside B ameliorates cognitive decline of ovariectomized diabetic mice

We used water mazes to evaluate learning and memory in mice. Compared with the Sham group, the OVX, DM, and O + D groups showed more chaotic movements (Figure 2A) and longer escape latency (Figure 2B), and the number of platform crossings decreased (Figures 2C,D). Among them, the O + D group showed the most obvious changes. However, treatment with FTS⋅B and 17β-estradiol significantly reversed this trend, especially in the H-F group (Figures 2A–D). And there was no significant difference between the groups of swimming speed (Figure 2E). Compared with the Sham group, the target quadrant time was significantly reduced in the OVX, DM, and O + D groups. Among them, the O + D group was the most obvious. However, treatment with FTS⋅B and 17β-estradiol significantly reversed this trend, especially in the H-F group (Figure 2F).
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FIGURE 2
FTS•B significantly improves the learning and memory ability of ovariectomized diabetic mice. Behavioral tests and quantitative analyses of C57 mice. (A) Representative tracing graphs showing the training trials. (B) Escape latency during the platform trials. (C) Representative tracing graphs of the probe trials. (D) Number of crossings over the original platform location in the probe trials. (E) The swimming speed of each group. (F) The target quadrant time. n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.


We assessed working and spatial memory performance by recording spontaneous change behavior in the Y-maze test. As shown in Figure 3, there were significant differences in spatial memory performance among different groups (P < 0.05; Figures 3A–C). Compared with the Sham group, the groups OVX, DM, and O + D showed fewer spontaneous alternating movements (Figure 3A). Among them, the O + D group had the fewest spontaneous alternating movements. However, treatment with FTS⋅B and 17β-estradiol effectively increased the percentage of spontaneous changes (Figure 3D).
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FIGURE 3
FTS•B significantly improves workspace memory impairment in ovariectomized diabetic mice in the Y-maze test. (A) Spontaneous alteration performance (SAP) was defined when an animal visited three different arms (i.e., A, B, and C) consecutively (i.e., ABC, ACB, BCA, or BAC). (B) Alternate arm returns (AAR) was defined when an animal visited other arms and then returned to the initial arm (i.e., ABA, ACA, and BAB). (C) Same arm returns (SAR) was defined as repeated visits of the same arm (i.e., AA, BB, and CC). (D) The percentage of SAP (%); n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.


To confirm the effect of FTS⋅B on the menopausal diabetic encephalopathy, a NORT was also performed. The statistical analysis revealed that the groups OVX, DM, and O + D showed a significant reduction in their interest of the objects in the testing stage, especially of a new one, compared to the animals in the Sham group. However, treatment with FTS⋅B and 17β-estradiol significantly reversed this trend (Figures 4A–D).
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FIGURE 4
FTS•B can significantly reduce memory impairment in ovariectomized diabetic mice, as indicated by the new object recognition test. The recognition memory was measured by the novel object recognition test where the mice were allowed to explore the familiar and novel objects for 5 min. (A,C) The bars show the number of times the different groups of mice visited the two objects during the test phase. (B,D) The bar chart shows the preference index (%) for each group. n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.


Taken together, these data suggest that FTS⋅B treatment significantly improves learning and cognitive impairment associated with menopausal diabetes.



Forsythoside B reduces hippocampal morphological changes and synaptic dysfunction in ovariectomized diabetic mice

Next, we evaluated whether FTS⋅B treatment affected hippocampal morphology in each group of mice. We found that the hippocampal region of the Sham group showed normal morphology, with obvious nucleoli and clear nuclear membrane (Figures 5A,B). However, in the OVX, DM, and O + D groups, hippocampal neurons were lost and hippocampal cells were sparsely arranged with blurred boundaries. The O + D group was the most severely affected. Importantly, FTS⋅B and 17β-estradiol therapy largely reversed these abnormalities, particularly in the H-F group (Figures 5A,B). These results suggest that FTS⋅B has a significant neuroprotective effect, as it inhibits hippocampal neuron loss and structural changes.
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FIGURE 5
FTS•B reduces hippocampal morphologic changes and synaptic dysfunction in ovariectomized diabetic mice. (A,B) Representative hematoxylin and eosin (H&E) and Nissl-stained sections of the hippocampus. (C) Representative western blotting showing PSD95, synaptophysin, and synapsin-1 expression levels. (D–F) Expression levels of PSD95, synaptophysin, and synapsin-1 were quantitatively analyzed. n = 3. (G–I) Quantitative analysis of the mRNA expression of PSD95, synaptophysin, and synapsin-1. n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant. Scale bars = 100 and 20 μm as indicated.


We also assessed the expression levels of synaptic associated proteins (PSD-95, synaptogenin, and synapsin-1) in the hippocampus, which form the molecular basis of synaptic plasticity. PSD-95 (Figures 5C,D), synaptogenin (Figures 5C,E), and synapsin-1 (Figures 5C,F) proteomic levels were significantly decreased in the OVX, DM, and O + D groups compared with the Sham group. Among them, the decrease was most obvious in the O + D group. After treatment with FTS⋅B and 17β-estradiol, the expression of these three protein groups was significantly increased in ovariectomized diabetic mice, especially in the H-F group (Figures 5C–F). RT-PCR results were consistent with the western blot results (Figures 5G–I). These results suggest that FTS⋅B enhances the expression level of synaptic associated proteins in the hippocampus, which may indicate the dose-dependent effect of FTS⋅B in vivo.



Forsythoside B inhibited the aggregation of amyloid beta and the hyperaggregation of p-tau in the hippocampus and increased the level of brain-derived neurotrophic factor in the hippocampus of ovariectomized diabetic mice

The immunohistochemical results showed that the number of Aβ-positive plaques in the hippocampus of the OVX, DM, and O + D groups was significantly higher than that of the Sham group, and the difference was the most significant in the O + D group. However, FTS⋅B and 17β-estradiol administration significantly reduced the deposition of Aβ in the O + D group, especially at group of H-F (Figures 6A,C). As a microtubule-associated protein, tau stabilizes the neuronal cytoskeleton, and its high phosphorylation may lead to the formation of toxic neurofibrillary tangles in diseases such as diabetic encephalopathy and AD (Yan et al., 2018). In this study, hyperaggregation of p-tau was found in the hippocampus of mice in the OVX, DM, and O + D groups compared with the Sham group. The hyperaggregation of p-tau was most severe in the O + D group. These differences were significantly reduced after FTS⋅B and 17β-estradiol treatment, especially in the H-F group (Figures 6B,D).
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FIGURE 6
FTS•B treatment inhibits the accumulation of Aβ and p-tau in the hippocampus of ovariectomized diabetic mice. (A,B) Immunohistochemistry assay for Aβ and p-tau in the hippocampus in different groups. The thin white arrow indicates Aβ-positive plaques. (C,D) Quantitative analysis of Aβ and p-tau expression. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant. Scale bars = 100 and 20 μm as indicated.


Previous studies have found that BDNF is a neurotrophic factor that can promote the development of immature neurons and increase the survival rate of neurons and synaptic plasticity (Tang et al., 2019). We investigated the effect of FTS⋅B treatment on hippocampal BDNF levels. Our RT-PCR results showed that compared with the Sham group, the mRNA expression levels of BDNF in the hippocampus of the OVX, DM, and O + D groups were significantly reduced, with the lowest mRNA level in the O + D group. However, treatment with FTS⋅B and 17β-estradiol reversed this reduction. In the H-F group was more effective (Figure 7A). Western blot results were consistent with RT-PCR results (Figures 7B,C). These data suggest that FTS⋅B treatment can inhibit the deposition of Aβ and hyperaggregation of p-tau and increase the expression level of BDNF in ovariectomized diabetic mice.
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FIGURE 7
FTS•B increases the level of BDNF in the hippocampus of ovariectomized diabetic mice. (A) Quantitative analysis of the mRNA expression of BDNF. n = 6. (B) Representative western blotting showing BDNF expression level. (C) Quantitative analysis of BDNF expression. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.




Forsythoside B mediates regulation of neuroinflammation-related protein expression and activation in the hippocampus of ovariectomized diabetic mice

We investigated whether neuroinflammation exists in patients with postmenopausal diabetes and whether FTS⋅B can prevent neuroinflammation. We assessed the expression levels of TNF-α, IL-6 and IL-1β in the hippocampus using RT-PCR and western blot. RT-PCR results showed that compared with the Sham group, the expression levels of TNF-α, IL-6, and IL-1β in the hippocampus of the OVX, DM, and O + D groups were significantly increased, and the increase was most significant in the O + D group. FTS⋅B and 17β-estradiol significantly reduced the mRNA expression levels of these factors, especially in the H-F group (P < 0.05, Figures 8A–C). Western blot results were consistent with the RT-PCR results (P < 0.05, Figures 9A–D). These results suggest that FTS⋅B inhibits neuroinflammation in the hippocampus of ovariectomized diabetic mice.
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FIGURE 8
FTS•B inhibits the mRNA expression of factors related to hippocampal neuroinflammation in ovariectomized diabetic mice. (A–C) Quantitative analysis of the mRNA expression of TNF-α, IL-6, and IL-1β in the hippocampus. n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.
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FIGURE 9
FTS•B inhibits the expression of factors related to hippocampal neuroinflammation in ovariectomized diabetic mice. (A) Representative western blotting showing TNF-α, IL-6, and IL-1β expression levels in the hippocampus. (B–D) Quantitative analysis of TNF-α, IL-6, and IL-1β expression. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.





Discussion

Diabetes is a chronic metabolic disease that can cause structural and functional changes in the central nervous system, leading to cognitive decline (Liu et al., 2020). Previous studies have shown that estrogen deficiency can affect the cognitive function (Albert and Newhouse, 2019). Estrogen plays important roles in the brain regions associated with learning and memory, such as the hippocampus and frontal cortex. These include neurotrophic and neuroprotective effects, increased long-term potentiation (LTP) and dendritic spine density, and upregulation of BDNF and growth receptors (Bansal and Chopra, 2015; Goyal and Garabadu, 2020). There is a synergistic effect between estrogen deficiency and diabetes, which can significantly aggravate the symptoms of cognitive impairment in postmenopausal diabetic patients. Therefore, it is very important to explore the molecular mechanisms behind cognitive impairment in postmenopausal diabetic patients and to identify effective treatment strategies. However, there have been few studies on menopausal diabetic encephalopathy. Therefore, in this study, we performed bilateral ovariectomy in C57 mice and administered intraperitoneal injection of STZ after surgery to simulate a postmenopausal diabetic mouse model. We showed that postmenopausal diabetic mice developed cognitive impairment and impaired learning and memory functions. We also found that FTS⋅B could alleviate the symptoms and pathological changes of cognitive dysfunction in the mice by inhibiting hippocampal neuroinflammation and reducing synaptic dysfunction. This study shows that FTS⋅B can effectively inhibit neuroinflammation of the central nervous system and delay the progression of menopausal diabetic encephalopathy. Thus, FTS⋅B is a potential therapeutic drug for menopausal diabetic encephalopathy.

Forsythoside B, a phenylethanoid glycoside, is a traditional oriental medicine. Some studies have shown that FTS⋅B can inhibit inflammation, suppress oxidative stress, and promote blood circulation (Jiang et al., 2010b). Jiang et al. (2010a) found that FTS⋅B played a significant neuroprotective role in an SD ischemia–reperfusion rat model by inhibiting inflammation. Qu et al. (2021) showed that synaptic plasticity is closely associated with cognitive function. However, it has not been reported whether FTS⋅B can improve cognitive impairment in menopausal diabetic mice. In this study, we found that FTS⋅B could reduce cognitive impairment in menopausal diabetic mice, inhibit inflammatory factors, and reduce synaptic dysfunction, which effectively improve their cognitive function.

A large number of studies have shown that DACI can cause changes in animal behavior; so, behavioral experiments can be used as an important detection method in the study of diabetic encephalopathy (Yan et al., 2018; Tang et al., 2019; Mohammadi and Zare, 2020; Piatkowska-Chmiel et al., 2022). Piatkowska-Chmiel et al. administered fructose solution + STZ intraperitoneal injection for 4 weeks to induce diabetes in CD-1 mice. Water maze, Y maze, and new object recognition experiment were applied to detect the model group mice. The results showed significant cognitive impairment in the model group. After the treatment with newly synthesized adamantane derivatives and dipeptidyl peptidase 4, the behavioral performance significantly improved (Piatkowska-Chmiel et al., 2022). In addition, it was found by behavioral testing that the learning and memory ability of the high-glucose and high-fat combined with STZ intraperitoneal injection mouse model group was significantly lower compared with the control group. However, after treatment with dihydromyricetin, the learning and memory ability was significantly improved, indicating that dihydromyricetin can significantly improve cognitive dysfunction in type 2 diabetic mice (Zhu et al., 2017). In this study, the behavioral test results were basically consistent with the abovementioned studies. We found that compared with the control group, the postmenopausal diabetic mouse model group exhibited more chaotic movements and longer escape latency in the water maze test, and the number of cross-platforms in the water maze was reduced. In the Y-maze experiment, the spontaneous alternating movements were reduced in the model group. In the novel object recognition experiment, the mice in the model group were significantly less interested in objects in the experimental stage, especially in novel objects. However, FTS⋅B treatment significantly reversed the above phenomenon, indicating that FTS⋅B can effectively improve cognitive dysfunction in postmenopausal diabetic mice.

The hippocampus is an important functional region of the brain, and it is mainly involved in memory, learning, executive ability, and attention regulation (Wikenheiser and Schoenbaum, 2016). Arroyo-Garcia et al. (2021) showed that the morphological changes in the hippocampus are closely related to a decline in cognitive function. In addition, some studies used H&E staining to observe the histological changes in the neurons of the hippocampus, which can be used to assess cognitive function (Yang et al., 2022). In this study, we used H&E staining to observe the changes in hippocampal morphology. Fortunately, the results are consistent with other studies. We also used Nissl staining and found that FTS⋅B significantly improved the hippocampal structure and neuron loss in the ovariectomized diabetic mice model, suggesting that FTS⋅B can significantly improve the cognitive function of menopausal diabetic mice.

Previous studies have not fully elucidated the specific pathogenesis of cognitive impairment in postmenopausal diabetes. It has been reported that Aβ deposition and neurofibrillary tangles are the main pathological changes in brain cognitive impairment (Zhang et al., 2022). Neurofibrillary tangles consist of intracellular self-assembled p-tau bundles that are induced by Aβ deposition and lead to neuronal degeneration (Kim et al., 2015). Aberrant neurogenesis is considered an important causative event of cognitive impairment (Anacker and Hen, 2017; Cuartero et al., 2019). Neurotrophic factors play a crucial role in neurogenesis (Agrimi et al., 2019). It has been found that BDNF is an important neurotrophic factor and its signaling inhibits autophagy in an adult brain by transcriptionally downregulating key (Patterson, 2015; Chou et al., 2020) components of the autophagy machinery and that genetic ablation of BDNF in the nervous system leads to uncontrolled increases in autophagy in the adult brain and is associated with severe synaptic defect (Nikoletopoulou et al., 2017). Decreased levels of BDNF in the hippocampus can aggravate cognitive impairment. In this study, we found that FTS⋅B significantly enhanced the learning and memory abilities of postmenopausal diabetic mice and significantly inhibited the deposition of Aβ and neurofibrillary tangles composed of p-tau protein. However, FTS⋅B significantly increased the expression of BDNF in the hippocampus and effectively improved its cognitive dysfunction.

Neuroinflammation is an important phenotype and a key mediator of DACI and plays an important role in its pathogenesis (Albazal et al., 2021). Neuroinflammation can amplify itself by increasing tauopathy and Aβ deposition through inflammatory cytokines such as IL-1β, IL-6, and TNF-α (Cavanagh and Wong, 2018). Choi et al. (2019) found that the central nervous system inflammation is closely associated with pathological neurodegenerative diseases. Some studies have shown that proinflammatory cytokines (IL-1β, IL-6, and TNF-α) can interfere with insulin signal transduction and participate in insulin resistance and DACI (Degirmenci et al., 2019). However, the relationship between neuroinflammation and menopausal diabetic encephalopathy is unknown. In this study, we found that FTS⋅B significantly improved cognitive dysfunction by reducing the expression of inflammatory cytokines IL-1β, IL-6, and TNF-α in the hippocampus of postmenopausal diabetic mice.

In this study, we used bilateral ovariectomy and STZ intraperitoneal injection to create a menopausal diabetes model. FTS⋅B was found to effectively inhibit the progression of menopausal diabetic encephalopathy through behavioral experiments, histological staining, and mRNA and protein expression levels of inflammation. However, there are some limitations in this study. The specific targets and related mechanisms of FTS⋅B in the hippocampus have not been fully understood. Furthermore, the subtle morphological changes of synapses were not studied in this experiment. In future studies, we will use a staining technique, such as Golgi staining, to visualize changes in the synaptic structure. Meanwhile, we will focus on in vitro experiments and further explore its deeper mechanism by applying anti-inflammatory pathway inhibitors.



Conclusion

In conclusion, this study systematically reports the neuroprotective effects of FTS⋅B in ovariectomized diabetic mice, including decreased fasting blood glucose, improved behavioral performance, normalized hippocampal morphology, increased synaptic plasticity, and improved Aβ deposition and tau phosphorylation. FTS⋅B can also increase the expression of BDNF and inhibit the expression of inflammatory factors (Figure 10), thereby restoring the cognitive function of postmenopausal diabetes. Therefore, this study suggests that FTS⋅B may be a potential treatment for postmenopausal diabetic encephalopathy.
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FIGURE 10
Schematic diagram of a potential mechanism of FTS•B in the treatment of cognitive dysfunction in ovariectomized diabetic mice.
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Introduction: Oligomeric and fibrillar species of the synaptic protein α-synuclein are established key players in the pathophysiology of Parkinson’s disease and other synucleinopathies. Increasing evidence in the literature points to prefibrillar oligomers as the main cytotoxic species driving dysfunction in diverse neurotransmitter systems even at early disease stages. Of note, soluble oligomers have recently been shown to alter synaptic plasticity mechanisms at the glutamatergic cortico-striatal synapse. However, the molecular and morphological detrimental events triggered by soluble α-synuclein aggregates that ultimately lead to excitatory synaptic failure remain mostly elusive.

Methods: In the present study, we aimed to clarify the effects of soluble α-synuclein oligomers (sOligo) in the pathophysiology of synucleinopathies at cortico-striatal and hippocampal excitatory synapses. To investigate early defects of the striatal synapse in vivo, sOligo were inoculated in the dorsolateral striatum of 2-month-old wild-type C57BL/6J mice, and molecular and morphological analyses were conducted 42 and 84 days post-injection. In parallel, primary cultures of rat hippocampal neurons were exposed to sOligo, and molecular and morphological analyses were performed after 7 days of treatment.

Results: In vivo sOligo injection impaired the post-synaptic retention of striatal ionotropic glutamate receptors and decreased the levels of phosphorylated ERK at 84 days post-injection. These events were not correlated with morphological alterations at dendritic spines. Conversely, chronic in vitro administration of sOligo caused a significant decrease in ERK phosphorylation but did not significantly alter post-synaptic levels of ionotropic glutamate receptors or spine density in primary hippocampal neurons.

Conclusion: Overall, our data indicate that sOligo are involved in pathogenic molecular changes at the striatal glutamatergic synapse, confirming the detrimental effect of these species in an in vivo synucleinopathy model. Moreover, sOligo affects the ERK signaling pathway similarly in hippocampal and striatal neurons, possibly representing an early mechanism that anticipates synaptic loss.
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1. Introduction

The molecular mechanisms addressing the role of α-synuclein (αSyn) aggregates in the pathophysiology of Parkinson’s disease are mostly elusive; however, a wide range of structurally diverse oligomeric and fibrillar species have been evaluated in in vivo and in vitro preclinical studies (Bousset et al., 2013; Chen et al., 2015; Pieri et al., 2016).

Prior to being deposited in insoluble inclusions, pre-amyloid αSyn aggregates can spread inter-neuronally, contributing to pathology propagation and synaptic alterations (Hansen et al., 2011; Bengoa-Vergniory et al., 2017; Cascella et al., 2022). However, studying the differential contribution of αSyn toxic aggregates in synucleinopathy progression is complicated by the broad heterogeneity of these pathological forms of the protein. Monitoring their spread and cytotoxic activity in vivo is challenging due to their unstable and dynamic nature (Estaun-Panzano et al., 2023). This is especially true for small soluble oligomeric species that can represent both early phases of the αSyn aggregation process or degradation by-products of larger aggregates (Kulenkampff et al., 2021; Bigi et al., 2022).

In recent years, increasing evidence has described the detrimental effects of αSyn protofibrils on various neurotransmitter systems and brain regions (Peelaerts et al., 2015; Lau et al., 2020) and the putative role of oligomeric forms as significant players in disease spread and neurodegeneration (Kulenkampff et al., 2021; Emin et al., 2022). Specifically, small soluble αSyn oligomers (sOligo), generated by in vitro reactions or isolated from post-mortem patients’ brains, were shown to trigger inflammation and neurotoxicity in vitro more efficiently than larger aggregates (Emin et al., 2022). Moreover, fibrillar forms were suggested to induce neurotoxicity, even in an indirect manner, through the release of soluble oligomers. Once taken up by neurons, these aggregates could further sustain the spread of disease through cell-to-cell transfer, seeding, and the formation of new fibrils (Cascella et al., 2022). More specifically, a large number of studies in the past decade have investigated the synaptotoxicity of synuclein aggregates (Bate et al., 2010; Rockenstein et al., 2014; Paumier et al., 2015), identifying detrimental effects not only at the presynaptic level but also at the post-synaptic compartment level (Diogenes et al., 2012; Chen et al., 2015; Ferreira et al., 2017; Sarafian et al., 2017; Trudler et al., 2021). Interestingly, recent studies demonstrated the detrimental effect of αSyn sOligo and αSyn preformed fibrils (αSyn-PFF) on glutamatergic neurotransmission at cortico-striatal synapses in early stages of disease progression, long before the onset of significant dopaminergic nigrostriatal degeneration (Tozzi et al., 2016, 2021; Durante et al., 2019). αSyn-PFF can interfere with bidirectional synaptic plasticity, preventing the induction of both long-term potentiation and long-term depression (Tozzi et al., 2021). In addition, our group recently demonstrated that αSyn-PFF induces dendritic spines loss at cortico-striatal synapses, and this event was correlated with reduced post-synaptic availability of both AMPA receptor (AMPAR) and NMDA receptor (NMDAR) subunits (Ferrari et al., 2022). Conversely, despite evidence that αSyn sOligo can cause synaptic plasticity defects of the cortico-striatal synapse (Durante et al., 2019), their role in driving synucleinopathies at the excitatory glutamatergic synapse and the precise molecular events underlying these defects remain unclear.

We investigated the role of αSyn sOligo in the events underlying early αSyn-driven synaptic dysfunction. To this, sOligo were inoculated in the dorsolateral striatum of 2-month-old wild-type C57BL/6J mice, and molecular and morphological analyses were conducted 42 and 84 days post-injection. Since its first generation in Luk et al. (2012), these rodent models have been extensively characterized to exhibit slow and progressive deterioration of the nigrostriatal tract and dissemination of αSyn neuropathology, making them suitable to reproduce the early disease phases (Henderson et al., 2019; Gómez-Benito et al., 2020). Moreover, in vivo experiments were replicated in vitro in primary hippocampal neurons to produce a more complete picture of the effect of sOligo in mediating synaptic toxicity at glutamatergic synapses in different brain areas.



2. Materials and methods


2.1. Preparation of αsyn soluble oligomers

α-synuclein oligomers were generated through a recently reported oligomerization protocol with a few modifications (Durante et al., 2019). Recombinant human αSyn monomeric protein (Proteos, Kalamazoo, MI, USA) was thawed on ice, centrifuged at 13,000 × g for 10 min at 4°C, and the supernatant was retained (Polinski et al., 2018). After measurement of protein concentration, the solution was diluted to a final concentration of 2 mg/ml in phosphate-buffered saline (PBS) (Sigma-Aldrich) and incubated for 2 h at room temperature (RT) under constant agitation (1,000 rpm) in a benchtop Thermomixer. The solution was then aliquoted and stored at −80°C.



2.2. Transmission electron microscopy validation of sOligo preparation

For each experiment, the presence of oligomeric species in the solution was evaluated by negative staining protocol with a Talos L120C transmission electron microscope (TEM) (Thermo Fisher, Waltham, MA, USA) operating at 120 kV. Digital images were acquired using a 50 CETA-MTM 4k × 4k camera (Thermo Fisher). TEM analyses were performed at the Unitech NOLIMITS imaging facility of the University of Milan.



2.3. Animals

Experimental procedures were conducted following the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the European Community Council Directives 2010/63/EU, and the Italian law 26/2014. Approval of all procedures involving animals were obtained from the local Animal Use Committee and the Italian Ministry of Health (permits 1200/2020-PR, 330/2018-PR and 5247B.N.YCK2018). Two-month-old male C57BL/6J mice were housed in cages (two to four per cage) in a climate-controlled facility (22 ± 2°C), with ad libitum access to food and water throughout and a 12-h light–dark cycle (19:00–07:00 schedule). Each ex vivo experimental approach (spine morphology and biochemistry) was conducted using distinct cohorts of mice.


2.3.1. Surgical procedures

C57BL/6J male mice were anesthetized with a mixture of isoflurane/oxygen by inhalation and mounted on a stereotaxic frame (Stoelting) linked to a digital micromanipulator. Brain coordinates for the dorsolateral striatum were chosen as previously described (Luk et al., 2012; Ferrari et al., 2022): anterior–posterior, + 0.2 mm; medial–lateral, ± 2 mm; and dorsal–ventral, – 2.6 mm. For each hemisphere, 2.5 μl of αSyn sOligo (5 μg) (Luk et al., 2012; Tozzi et al., 2021; Ferrari et al., 2022) or PBS was infused through a 10 μl Hamilton syringe using a microinjection pump at a flow rate of 0.25 μl/min. The needle was left in place at the end of the injection for 4 min to allow the solution to flow out entirely.



2.3.2. Isolation of triton-insoluble post-synaptic fractions from mouse striata

To isolate Triton-insoluble post-synaptic fractions highly enriched in post-synaptic density proteins (Stanic et al., 2017), striata were homogenized with a Teflon-glass potter at 4°C in ice-cold buffer (pH 7.4) containing 0.32 M sucrose, 1 mM HEPES, 1 mM MgCl2, 1 mM NaHCO3, and 0.1 mM phenylmethanesulfonylfluoride supplemented with Complete™ protease inhibitor cocktail (Roche Diagnostics) and phosSTOP™ phosphatase inhibitor (Roche Diagnostics). An aliquot of the homogenate was frozen at −20°C and kept subsequent analysis, while the rest of the sample was spun at 13,000 × g for 15 min at 4°C. The resulting pellet (P2-crude membrane fraction) was resuspended in Triton-KCl buffer (1% Triton™ X-100 and 150 mM KCl). After 15 min incubation on ice, the solution was centrifuged at 100,000 × g for 1 h at 4°C. The pellet (triton-insoluble post-synaptic fraction) was resuspended in 20 mM HEPES buffer supplemented with Complete™ protease inhibitor cocktail tablets and stored at −80°C.



2.3.3. Ex vivo spine morphology

For ex vivo confocal imaging of the dendritic spines of striatal spiny projection neurons (SPNs), brain slices were labeled with DiI dye (Invitrogen), a fluorescent lipophilic carbocyanine dye that labels spine structures and fine dendritic arborization (Kim et al., 2007). The DiI labeling procedure was performed as previously described (Stanic et al., 2015). Briefly, after mouse cardiac perfusion with 1.5% paraformaldehyde (PFA) in 0.1 M phosphate buffer, DiI solid crystals were applied with a thin needle onto the region of interest on both sides of 3-mm brain slices comprising the striatum. The DiI dye was allowed to diffuse for 16 h in the dark at RT in 0.1 M phosphate buffer; slices were subsequently post-fixed with 4% PFA in 0.1 M phosphate buffer for 45 min at 4°C. Then, 100 μm striatal slices were obtained using a vibratome and mounted on Superfrost glass slides (Thermo Fisher) with Fluoroshield (Sigma) for confocal imaging. The Zeiss Confocal LSM900 system was used to acquire fluorescence images at 555 nm with a 63X objective and Z-stack of 0.45 μm. Analysis of spine morphology and density was performed using Fiji (ImageJ) software. Specifically, spine length and width were manually measured at selected regions of interest in basal dendrites, with a distance from the cell body of up to 300 μm. A total dendritic length of about 200–300 μm from an average of three basal dendrites was considered for each neuron. For each dendritic spine, the spine head and neck width and spine length were measured, and these values were used to classify dendritic spines into three categories (thin, stubby and mushroom) [see also (Harris et al., 1992; Gardoni et al., 2012)]. In particular, the length and the ratio between the width of head and the width of neck (Wh/Wn) were used as parameters for the classification as follows: protrusions having a length of more than 3 μm were considered as filopodia (and therefore excluded from the quantitative analysis), the others as spines; spines with a Wh/Wn ratio bigger than 1.7 were considered mushrooms; spines with a Wh/Wn ratio smaller than 1.7 were divided in stubby, if shorter than 1 μm, and thin if longer than 1 μm.




2.4. Primary hippocampal neuronal cultures

Primary hippocampal neuronal cultures were prepared from embryonic day 18–19 (E18-E19) Sprague–Dawley rat (Charles River, Milan, Italy). In details, the hippocampi were isolated from the embryos’ brains under a dissecting microscope. Under a sterile hood, the isolated hippocampi were then washed with ice cold HBSS medium (Hank’s balanced salt solution, Sigma) and then incubated at 37°C with HBSS supplemented with trypsin for 13 min to dissociate the tissue. Tissue dissociation was then blocked by washes with plating medium (DMEM) + glutamax (Invitrogen) with 10% Horse Serum (Euroclone) and 1% Pen/Strep (Invitrogen). Finally, neurons were plated on Poli-L-Lysine (Sigma)-coated culture supports/dishes in plating medium at a density of 20,000 and 37,500 cells/cm2 for imaging and biochemical analyses, respectively. 16 h after plating, the medium was replaced with Neurobasal medium with 2% B27 supplement (Gibco), 1% Glutamax (Invitrogen) and 1% Pen/Strep (Invitrogen).


2.4.1. sOligo treatment of primary hippocampal neurons

α-synuclein sOligo aliquots were thawed at RT and diluted in sterile PBS to a final concentration of 0.1 μg/μl. As previously reported (Wu et al., 2019), a single dose of sOligo was added at DIV9 (9 days in vitro) to the neuronal culture medium at a concentration of 2 μg/ml and was left for 7 days until DIV16. Control neurons were treated only with the vehicle solution (PBS).



2.4.2. In vitro spine morphology

In vitro spine morphology was performed as previously reported (Gardoni et al., 2012; Stanic et al., 2015; Dinamarca et al., 2016). Briefly, for in vitro morphological studies, neurons were transfected with an enhanced green fluorescent protein (EGFP) plasmid at DIV7 using the calcium-phosphate coprecipitation method. Hippocampal neurons were fixed at DIV16 for 15 min at RT in 4% PFA in PBS supplemented with 4% sucrose in PBS. Images were acquired using an inverted LSM900 confocal microscope (Zeiss) with a 63X objective (Supplementary Figure 1). Neurons were randomly acquired from different coverslips from three independent experiments and analyzed using Fiji (ImageJ) software. Specifically, spine length and width were manually measured at selected regions of interest in basal dendrites, with a distance from the cell body of up to 300 μm. A total dendritic length of about 200–300 μm from an average of three basal dendrites was considered for each neuron. For quantitative analysis, the same method described above in (Section “2.3.3. Ex vivo spine morphology”) was used.



2.4.3. Isolation of triton-insoluble post-synaptic fractions from primary hippocampal neurons

Primary hippocampal neurons were harvested at DIV16 by mechanical scraping in lysis buffer containing 0.32 M sucrose, 1 mM HEPES, 1 mM MgCl2, 1 mM NaHCO3, and 0.1 mM phenylmethanesulfonylfluoride supplemented with Complete™ Protease Inhibitor Cocktail Tablets (Roche Diagnostics) and phosSTOP™ Phosphatase Inhibitor (Roche Diagnostics). Cell lysates were then homogenized using a glass-glass potter in ice-cold lysis buffer, and an aliquot of the total homogenate was stored at −20°C. The sample was centrifuged at 13,000 × g for 15 min at 4°C, and the pellet (P2-crude membrane fraction) was resuspended in Triton-KCl buffer (0.5% Triton™ X-100 and 150 mM KCl). After 15-min incubation at 4°C, samples were spun at 100,000 × g for 1 h at 4°C. The pellet (TIF) was resuspended in 20 mM HEPES buffer supplemented with Complete™ protease inhibitor cocktail tablets and stored at −80°C.




2.5. SDS-PAGE and Western blotting

The Bradford assay was used to determine the protein content of the homogenate and TIF samples from striatal and primary hippocampal neurons. Samples were then denatured chemically with Laemmli buffer and thermally by heating at 98°C for 10 min. For Western blotting analysis, a total of 10–25 μg of protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 6–12% acrylamide/bisacrylamide gel and transferred to a nitrocellulose membrane (Biorad) by electroblotting. Membranes were blocked for 1 h at RT in blocking solution (I-block, TBS 1X, and 20% Tween-20) on a shaker and incubated with the specific primary antibody diluted in blocking solution overnight at 4°C. The next day, the membranes were washed three times in TBSt (TBS and 0.1% Tween20) and subsequently incubated with the corresponding horseradish peroxidase-conjugated secondary antibody diluted in blocking solution for 1 h at RT. After three washes with TBSt, the membranes were developed with electrochemiluminescence reagents (Biorad) and scanned with a Chemidoc (Biorad Universal Hood III) using Image Lab software (Biorad). Bands were quantified with computer-assisted imaging (Image Lab, Biorad). Protein levels were expressed as relative optical density measurements normalized to a housekeeping protein.



2.6. Antibodies

The primary antibodies used were: mouse anti-tubulin (1:30,000, #T9026, Sigma), rabbit anti-GAPDH (1:5,000, #sc-25778, Santa Cruz), rabbit anti-GluN2A (1:1,000, #M264, Sigma), rabbit anti-GluN2B (1:1,000, #718600, Invitrogen), mouse anti-GluN2D (1:1,000, #MAB5578, Millipore), rabbit anti-GluA1 (1:1,000, #13185, Cell Signaling), mouse anti-GluA2 (1:1,000, #75–002, Neuromab), mouse anti-GluA3 (1:1,000, #MAB5416, Millipore), polyclonal anti-Rph3A (1:2,000, Protein Tech, #11396-1-AP), mouse anti-PSD-95 (1:1,000, #K28/43, Neuromab), rabbit anti-tyrosine hydroxylase (1:10,000, #AB152, Millipore), rabbit anti-phospho-extracellular signal-regulated kinase (ERK) 44/42 (1:1,000, Cell Signaling, #9101), rabbit anti-ERK 44/42 (1:1,000, #9102, Cell Signaling), rabbit anti-phospho-cAMP responsive element binding protein (CREB) (1:1,000, #9198, Cell Signaling), and rabbit anti-CREB (1:1,000, #9197, Cell Signaling). The secondary horseradish peroxidase-linked antibodies used were goat anti-rabbit (1:10,000, #172-1019, Biorad) and goat anti-mouse (1:10,000, #172-1011, Biorad).



2.7. Statistical analyses

Image Lab software (Biorad) was used for the quantification of Western blot experiments. Protein levels are reported as relative optical density normalized on tubulin/GAPDH as housekeeping proteins. Images acquired through confocal microscopy were analyzed using Fiji (ImageJ) software.

Statistical analyses were performed using GraphPad Prism 8 software, and data are presented as mean ± standard error of the mean (SEM). The figure legends include the tests used to evaluate the statistical data significance. Specifically, the following tests were used, as appropriate: two-tailed unpaired Student’s t-test, Mann–Whitney test, one-way ANOVA, and Kruskal–Wallis test. The numbers of neurons and mice used in each experiment are described in the figure legends.




3. Results


3.1. Post-synaptic molecular alterations of the cortico-striatal synapse induced by in vivo striatal injection of sOligo

α-synuclein oligomers were prepared using a validated protocol with some modifications [see section “2. Materials and methods”; (Polinski et al., 2018; Durante et al., 2019)]. The presence and the morphology of sOligo was assessed by TEM prior to their experimental use (Supplementary Figure 2). To characterize the impact of sOligo species at the cortico-striatal synapse, we injected sOligo into the dorsolateral striatum of 2-month-old mice (Figure 1). Control mice were injected with PBS, the vehicle of αSyn oligomerization. Taking into account previous studies addressing the detrimental effects of αSyn aggregates on glutamatergic synapses (Tozzi et al., 2021; Ferrari et al., 2022), molecular analyses were conducted at 42 and 84 days post-injection (dpi). We first investigated the molecular composition of the striatal glutamatergic post-synaptic compartment in terms of ionotropic glutamatergic receptor (iGluR) levels. To this aim, TIFs enriched in PSD proteins were extracted from mouse striata and iGluR expression was assessed by Western blotting. At 42 dpi, post-synaptic levels of AMPAR subunits GluA1, GluA2, and GluA3 and NMDAR subunits GluN2A, GluN2B, and GluN2D were unchanged in sOligo mice compared with the controls (Figure 2A). Interestingly, these findings indicate a lack of toxicity of sOligo on post-synaptic iGluRs at 42 dpi, mirroring what previously reported following in vivo PFF-seeding (Ferrari et al., 2022). Considering the fundamental role of scaffolding proteins in regulating post-synaptic retention of iGluRs, we subsequently measured the post-synaptic levels of the most abundant PSD-associated protein, PSD-95, and the NMDAR-scaffolding partner, Rph3A, which were recently demonstrated to contribute to early synaptic dysfunction in experimental models of synucleinopathies induced by αSyn-PFF (Stanic et al., 2015; Ferrari et al., 2022). However, no alterations were observed for either scaffolding element at this time point (Figure 2A).
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FIGURE 1
Schematic representation of the experimental procedures.
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FIGURE 2
Molecular effects induced by in vivo striatal injection of αSyn soluble oligomers in mice at the corticostriatal synapse. (A) Post-synaptic levels of AMPAR (GluA1, GluA2, and GluA3) and NMDAR (GluN2A, GluN2B, and GluN2D) subunits and scaffolding proteins (Rph3A and PSD95) were evaluated by Western blot in striatal TIF of sOligo- and PBS-injected mice 42 dpi. Protein levels normalized on tubulin were reported as OD% of PBS-mice. n = 5–7 mice. Post-synaptic levels of (B) AMPAR (GluA1, GluA2, and GluA3) subunits, (C) NMDAR (GluN2A, GluN2B, and GluN2D) subunits and (E) scaffolding proteins (Rph3A and PSD95) were evaluated by Western blot in striatal TIF of sOligo- and PBS-injected mice 84 dpi. Protein levels normalized on tubulin were reported as OD% of PBS-mice. n = 5–7 mice. (D) Expression of the dopaminergic marker Tyrosine hydroxylase was evaluated by Western blot in striatal homogenates of sOligo- and PBS-injected mice 84 dpi. Protein levels normalized on GAPDH were reported as OD% of PBS-mice. n = 7 mice. (F) Representative confocal images and quantification of spine morphology analyses (spine density, spine length and spine width) of SPNs of sOligo- and PBS-injected mice 84 dpi. Scale bar: 3 μm. n = 19–22 neurons from 3 mice. Data are represented as mean ± SEM. *P < 0.05 (Student’s t-test; data with non-normal distribution were tested with Mann–Whitney test).


In contrast to the observations at 42 dpi, sOligo-injected mice exhibited a decrease in both AMPAR and NMDAR synaptic levels at 84 dpi (Figures 2B, C). In particular, we observed a significant decrease in the AMPAR-GluA1 subunit accompanied by a trend in decrease of the GluA2 and GluA3 subunits compared with PBS mice (Figure 2B). In addition, as shown in Figure 2C, levels of the NMDAR subunits GluN2A and GluN2D were significantly decreased upon oligomeric αSyn seeding. Again, these alterations in iGluR expression at 84 dpi mirrored findings in the PFF-mouse model (Ferrari et al., 2022), suggesting generalized toxicity of diverse αSyn species toward glutamatergic transmission that anticipates neurodegeneration. However, sOligo inoculation did not affect the integrity of dopaminergic striatal afferents, as shown by unaltered striatal tyrosine hydroxylase expression in sOligo-treated mice compared with controls (Figure 2D). Moreover, post-synaptic expression of Rph3A showed a trend in decrease in sOligo-mice compared with controls, while no significant change in the level of PSD-95 was detected (Figure 2E). Finally, no modifications of AMPAR and NMDAR subunits were observed in striatal homogenates at dpi 84 thus suggesting an impairment of their synaptic localization in absence of alterations of their total protein levels (Supplementary Figure 3).

We next investigated whether the molecular impairments of iGluRs were reflected in alterations of dendritic spine morphology of SPNs, the most abundant neuronal type of the striatum (Graveland and Difiglia, 1985). At 84 dpi, sOligo-mice displayed no variation in dendritic spine density compared to PBS mice, as reported by ex vivo morphological analyses (Figure 2F). SPNs of treated mice displayed normal spine length but a significant increase in spine width (Figure 2F), which could underlie compensatory mechanisms to the previously described modifications at the receptor level.

Considering the observed alteration of post-synaptic levels of iGluRs at 84 dpi, we evaluated possible modifications of downstream signaling pathways at this time point. Synaptic NMDAR activity promoted nuclear signaling to CREB, regulating gene expression of pro-survival factors and anti-apoptotic pathways together with the activity of the ERK (Hardingham and Bading, 2010). Therefore, the levels of phosphorylated ERK (p-ERK) and CREB (p-CREB) were assessed by Western blot analysis in the striatal homogenate. Interestingly, upon sOligo seeding, levels of p-ERK were significantly reduced compared with controls (Figure 3A). In contrast, no significant change in p-CREB level was detected at the same time point (Figure 3B). Finally, in accordance with the results about NMDAR and AMPAR synaptic localization (Figure 2A), no alterations of p-ERK levels were detected at dpi 42 (Supplementary Figure 4).
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FIGURE 3
Effects of in vivo striatal injection of αSyn soluble oligomers in mice on ERK and CREB signaling. (A) Levels of pERK were evaluated by Western blot in striatal homogenates of sOligo- and PBS-injected mice 84 dpi. pERK level was normalized on total ERK expression and reported as OD% of PBS-mice. n = 9–10 mice. (B) Levels of pCREB were evaluated by Western blot in striatal homogenates of sOligo- and PBS-injected mice 84 dpi. pCREB level was normalized on total CREB expression and reported as OD% of PBS-mice. n = 10–11 mice. Data are represented as mean ± SEM. *P < 0.05 (Student’s t-test; data with non-normal distribution were tested with Mann–Whitney test).


To summarize, at 84 dpi, in vivo sOligo seeding caused a reduction in the amount of iGluR complexes at the spines, primarily affecting the AMPAR GluA1 and the NMDAR GluN2A and GluN2D subunits, without altering the number of synaptic contacts. A decrease in p-ERK in these mice suggests that αSyn possibly affects downstream signaling pathways related to ERK activity. Moreover, the concomitant increase in dendritic spine width could represent an early compensatory mechanism to overcome the cortico-striatal signaling defects induced by sOligo.



3.2. Morphological and molecular effects induced by αSyn sOligo at the hippocampal synapse in vitro

Data collected using the in vivo sOligo-mouse model suggest that soluble αSyn species affect striatal post-synaptic molecular architecture and signaling. To further evaluate possible widespread sOligo toxicity toward glutamatergic neurotransmission, we aimed to evaluate the effect of sOligo on the hippocampal excitatory synapse. To this end, we used primary hippocampal neuronal cultures, a highly validated model for the assessment of synaptic structure and function (Dailey and Smith, 1996; Wu et al., 2019). Hippocampal cultures have been widely exploited to study the modulation of neuronal and synaptic homeostasis following acute and chronic αSyn exposure (Chen et al., 2015; Ferreira et al., 2017; Wu et al., 2019; Shrivastava et al., 2020). In addition, in line with previous findings, we recently demonstrated that 7-day exposure to αSyn-PFFs (2 μg/ml) induced diminished post-synaptic expression of GluN2A-containing NMDARs, leading to early spine loss (Ferrari et al., 2022). Therefore, taking the in vitro PFF-neuronal model as a reference, hippocampal primary neurons were treated at DIV9 by administration of the αSyn sOligo preparation (2 μg/ml) in the culture medium. Control neurons were treated with the vehicle of αSyn solution (PBS). We first evaluated the composition of the glutamatergic post-synaptic compartment of treated hippocampal neurons at DIV16. As shown in Figure 4A, 7-day administration of sOligo did not significantly alter post-synaptic levels of the AMPAR GluA1, GluA2, and GluA3 subunits and the NMDAR GluN2A and GluN2B subunits, which are the most abundant iGluR subunits in the hippocampus. In line with these data, no alterations in the levels of scaffolding proteins Rph3A and PSD-95 were found in sOligo-treated neurons compared with controls (Figure 4B). To assess the possible morphological effects of sOligo at dendritic spines at the same time point, hippocampal neurons were transfected with enhanced green fluorescent protein at DIV7 and subsequently treated with sOligo preparation or PBS at DIV9. In vitro spine morphology analysis indicated no significant alterations in spine density at DIV16 upon sOligo exposure compared with PBS administration (Figure 4C). Moreover, sOligo-treated neurons displayed normal spine length and width when compared to controls (Figure 4C), suggesting a lack of early synaptic toxicity of soluble species in this experimental setting. These findings indicate that, at the time point and dose evaluated, soluble αSyn species are incapable of triggering post-synaptic molecular or morphological alterations at hippocampal excitatory synapses, which contrasts what was recently reported in the αSyn-PFF in vitro model (Wu et al., 2019; Ferrari et al., 2022).
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FIGURE 4
Molecular effects induced by αsyn sOligo at the hippocampal synapse in vitro. Primary cultures of rat hippocampal neurons were treated at DIV9 with either 2 μg/μl sOligo or PBS and analyses were performed at DIV16. Post-synaptic levels of (A) AMPAR (GluA1, GluA2, and GluA3) and NMDAR (GluN2A and GluN2B) subunits and (B) the scaffolding protein Rph3A and PSD-95 were evaluated by Western blot in TIF from sOligo- or PBS-neurons. Protein levels normalized on tubulin were reported as OD% of PBS-neurons. n = 6 independent cultures. (C) Representative confocal images and quantification of spine morphology analyses (spine density, spine length and spine width) of sOligo- and PBS-neurons at DIV16. Scale bar: 3 μm. n = 23–24 neurons from 3 independent cultures. (D) Levels of pERK were evaluated by Western blot in homogenates of sOligo- and PBS-neurons at DIV16. pERK level was normalized on total ERK expression and reported as OD% of PBS-neurons. n = 12–13 independent cultures. (E) Levels of pCREB were evaluated by Western blot in homogenates of sOligo- and PBS-neurons at DIV16. pCREB level was normalized on total CREB expression and reported as OD% of PBS-neurons. n = 14 independent cultures. Data are represented as mean ± SEM. *P < 0.05 (Student’s t-test; data with non-normal distribution were tested with Mann–Whitney test).


Because we detected the impact of sOligo on striatal ERK signaling in vivo (Figure 3A), we also evaluated p-ERK and p-CREB protein levels in the hippocampal neuronal homogenate by Western blot analysis. In agreement with the in vivo data, in vitro sOligo administration to neurons induced a decrease in p-ERK at DIV16 (Figure 4D). In contrast, p-CREB levels were not significantly affected by αSyn treatment (Figure 4E).




4. Discussion

Few studies are currently available regarding the detrimental effect of αSyn sOligo on post-synaptic glutamate receptors (Hüls et al., 2011; Diogenes et al., 2012; Ferreira et al., 2017; Yu et al., 2019). These reports are mainly focused on the in vitro effect of sOligo on rat (Diogenes et al., 2012; Ferreira et al., 2017) or mice (Hüls et al., 2011; Chen et al., 2015) hippocampal synapses and demonstrate that sOligo can alter excitatory synaptic plasticity acting on AMPARs or NMDAR function at glutamatergic synapses. More recently, small αSyn aggregates were reported to reduce the post-synaptic NMDAR-mediated current and impair long-term cortico-striatal potentiation of SPNs (Durante et al., 2019). In the present work, we aimed to elucidate the impact of these species on the molecular and structural organization of dendritic spines both in vivo at the cortico-striatal synapse and in vitro at the hippocampal synapse. Specifically, pre-fibrillar aggregates (sOligo) were injected into the dorsolateral striata of mice and administered to primary hippocampal neurons.

Here we show that sOligo-injected mice exhibited significant impairments in the molecular composition of the striatal synapse at 84 dpi. In agreement with previous studies (Durante et al., 2019), we observed that αSyn sOligo impacted the striatal post-synaptic availability of GluN2A-containing NMDARs, which are known to be enriched at striatal SPN synapses. However, the significant decrease in the levels of the GluN2D subunit, known to be selectively expressed at cholinergic interneurons (Bloomfield et al., 2007; Mellone et al., 2019), highlighted an overall impairment of NMDARs that was not restricted to striatal SPNs. The toxicity of αSyn toward GluN2D-containing NMDARs was previously suggested in the adeno-associated virus-based αSyn overexpression model and was recently confirmed in mice injected with αSyn-PFF (Tozzi et al., 2016; Ferrari et al., 2022).

In addition to defects in the composition of NMDARs, sOligo mice exhibited significantly decreased expression of the GluA1 subunit of AMPARs. Impaired AMPARs signaling due to decreased synaptic GluA1 localization induced by αSyn mutants has previously been described in vivo (Teravskis et al., 2018). Notably, the in vivo impairment of the post-synaptic AMPAR and NMDAR levels resembled the alterations caused by striatal injection of αSyn-PFF (Ferrari et al., 2022). In addition, the lack of a post-synaptic effect in both sOligo and PFF mice at dpi 42 suggests that the two diverse aggregated species share a similar timing of toxicity in vivo (Luk et al., 2012; Ferrari et al., 2022). However, while PFF mice exhibited a concurrent significant loss of dendritic spines at striatal SPNs at dpi 84 (Ferrari et al., 2022), sOligo inoculation did not lead to synapse loss, and dendritic spines showed only a significantly increased spine head width (Ferrari et al., 2022), possibly underlying a compensatory strategy to overcome early receptor defects. Overall, the data collected on the two αSyn animal models indicate the possible differential toxicity of sOligo and PFF, namely, more severe synaptic dysfunction leading to spine loss induced by PFF at the same time point. This phenomenon could be ascribed to a greater capability of PFFs for transmitting pathology, possibly due to their release of smaller degradation products, such as oligomers. Interestingly, a similar effect was reported comparing the in vivo impact of β-sheet oligomers and short fibrils on the dopaminergic system. The authors observed more robust neurotoxicity and a more severe disease phenotype induced by fibrillar fragments than oligomers, supporting the greater efficiency of fibrils in spreading the pathology (Froula et al., 2019).

A large number of possible molecular mechanisms could be involved in the sOligo-mediated effect we observed on synaptic AMPA and NMDA receptors. Several studies identified αSyn docking sites at the excitatory synapses (Shrivastava et al., 2015; Ferreira et al., 2017; Matiiv et al., 2022) and described putative mechanisms mediating αSyn internalization into neurons (Shrivastava et al., 2015; Ihse et al., 2017; Delenclos et al., 2019). Interestingly, other reports put forward the hypothesis of a specific activity of αSyn in promoting NMDAR internalization through different type of molecular events (Cheng et al., 2011; Chen et al., 2015; Navarria et al., 2015; Yang et al., 2020). In this regard, our group very recently showed that αSyn can directly interact with the NMDAR scaffolding protein Rph3A leading to a reduced membrane retention of GluN2A-containing NMDARs (Ferrari et al., 2022). In line with all these previous observations, here we show that in vivo intra-striatal injection of sOligo reduces at dpi 84 both AMPAR and NMDAR subunits at post-synaptic sites. Interestingly, we did not observe alterations of receptors’ localization at synapses in primary hippocampal neurons treated with sOligo, thus putting forward the hypothesis of a different sensitivity of specific neuronal populations to αSyn.

Phosphorylation and activity of the mitogen-activated protein kinase ERK and the transcription factor CREB play a fundamental role in coupling synaptic NMDAR and AMPAR function to transcriptional changes underlying many neuroplasticity and pro-survival mechanisms (Wang et al., 2007). Aberrant activation of the ERK pathway was detected in late stages of Parkinson’s disease and was correlated with the onset of dyskinesia (Santini et al., 2012). We found decreased levels of p-ERK in mice injected with sOligo at 84 dpi, indicating synaptic signaling defects compatible with decreased post-synaptic expression of NMDAR and AMPAR subunits. Interestingly, 7-day treatment of primary hippocampal neurons with sOligo induced a similar decreased phosphorylation of ERK in the absence of significant alterations in spine density and synaptic localization of NMDAR and AMPAR subunits. Of note, the loss of dendritic spines in cerebrocortical slices was observed upon application of a significantly higher αSyn sOligo concentration responsible for extra-synaptic NMDAR activation (Trudler et al., 2021). Interestingly, we recently demonstrated that 7-day exposure to αSyn-PFFs triggered spine loss coupled with decreased synaptic availability of GluN2A-containing NMDARs (Ferrari et al., 2022). Overall, these data further support different and milder toxicity mechanisms induced by sOligo compared with αSyn-PFF both in vitro and in vivo.

In conclusion, our data indicate that sOligo are involved in pathogenic molecular changes at the excitatory glutamatergic synapse, confirming the detrimental effect of these αSyn species in an in vivo synucleinopathy model. Moreover, sOligo affects the ERK signaling pathway similarly in hippocampal and striatal neurons, possibly representing an early mechanism that anticipates synaptic loss.
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Specific and effective treatments for autism spectrum disorder (ASD) are lacking due to a poor understanding of disease mechanisms. Here we test the idea that similarities between diverse ASD mouse models are caused by deficits in common molecular pathways at neuronal synapses. To do this, we leverage the availability of multiple genetic models of ASD that exhibit shared synaptic and behavioral deficits and use quantitative mass spectrometry with isobaric tandem mass tagging (TMT) to compare their hippocampal synaptic proteomes. Comparative analyses of mouse models for Fragile X syndrome (Fmr1 knockout), cortical dysplasia focal epilepsy syndrome (Cntnap2 knockout), PTEN hamartoma tumor syndrome (Pten haploinsufficiency), ANKS1B syndrome (Anks1b haploinsufficiency), and idiopathic autism (BTBR+) revealed several common altered cellular and molecular pathways at the synapse, including changes in oxidative phosphorylation, and Rho family small GTPase signaling. Functional validation of one of these aberrant pathways, Rac1 signaling, confirms that the ANKS1B model displays altered Rac1 activity counter to that observed in other models, as predicted by the bioinformatic analyses. Overall similarity analyses reveal clusters of synaptic profiles, which may form the basis for molecular subtypes that explain genetic heterogeneity in ASD despite a common clinical diagnosis. Our results suggest that ASD-linked susceptibility genes ultimately converge on common signaling pathways regulating synaptic function and propose that these points of convergence are key to understanding the pathogenesis of this disorder.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social-communication deficits and restrictive and repetitive behaviors. Although the specific cause of ASD is unknown, autism is highly heritable, with a monozygotic twin concordance rate of 40–80% (Gaugler et al., 2014). The genetic architecture of ASD is extraordinarily complex, with common inherited variants and rare de novo mutations working together to confer genetic risk (Weiner et al., 2017). This polygenic etiology presents challenges for elucidating the molecular pathogenesis of autism. However, ASD-related syndromes with defined genetic causes for autistic phenotypes present the best opportunities for elucidating the underlying mechanisms of ASD and identifying possible therapeutic targets (Sztainberg and Zoghbi, 2016). These monogenic syndromes, including Fragile X syndrome (FMR1), Rett syndrome (MECP2), PTEN hamartoma tumor syndrome (PTEN), tuberous sclerosis complex (TSC1/TSC2), Phelan McDermid syndrome (SHANK3), and cortical dysplasia focal epilepsy syndrome (CNTNAP2), play a key role in furthering our understanding of ASD.

Animal models of these syndromes have proven essential for studying the underlying neuropathology of ASD, especially changes in the complex processes of mammalian brain development and function. Studies in rodents have shown that ASD risk genes converge on transcriptional regulation, protein homeostasis, and synaptic structure and function (De Rubeis et al., 2014; Pinto et al., 2014; Ruzzo et al., 2019). Accordingly, mice demonstrating the loss of Fmr1, Mecp2, Pten, Tsc1/Tsc2, Shank genes, or the Nrxn and Nlgn families all demonstrate changes in synaptic excitability or plasticity, and most also show altered dendritic growth or spine dynamics (Hulbert and Jiang, 2016; Parikshak et al., 2016; Varghese et al., 2017; Verma et al., 2019). Non-syndromic ASD models, such as those induced by valproic acid or maternal immune activation, also reveal structural and functional synaptic deficits, showing that environmental factors can lead to similar synaptic phenotypes (Sui and Chen, 2012; Martin and Manzoni, 2014; Cellot et al., 2016; Patrich et al., 2016; Li et al., 2018; Wang et al., 2018; Andoh et al., 2019).

We recently characterized ANKS1B haploinsufficiency, a new genetic syndrome presenting with autism and other neurodevelopmental disorders that is caused by a monogenic deletion in the ANKS1B gene (Carbonell et al., 2019). This gene, which encodes for the protein AIDA-1, was previously identified in ASD risk gene networks (Li et al., 2014). To facilitate our work, we developed a mouse model for ANKS1B haploinsufficiency and found that it recapitulates behavioral correlates of the syndrome (Carbonell et al., 2019). Altogether, we found that AIDA-1 regulates activity-induced protein synthesis (Jordan et al., 2007), hippocampal synaptic plasticity (Tindi et al., 2015), and NMDA receptor subunit composition (Tindi et al., 2015; Carbonell et al., 2019). AIDA-1 is a core protein of the postsynaptic density and interacts with PSD95 in a complex that contains other factors associated with neurodevelopmental disorders, including Grin2b, Syngap1, and Nlgn (Kaizuka and Takumi, 2018; Carbonell et al., 2019). Our research provides an additional example corroborating the idea that molecular mechanisms regulating synaptic function underlie ASD pathobiology (Zoghbi and Bear, 2012; Bourgeron, 2015).

Despite the heterogeneous genetic architecture of autism and a complex etiology with contributions from environmental factors, ASD is diagnosed by distinct clinical criteria. Therefore, convergent cellular processes at the circuit, synaptic, or molecular level could underlie these shared behavioral phenotypes (Sestan and State, 2018). In seeking convergent mechanisms among syndromic and non-syndromic forms of autism, comparative studies often narrowly focus on selected behaviors, specific synaptic phenomenology, or shared responses to preclinical pharmacological interventions (Barnes et al., 2015; Heise et al., 2018; Schoen et al., 2019). While broader comparisons have been made using transcriptomic analyses (Forés-Martos et al., 2019; Quesnel-Vallières et al., 2019; Hernandez et al., 2020), these changes may not reflect mechanisms of disease due to multiple downstream levels of regulation such as protein translation, degradation, and transport (Vogel and Marcotte, 2012). Indeed, widespread discrepancies between transcript and protein abundance are well-known (Wang et al., 2017; Hoogendijk et al., 2019) but typically ignored when drawing conclusions from discovery-based transcriptomic screens. Proteomic approaches can therefore yield dramatically different results from transcriptomic profiles, as shown in a mouse model of Rett syndrome (Pacheco et al., 2017), and are particularly favored for ASD-linked genes that regulate protein translation (Fmr1, Tsc1/Tsc2, Pten) or degradation (Ube3a; Louros and Osterweil, 2016). ASD models in which synaptic scaffolding and membrane localization are altered can also be investigated at the proteomic level, especially when the synaptic compartments and complexes are isolated by fractionation or immunoprecipitation (Lee et al., 2017; Reim et al., 2017; Brown et al., 2018; Murtaza et al., 2020). Indeed, analysis of postmortem brain tissue from ASD patients showed that some transcriptomic changes were not observed while changes in synaptic proteins predicted by ASD risk genes and animal models were confirmed (Abraham et al., 2019).

Here, we compare the postsynaptic proteomes of five mouse models for autism using a particularly rigorous quantitative proteomic method employing isobaric tags. The models selected display synaptic deficits and represent models of ASD-related syndromes Fragile X syndrome (Fmr1 -/Y), PTEN hamartoma tumor syndrome (Pten +/−), cortical dysplasia focal epilepsy syndrome (Cntnap2 −/−), ANKS1B syndrome (Anks1b +/−), and the BTBR+ inbred model of idiopathic autism. These models have demonstrated face validity for autism, displaying hallmark behavioral correlates of ASD including social interaction deficits and restrictive behaviors (Kazdoba et al., 2016; Zhou et al., 2016; Kabitzke et al., 2018; Carbonell et al., 2019). In each model, we find evidence for upstream regulators that alter synaptic composition with predicted functional effects consistent with clinical phenotypes in ASD and individual syndromes. Mouse models can be clustered according to similarities and differences in upstream regulators, functional effects, and canonical pathways predicted by changes in their synaptic proteomes. Notably, we identified groups of models with shared changes in the synaptic proteome, which may indicate the presence molecular subtypes of ASD. Among diverse and shared molecular deficits observed in all ASD models tested, deficits in oxidative phosphorylation, and RhoA family signaling were predicted by bioinformatic analyses, and functional assays for Rac1 activity corroborate model-specific bioinformatic predictions. An appreciation of convergent synaptic changes underlying ASD is critical for defining pathogenic mechanisms and prioritizing treatments that can have broad efficacy (Sestan and State, 2018). Our results identify specific druggable pathways that may lead to the design of effective therapeutic interventions for diverse forms of ASD.



Materials and methods


Animal models and fractionation

Fmr1 (stock #003025, MGI:1857169) and Cntnap2 knockout (stock #017482, MGI: 2677631) mouse models and the BTBR+ (stock #002282), B6129SF2/J (stock #101045), and C57BL/6J (stock #000664) mouse strains were purchased from the Jackson Laboratory. Mice with Pten haploinsufficiency (MGI:2151804) and wild-type mice on the C57BL/6J background were obtained from the Page lab at the Scripps Research Institute Florida. Heterozygotes from the Anks1b conditional knockout line (stock #035048, MGI:5779292; Tindi et al., 2015) and wild-type mice from the Nestin-cre transgenic line (stock #003771, MGI:2176173) were bred in house (Carbonell et al., 2019). Mice from this line expressing the Nestin-cre transgene were genotyped for the Anks1bwt allele (forward: 5′-CACCCACAGCTCCATAGACAG-3′, reverse: 5′-GCACCTATTCCCTTCACCCTG-3′) and Anks1bfl allele (forward: 5′-AGTTGCCAGCCATCTGTTGT-3′, reverse: 5′-GGGTTCCGGATCAGCTTGAT-3′). Postsynaptic density (PSD) enriched fractions were isolated based on the method of Carlin et al. (1980) and Cohen et al. (1977) as we have done before (Jordan et al., 2004, 2007; Zhang et al., 2012; Tindi et al., 2015). Briefly, mice were euthanized in compliance with the Institutional Animal Care and Use Committee of the Albert Einstein College of medicine and both hippocampi were rapidly removed, placed in ice-cold solution A (0.32 M sucrose, 10 mM HEPES pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, protease and phosphatase inhibitors, and 0.1 mM PMSF), and Dounce homogenized. Samples were then centrifuged at 800g for 10 min to remove nuclei and other cellular debris, and the supernatant containing light membrane fractions was subjected to a second centrifugation at 30,000g for 25 min. The pellet was then resuspended in solution B (0.32 M sucrose, 10 mM HEPES pH 7.4) and layered on top of a 0.85, 1, and 1.2 M sucrose step gradient and centrifuged at 82,500g for 2 h. The synaptosomal fraction was collected at the 1–1.2 M sucrose interface and lysed using an equal volume of 1% Triton X-100 (in 0.32 M sucrose, 12 mM Tris pH 8.1) at 4°C for 15 min. Lysed synaptosomes were then centrifuged at 120,000g for 25 min to collect the PSD-enriched fraction.



Antibodies

SDS-PAGE and Western blot were performed under standard conditions using the LI-COR fluorescence-based system with the following antibodies: rabbit anti-Rac1 1:1,000 (Proteintech #24702-1-AP), rabbit anti-RhoA 1:1,000 (ABclonal), rabbit anti-Cdc42 (ABclonal), mouse anti-PSD95 1:1,000 (NeuroMab), and rat anti-tubulin 1:1,000 (Cell Signaling Tech). Statistical analysis for Western blot was performed in JMP 16 (SAS).



Tandem mass tag labeling of peptides and determination of labeling efficiency

PSD-enriched samples isolated from each mouse model were electrophoresed briefly (dye front about 5 mm beyond the gel well) using a 4–12% SDS-PAGE gel to remove SDS and other mass spectrometry (MS)-incompatible chemicals. Proteins were visualized by staining overnight with GelCode® Coomassie blue reagent (Pierce). A gel fragment containing all stacked protein bands was excised, reduced with DTT, alkylated with iodoacetamide, and digested using 5 ng/μL mass spectrometry-grade trypsin (Trypsin Gold, Promega). The resulting peptides were desalted using a Stage Tip manually packed with Empora C18 High Performance Extraction Disks (3 M) (Rappsilber et al., 2007) and eluted peptide solutions were dried under vacuum. Peptides were then resuspended in 18 μL acetonitrile (ACN), 57 μL of 0.2 M HEPES pH 8.5 was added to each sample and were reacted with unique isobaric labels within a 10-plex tandem mass tag set (TMT10-plex; Thompson et al., 2003). TMT10-plex amine reactive reagents (Thermo Fisher, 5 mg per vial) were re-suspended in 1024 μL anhydrous acetonitrile and 25 μL of reagent was added to each sample (TMT label: peptide [w/w] = 12:1). The mixture was incubated at RT for 1 h, quenched by the addition of 10 μL 5% hydroxylamine for 15 min, and acidified by the addition of 10 μL 10% formic acid. To calculate labeling efficiency, a 5-μL aliquot from each reaction was desalted on a StageTip, analyzed by LC–MS/MS with a Q-Exactive Orbitrap HF (high field), and the resulting spectra searched with MaxQuant using its corresponding TMT label as variable modifications on the N-terminus and lysine residues. Labeling efficiency was 95% or greater for all samples labeled (Supplementary Figure 5). To ensure that equal amounts of labeled peptides from each channel were mixed together, a two-step mixing strategy was employed: in the first step, an identical ~1 μL volume of peptides from each channel was mixed and analyzed, and the value of the median ratio (median of the ratios of all peptide intensities of one channel over their corresponding peptide average intensities of all channels) for each channel was determined as the correction factor. In the second step, the rest of the peptides were mixed by adjusting their volume using the correction factors. In this way, median ratios ranging from 0.97 to 1.02 were achieved as previously reported (Erdjument-Bromage et al., 2018). The final mixture of reaction products from 10 TMT channels were desalted on a Sep-Pak tC18 1 mL Vac Cartridge (Waters, #WAT03820). Eluted peptides were dried by vacuum centrifugation and stored at −20°C.



Hydrophilic interaction liquid chromatography fractionation of peptides

The TMT-labeled peptides from the PSD samples were then fractionated by offline HILIC to increase depth of coverage of synaptic proteins and to decrease ratio compression resulting from co-fragmenting peptides (Huang et al., 2017). To do this, the final TMT mixture was dissolved in 90% acetonitrile with 0.1% TFA and peptide separation was carried out on an Agilent pump equipped with a TSK gel amide-80 column (4.6 mm ID, 25 cm long) from TOSOH Bioscience, LLC, PA, United States. A gradient of 90% acetonitrile with 0.1% TFA was introduced over 65 min, and a fraction was collected every 2 min. Concatenated pools of peptides (10 pools) were finally created by pooling non-adjacent peptide fractions; about 10% of each pool was used for LC–MS/MS analysis.



Liquid chromatography–tandem mass spectrometry

Online chromatography was performed with a Thermo Easy nLC 1000 ultrahigh-pressure UPLC system (Thermo Fisher) coupled online to a Q-Exactive HF with a NanoFlex source (Thermo Fisher). Analytical columns (~23 cm long and 75 μm inner diameter) were packed in-house with ReproSil-Pur C18 AQ 3 μm reversed-phase resin (Dr. Maisch GmbH, Ammerbuch-Entringen). The analytical column was placed in a column heater (Sonation GmbH, Biberach) regulated to a temperature of 45°C. The TMT peptide mixture was loaded onto the analytical column with buffer A (0.1% formic acid) at a maximum backpressure of 300 bar. Peptides were eluted with a 2-step gradient of 3–40% buffer B (100% ACN and 0.1% formic acid) in 180 min and 40–90% B in 20 min, at a flow rate of 250 nL/min over 200 min using a 1D online LC–MS2 data-dependent analysis (DDA) method as follows: MS data were acquired using a data-dependent top-10 method, dynamically choosing the most abundant not-yet-sequenced precursor ions from the survey scans (300–1,750 Th). Peptide fragmentation was performed via higher energy collisional dissociation with a target value of 1 × 105 ions determined with predictive automatic gain control. Isolation of precursors was performed with a window of 1 Th. Survey scans were acquired at a resolution of 120,000 at m/z 200. Resolution for HCD spectra was set to 60,000 at m/z 200 with a maximum ion injection time of 128 ms. The normalized collision energy was 35. The underfill ratio specifying the minimum percentage of the target ion value likely to be reached at the maximum fill time was defined as 0.1%. Precursor ions with single, unassigned, or seven and higher charge states were excluded from fragmentation selection. Dynamic exclusion time was set at 30 s. Each of the TMT 10-plex samples was analyzed in triplicate.

All data were analyzed with the MaxQuant proteomics data analysis workflow (version 1.5.5.7) with the Andromeda search engine (Cox et al., 2011; Tyanova et al., 2016). The type of the group specific analysis was set to Reporter ion MS2 with 10plex TMT as isobaric labels for Q Exactive HF MS2 data. Reporter ion mass tolerance was set to 0.01 Da, with activated Precursor Intensity Fraction (PIF) value set at 0.75. False discovery rate (the rate at which identified positives are null) was set to 1% for protein, peptide spectrum match, and site decoy fraction levels. Peptides were required to have a minimum length of eight amino acids and a maximum mass of 4,600 Da. MaxQuant was used to score fragmentation scans for identification based on a search with an allowed mass deviation of the precursor ion of up to 4.5 ppm after time-dependent mass calibration. The allowed fragment mass deviation was 20 ppm. MS2 spectra were used by Andromeda within MaxQuant to search the UniProt mouse database (01092015, 16,699 entries) combined with 262 common contaminants. Enzyme specificity was set as C-terminal to arginine and lysine, and a maximum of two missed cleavages were allowed. Carbamidomethylation of cysteine was set as a fixed modification and N-terminal protein acetylation, deamidated (N, Q), and oxidation (M) as variable modifications. The reporter ion intensities were defined as intensities multiplied by injection time (to obtain the total signal) for each isobaric labeling channel summed over all MS/MS spectra matching to the protein group as previously validated (Tyanova et al., 2016). Following MaxQuant analysis, the protein and peptide.txt files were imported into Perseus (version 1.5.6.0) software which was used for statistical analysis of all the proteins identified.



Experimental samples and bioinformatic analyses

ASD models (Fmr1, Pten, Cntnap2, Anks1b, BTBR+) and appropriate controls (C57BL/6J, B6129SF2/J X Nestin-cre C57BL/6J) for each model were analyzed in biological triplicates, representing 24 independent samples. Each biological replicate was comprised enriched hippocampal PSD fractions pooled from 2 male mice of each genotype at 6–10 weeks of age (N = 3 biological replicates using a total of 6 mice for each genotype). As we could only label 10 samples at a time using the 10-plex TMT isobaric tags, the samples (Fmr1, Pten, Cntnap2, Anks1b, BTBR+ models, C57BL/6J controls, and Nestin-cre C57BL/6J controls; in triplicate) were analyzed in three independent LC–MS/MS runs, with each run containing the animal model and corresponding control.

Following the identification of proteins and TMT-dependent quantitation of their abundance in each sample, the fold-change was calculated by dividing the relative abundance of a protein in the ASD sample by its abundance in the appropriate control sample. Fold-changes were calculated only between samples within each independent MS analyses. For the Fmr1, Pten, Cntnap2, and BTBR+ models, we used the average of 2 samples of C57BL/6J mice as the control values. For the Anks1b Het mice on the Nestin-cre C57BL/6J background, we used wild-type littermates on the Nestin-cre C57BL/6J background as the control value. The fold-changes were plotted, and values were normalized to a value of 1. To increase the rigor of subsequent analyses, we filtered the protein sets in each experiment for proteins identified and quantified by at least 3 unique peptides, and with a Q-value of 0, representing the highest significance for intensity and score in MaxQuant. We used this list of protein as input in StringDB under the species Mus musculus for gene ontology (GO) enrichments analyses (Szklarczyk et al., 2015).

Functional annotation, activation prediction, and regulatory network construction were performed for each mouse model using Ingenuity Pathway Analysis (IPA, QIAGEN Bioinformatics, Fall Release 2022). Fold-change values for each protein in the PSD proteome were used as input for a Core Analysis in IPA using the following default settings: Expression Analysis; General Settings = Ingenuity Knowledge Base (Genes Only), Direct Relationships; Networks = Interaction networks, include endogenous chemicals; Node Types = All; Data Sources = All; Confidence = Experimentally Observed; Species = All; Tissues & Cell Lines = All; Mutations = All. To score similarity between models overall and in each domain (Upstream Regulators, Downstream Effects, and Canonical Pathways), Analysis Match was used. In Analysis Match, activity signatures for each Core Analysis are generated by taking the top 50 (Upstream Regulators and Downstream Effects) or 10 (Canonical Pathways) entities that are activated (z-score > 2) and inhibited (z-score < −2) in each domain. Similarity z-scores between Core Analyses are defined using the following formula, where N is the total number of overlapping entities in each analysis, N+ is the number of correct matches, and N− the number of incorrect matches:

[image: image]

The raw z-score is divided by a hypothetical perfect match (N+ = N <= 100, N− = 0) and multiplied by 100% to obtain a normalized z-score, where a score of 100 is a perfect match to itself. Raw and normalized z-scores are negative when N− > N+, yielding an opposite activation signature. To generate overall value of p scores, the −log10 of the p-values (maximum value of 50) were calculated for each domain and expressed as a percentage of the maximum possible −log10p (a perfect match to itself). To compare models, the Core Analysis of each model were used as input for a Comparison Analysis in IPA. Hierarchical analysis was used to cluster annotations in Upstream Analysis, Downstream Effects, and Canonical Pathways, and to cluster models for similarity relationships.



G-LISA

G-protein linked immunoassays (G-LISA) were used to quantify active Rac1 in hippocampal tissue lysates. Active Rac1 substrate (the G-protein binding domain of Pak1) fused to GST protein (GST-Pak1) was generated in bacteria and purified using glutathione beads. This substrate was added at a concentration of 1 μg to 50 mM Ammonium Carbonate and absorbed onto high-binding 96-well plates overnight to create binding surfaces for GTP-bound Rac1. Hippocampal tissues from the five different mouse models were prepared using the method described by the Cytoskeleton Inc. BK-128 Kit. (N = 6 each of BTBR+, Fmr1, and Cntnap2 mice, N = 5 Pten mice, N = 9 Anks1b mice, and N = 9 each of the two control Mice, C57BL/6J and B6129SF2/J X Nestin-cre C57BL/6J mice were used, all prepared from 6 to 10 weeks of age). Briefly, tissues were lysed for 1 min in the kit lysis buffer, and lysates were snap-frozen to preserve GTP-bound active Rac1. All steps were conducted on ice. Lysates were then incubated on the GST-Pak1 coated 96-wells for exactly 30 min on ice. Primary and secondary antibodies as well as HRP-substrate were provided by the BK-128 Kit, and active Rac1 was detected by standard ELISA using immunodetection at 490 OD and HRP-substrate colorimetric measurements.




Results


TMT-MS analyses of postsynaptic density fractions from mouse models of autism

To compare the synaptic proteomes from different ASD mouse models, we obtained Fmr1 knockout (Fmr1 KO; Consortium, T.D.-B.F.X, 1994), Pten haploinsufficiency (Pten Het) (Clipperton-Allen and Page, 2014; Clipperton-Allen and Page, 2015), Cntnap2 knockout (Cntnap2 KO; Peñagarikano et al., 2011), Anks1b haploinsufficiency (Anks1b Het; Carbonell et al., 2019), and the BTBR+ inbred mouse strains (McFarlane et al., 2008). All selected models display abnormal behaviors in domains relevant to ASD, including social approach and interaction, stereotyped movements, learning and memory, and sensorimotor function. These models have also been used to illustrate synaptic dysfunction, including altered synapse formation, excitatory/inhibitory balance, synaptic plasticity, and glutamatergic signaling (Hulbert and Jiang, 2016; Varghese et al., 2017; Bagni and Zukin, 2019; Carbonell et al., 2019). We analyzed changes in the synaptic proteomes of hippocampal postsynaptic density (PSD)-enriched fractions isolated from each of the five mouse models of ASD. PSD-enriched fractions were collected as we have done before (Jordan et al., 2004, 2007; Zhang et al., 2012; Tindi et al., 2015; see Methods) and modified to a single Triton X-100 extraction step (Tindi et al., 2015) as opposed to two. This allowed us to collect enough material from mouse hippocampi at the expense of purity. However, Western blots show that isolated fractions were highly enriched for the post synaptic marker PSD95 (Figure 1A). Moreover, the proteins identified in the three independent experiments (described below) show ~50–80% overlap with the Genes to Cognition database of PSD components (G2Cdb; Croning et al., 2009) and ~30–50% overlap with the Synaptic Gene Ontologies curated synaptic database (SynGO) (Koopmans et al., 2019; Supplementary Table 1). Proteins in each sample were then labeled with a unique isobaric tag within a 10-plex Tandem Mass Tag set (TMT). TMTs are reactive isobaric tags with unique permutations of 14C and 15N stable isotopes that imbue peptides with small differences in mass that can then be resolved by mass spectrometry (MS) (Figure 1B). This approach allows for up to 10 samples to be mixed and analyzed simultaneously by MS, which reduces variability, enables robust quantitation of identified proteins, and allows for rigorous quantitative and comparative analyses between samples. Overall, this method allowed us to overcome poor quantitation traditionally associated with MS-based proteomics. The proteins identified in each run, along with number of unique peptides, scores, and other MS-based information are listed in Supplementary Table 1. Using all genes as a search space, gene ontology (GO) analyses using STRING (Szklarczyk et al., 2019) revealed that isolated fractions are overwhelmingly enriched for synaptic terms (Figure 1C). GO analyses also revealed a similar distribution of Cellular Compartments and Reactome Pathways (Figure 1D) across each of the three independent MS experiments, and that each of the specific pathways was enriched to a similar extent. We used SynGO (Koopmans et al., 2019) to restrict the search space to brain-specific genes and found that Synapse, Process in the synapse, and Postsynapse were the most significant GO terms (Figure 1E). Hierarchical plots for GO terms show an overwhelming enrichment (high Q-scores) for synaptic processes for all three experiments (Figure 1F). Overall, these results show that all experimental samples were highly enriched in synaptic components and were similar to each other, which increases the strength of subsequent comparisons.
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FIGURE 1
 Methodology for isobaric-tag based quantitative comparison of synaptic fractions of ASD mouse models. (A) Synapse-enriched fractions from sample mouse models of autism spectrum disorder (ASD) demonstrate qualitative enrichment for the synaptic marker PSD95 by Western blot (4 μg each sample) compared to total brain fractions (T). (B) Isobaric labeling and comparative proteomics schematic showing the ASD mouse models used (De Rubeis et al., 2014; Gaugler et al., 2014; Sztainberg and Zoghbi, 2016; Weiner et al., 2017; Ruzzo et al., 2019) and appropriate control samples (Pinto et al., 2014; Hulbert and Jiang, 2016; Parikshak et al., 2016; Varghese et al., 2017; Verma et al., 2019) modified from the schematic from the Thermo Scientific Catalog for the TMT10plex™ Isobaric Kit. Samples were reacted with unique isobaric tags, whose identifier (e.g., 128 N) corresponds to the molecular weight (Daltons) and stable isotope amino acid (N or C) present in that tag. (Right) Idealized MS output showing the same protein in each of the 10 samples identified as 10 contiguous peaks. This permits immediate and rigorous relative quantitation across all samples. m/z represents mass/charge ratio of peptides. N = 6 total animals for each genotype. (C) Bar graph representing the top cellular components sorted by statistical significance (False Discovery Rate), identified by gene ontology (GO) analysis of proteins in a sample MS run (Exp 1) and using all genes as a search space. (D) Same as figure C but for showing top Cellular Compartment and Reactome Pathways for each MS run. (E) Enrichment analyses using SynGO and using only brain-specific genes as a search space. (F) Hierarchical plots showing the top GO terms enriched in each experiment and associated q-values (p-values adjusted for multiple comparisons) for each term.




Broad comparison of synaptic proteomes across ASD mouse models shows evidence of molecular subtypes

To compare findings across ASD models, we first characterized each model by calculating the ratio of synaptic protein abundance in the model to its appropriate control (fold-change). C57BL/6J (duplicates) mice were used as controls for all models except for the Anks1b mice, which used wildtype B6129SF2/J X Nestin-cre C57BL/6J controls from the same colony. To preserve the quantitative rigor afforded by the isobaric tags, fold-changes were only calculated within experiments (between samples in each independent MS analysis). Moreover, we used a highly stringent filter to increase the significance of findings, considering only proteins identified and quantified by at least 3 unique peptides, and whose MaxQuant calculated Q-values were 0, representing the lowest possible false discovery rate. Finally, only proteins that were identified and quantified in at least 2 independent experiments were considered for subsequent analyses (Supplementary Table 2; 97.6 and 91.2% of proteins found and quantified in Experiment 1 were found and quantified in Experiments 2 and 3, respectively). Distribution plots of protein fold-changes revealed that most proteins were unchanged at hippocampal synapses in the ASD mouse models (fold-changes were normally distributed across a value of 1; Figure 2A). This is expected as large changes in the synaptic proteome would likely be lethal. To measure the overall similarities across models, we performed multivariate analyses using PCA (Principal Components Analyses; Figure 2B) and calculated correlations using protein identities and fold-changes (Figure 2C). Results show that Fmr1 and Cntnap2 models are most similar, with Anks1b and Pten models appearing to comprise a second molecular subgroup. The inbred BTBR+ strain was most dissimilar.
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FIGURE 2
 Similarity analyses between mouse models of ASD. (A) Distribution histograms for all proteins identified each animal model. Results show that fold-values show distribution with outliers. (B) Principal components analysis for the five ASD models plotted across (left) one and (right) two dimensions reveal broad similarities between Cntnap2 and Fmr1 models, as well as between Anks1b and Pten models. (C) Correlation matrices (left- data points, right- Pearson’s correlation) based on genes and fold-changes. For all panels, proteins identified = ~1,300–1,500 from n = 3 MS runs of n = 6 mice per genotype.




Dysregulated molecular pathways for oxidative metabolism and Rho GTPase signaling are shared across ASD mouse models

To analyze the functional implications of the altered synaptic proteomes observed, we used Ingenuity Pathway Analysis (IPA, QIAGEN Bioinformatics). IPA derives functional insights and pathway nomenclatures from a continuously updated knowledge base drawn from the literature (Krämer et al., 2014). We first performed a Comparison Analyses in IPA. Sorted by overall z-scores (standard deviation away from expected values), we found that several canonical pathways were altered across all models in a highly significant manner (Figure 3A; Supplementary Table 3). Moreover, several pathways were predicted to be regulated in the same way (either activated or inhibited) across all ASD models. We hypothesize that these canonical pathways represent critical or potentially causative molecular mechanisms in autism that could serve as novel targets for therapeutic intervention. All tested models show strongly activated (positive z-scores) oxidative phosphorylation and strongly downregulated Granzyme A, Sirtuin, RhoGDI, and HIPPO signaling pathways. These results corroborate long-standing research linking neurodevelopmental disorders to mitochondrial dysfunction (oxidative phosphorylation; Giulivi et al., 2010; Rossignol and Frye, 2012) immune regulatory systems (Granzyme A, Sirtuin; Careaga et al., 2017; Meltzer and Van de Water, 2017; Hughes et al., 2018), and cell proliferation and apoptosis (Granzyme A, HIPPO, RhoGDI, Sirtuin; Dong et al., 2018; Courchesne et al., 2019). In addition, our analyses identified specific dysregulated molecules that may represent the core mechanisms linked to deficits within these broad cellular pathways (Supplementary Table 4). Sirtuins, like granzyme signaling, have been implicated in neuroprotection, cognition, and metabolism, as well as Alzheimer’s disease and aging (Bonda et al., 2011). Other pathways that were altered in all five models showed multi-directional dysregulation. As expected, based on prevailing literature and samples tested, synaptogenesis signaling and glutamate receptor pathways were also significantly affected in all ASD models, corroborating recent hypotheses classifying ASDs as synaptopathies. We also found a significant number of canonical pathways linked to the activity of the small G-protein family RhoA. Interestingly, these pathways showed a similar pattern where the Anks1b model was downregulated while the other four models were upregulated.
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FIGURE 3
 Distinct pattern of similarities and differences in Canonical Pathways among mouse models of autism. (A) Heat maps showing the predicted activation or inhibition (see LUT legend) of the top 30 significant (z-scores) canonical pathways shared in all ASD models. (B) Twenty datasets with randomized and normally distributed fold-ratio values were analyzed by IPA. Results reveal top enriched pathways as expected, but with significantly lower z-scores, and no pathways show changes in the same direction (z-score) for all ASD models. (lower) Plots of z-scores (Y-axis) for real datasets (green diamonds) for the identified canonical pathways (X-axis). Overlaid are the distribution of z-scores for the randomized datasets (pink circles; mean ± SD). A significant number of outliers were identified in the real datasets (green diamonds outside the light blue area). (C) Heat map showing the outlier canonical pathways (>3 standard deviations away from the mean of randomized dataset in at least 2 animal models). (D) Analysis Match in IPA to determine the similarities between models based on shared canonical pathways, upstream and downstream regulators. Numbers represent correlation values with 100% representing perfect overlap and −100% being anti-correlated. Results track the broad similarities seen in Figure 2.


While IPA incorporates p-values, z-scores, and other analyses to address statistical biases based on population subsets (Krämer et al., 2014), the exact methodology is proprietary. To independently test the significance of our findings, we created 20 randomized datasets containing the same proteins as in our real samples, but with randomly assigned fold-ratios. These datasets were generated to reflect the distribution and standard deviations calculated from the real datasets of each animal model. IPA analyses of randomized datasets revealed “significant” canonical pathways, but with z-score ranges that were substantially lower than those calculated for the actual sample datasets (average random z-score range = ± ~ 2.5; average real z-score range = −5.01 to 6.48; Figure 3B). Plotting the z-scores for the actual dataset together with the mean and standard deviation of the 20 randomized datasets reveals outlier canonical pathways that were at least three standard deviations removed from the mean (Figure 3B). The standard deviations and z-scores calculated for both actual and randomized data were almost identical, suggesting a standardized method for calculating expectation values. Pathways that were greater than three standard deviations removed from the mean include Oxidative phosphorylation, Sirtuin signaling, Granzyme A signaling, Synaptogenesis, and Rho signaling pathways, among others (Figure 3C).

We then used Analysis Match to create a similarity matrix for all ASD models tested based on Upstream Regulators, Downstream Effects (Diseases and Functions), Canonical Pathways from each Core Analysis, and overall z-scores (Figure 3D; Supplementary Figures 1-3). The top pathways in each category and for each animal model were based on p-values, z-scores, and activation values (Krämer et al., 2014; Supplementary Table 3). Similarity z-scores reflect the percentage of maximum similarity to a given model (out of 100%, a perfect match to itself). Analysis Match based on functional annotations reveals significant similarities across ASD models, which corroborates results presented in Figure 2 and shows that BTBR+ mice represent a distinct molecular subgroup.



Altered expression and function of Rho GTPases in ASD mouse models validates bioinformatic analyses of synaptic proteomes

To validate our proteomic and bioinformatic analyses, we performed biochemical analyses for one altered cellular pathway among all identified. Across all mouse models tested, RhoA family G-protein signaling pathways are involved in all top canonical pathway hits (Figure 3A) including Synaptogenesis Signaling Pathway, Signaling by Rho family GTPases, Rac Signaling, RhoGDI signaling, and Regulation of Actin-based motility by Rho. Bioinformatic predictions validate previous studies as Rho GTPases have crucial roles in synaptic function and have been investigated extensively in both human-based experiments and mouse models of ASD (Guo et al., 2020). Directionality of changes was largely consistent among mouse models, predicting activated signaling by Rho GTPases and inhibited regulation by RhoGDI in Pten, Cntnap2, BTBR+, and Fmr1 mice, but with opposite changes observed in the Anks1b mice (Figure 3A). Depictions of the Rac1 signaling pathways altered in the ASD models show that receptor tyrosine kinases and other synaptic pathways primarily drive changes in Rac activity (Supplementary Figure 6). Components of the WAVE complex and other regulators of actin nucleation and polymerization feature prominently among altered molecules in this pathway. Western blots for Rho family G-proteins Rac1, RhoA, and Cdc42 in synaptic fractions detected Rac1, but not RhoA or Cdc42 in synaptic fractions (Figure 4A). This corroborates the MS analyses showing that Rac1 was identified with more unique peptides in enriched PSD fractions compared to RhoA and CDC42 (Supplementary Table 1). Rac1 expression was increased in the Fmr1 KO model in synaptic fractions, but largely unchanged across all models (Figures 4A,B). Western blots of whole brain lysates reveal significant changes in several Rho family GTPases across models (Figure 4C). For a more informative test measuring function, we performed G-protein activation ELISAs (G-LISAs) to directly measure Rac1 activity in total hippocampal lysates. As predicted by bioinformatic analyses, Rac1 activity in Anks1b model mice was substantially downregulated compared to controls, as well as significantly reduced compared to Cntnap2, Pten, and Fmr1 models (Figure 4D). While Rac1 activity in Pten, Fmr1, Cntnap2, and BTBR+ mice was not significantly upregulated as predicted, a difference in the variance of the WT and ASD dataset was striking. We used F-test calculations for unequal variances to show the differences were statistically significant (Figure 4E).
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FIGURE 4
 Validation of RhoA family GTPases dysfunctions in ASD mouse models (A) (Left) Rac1 was the only Rho GTPase detected in whole lysate (WL) and synaptic (PSD enriched) fractions (5 μg each). (Right) Western blots (5 μg PSD enriched fraction) showing Rac1 and synaptic marker PSD95 in the different models. (B) Quantitation shows increased Rac1 in synaptic fractions from Fmr1 KO, but not from other mouse models, compared to controls. (C) Quantitation of RhoA family GTPases in total lysates shows differences throughout. Expression of Cdc42 in total lysate was reduced for all models except in Anks1b Het, where no significant change was observed (30 μg whole lysate). (D) G-LISA showing difference in fold-change in active Rac1 compared to appropriate controls. Only Anks1b showed significant reduction in active Rac1. (E) F-test calculations for unequal variances show significance. Bar graphs show mean ± SEM, n = 3–10 samples for each mouse model and wild-type control strain, Student’s t-test, *p < 0.05 **p < 0.01 ***p < 0.001. For B,C sample values are compared to controls.





Discussion

ASDs are among the most heritable neuropsychiatric conditions, with early epidemiological studies estimating concordance rates of ~90% in monozygotic twins, compared to ~10% for dizygotic twins (Steffenburg et al., 1989; Bailey et al., 1995; Hallmayer et al., 2011). Hundreds of genes and chromosomal loci for ASD susceptibility have been reported, suggesting a highly heterogeneous genetic architecture (Chen et al., 2015; de la Torre-Ubieta et al., 2016). While these studies highlight the notion that there is no single “autism gene,” functional and bioinformatic analyses of genetic studies have identified convergent cellular pathways, including those regulating transcription (Sanders et al., 2012; de Rubeis et al., 2013), excitatory/inhibitory (E/I) balance (Blatt et al., 2001; Hussman, 2001; Rubenstein and Merzenich, 2003; Gao and Penzes, 2015; Nelson and Valakh, 2015), and especially synaptic function (Bucan et al., 2009; Glessner et al., 2009; Hussman et al., 2011; Buxbaum et al., 2012; Sanders et al., 2012; Yu et al., 2013; Brett et al., 2014; Buxbaum et al., 2014; Cukier et al., 2014; Iossifov et al., 2014; Pinto et al., 2014; Ronemus et al., 2014; Toma et al., 2014; Yuen et al., 2015). Autism gene databases show clear enrichment for synaptic pathways, and syndromic ASD mouse models are primarily associated with mutations in synaptic proteins or their regulators, such as SHANKs, neurexins, neuroligins, SynGAP1, FMRP, and TSC1/2 (Pinto et al., 2014; Yoo, 2015; Ramaswami and Geschwind, 2018). Indeed, most (if not all) identified ASD mouse models such as those for Fragile X (Bhakar et al., 2012), tuberous sclerosis (Auerbach et al., 2011), Angelman (Mabb et al., 2011) Phelan McDermid (Sarowar and Grabrucker, 2016), and ANKS1B syndromes show deficits in diverse forms of synaptic function as well as altered neuronal and synaptic morphology (Tindi et al., 2015; Carbonell et al., 2019). Here, we compared the hippocampal postsynaptic proteomes from five mouse models for autism that display synaptic dysfunction, including altered synapse formation, excitatory/inhibitory balance, synaptic plasticity, and glutamatergic signaling (Hulbert and Jiang, 2016; Varghese et al., 2017; Bagni and Zukin, 2019; Carbonell et al., 2019). The goal of this work was to test the hypothesis that common structural and functional deficits among diverse ASD mouse models are caused by similar underlying synaptic deficits and ASD-linked susceptibility factors that ultimately converge on common signaling pathways. By leveraging widely studied ASD mouse models, we hope to identify high-value therapeutic targets for autism.

Wide-spread genetic- and transcriptomic-based screening and comparative studies of disease models suffer from important caveats that limit their interpretability. Often, little is known about how disease-linked genes or other chromosomal loci ultimately correlate to protein abundance and function. Moreover, multiple studies confirm the weak to nil correlation between transcript and protein abundance (Greenbaum et al., 2003; Maier et al., 2009). Transcriptomes display 100-fold ranges in translation efficiency (Ingolia et al., 2009), proteomes reveal >1,000-fold ranges in half-lives (Doherty et al., 2009), and coupled transcriptomic and proteomic analyses reveal that proteins are ~900 times more abundant than corresponding mRNAs, but with ratios that span over five orders of magnitude (Schwanhäusser et al., 2011). Finally, transcriptomic methods are unlikely to provide meaningful information for ASDs such as Angelman syndrome, Fragile X syndrome, and tuberous sclerosis, where the primary contributors to disease etiology are thought to be altered regulation of protein translation and degradation. These important caveats are often ignored in discovery-based genomic research (Wang et al., 2017; Hoogendijk et al., 2019). To overcome these concerns, we have taken a quantitative proteomic approach based on 10-plex Tandem Mass Tags (TMT; Erdjument-Bromage et al., 2018). By directly measuring synaptic protein abundance, we bypass the concerns about poor transcript and protein correlation, as well as the need to understand the complex functional consequences of altered gene expression.

We have used IPA (Qiagen) to analyze the proteomic data and generate inferences on pathways altered in each disease model. IPA derives functional insights and pathway nomenclatures from a continuously updated knowledge base drawn from the literature (Krämer et al., 2014). While this implies a broad context for functional annotations, it also means that proteins are likely to be associated with scientific trends. Perhaps not surprisingly given the current pandemic, several Diseases and Functions associated with the ASD models are related to viral infections (Supplementary Figure 3). Moreover, there is the possibility for missed hits given the lack of comprehensive annotations for cellular and molecular pathways. One example is the surprising finding that the most downregulated proteins across four of the five ASD models were associated with oligodendrocyte function (Supplementary Table 2). The appearance of proteins related to myelin was surprising in our synaptic fractions but may reflect the presence of neuron-oligodendrocyte synapses that may co-purify using our methods. Despite these limitations, IPA lists the specific proteins and their fold-changes leading to the assigned pathways. For example, the prediction for activated Oxidative phosphorylation across ASD models is primarily driven by increases in the abundance of ATPases and different subunits of the cytochrome c oxidases and the NADH:ubiquinone oxidoreductase. Changes in synaptogenesis signaling pathways were driven by both increases and decreases in the abundance of regulators of the actin cytoskeleton which include several small G-proteins (Supplementary Table 4).

Regulatory networks predicted by synaptic changes in each model reveal both novel results and patterns consistent with the literature (Figures 3, 4; Supplementary Figures 1-4; Supplementary Tables 1-4). In the Fmr1 KO model, fold-changes reveal that most altered proteins were upregulated as seen by the rightward skew of the ratio distributions (Figure 2A), which is consistent with the primary role of FMRP as a translational repressor (Darnell et al., 2011). In the model of constitutive Pten haploinsufficiency, synaptic dysfunction is likely due to neuronal Pten, since altered synaptic composition was also observed in a neuron-specific conditional knockout mouse that displayed changes in activity patterns and repetitive behavior (Lugo et al., 2014). Importantly, we directly compared synaptic proteomes in parallel, a necessary approach for finding shared phenotypes and broadly applicable therapeutic targets (Sestan and State, 2018; Silverman and Ellegood, 2018). Drawn from internally controlled measurements, our results demonstrate quantifiable differences in synaptic composition that support the presence of molecular subtypes in ASD rather than universal changes in the same direction.

In the five autism mouse models chosen for this study, changes in the synaptic proteome highlighted Rho family small GTPase signaling as a commonly altered cellular pathway (Figures 3, 4). These results complement a growing body of evidence showing that altered activation of Rho GTPases is an important mechanism of disease in autism and other neurodevelopmental disorders (Pinto et al., 2010; Zeidán-Chuliá et al., 2013; Guo et al., 2020). Functional validation results showed significantly reduced active Rac1 in Anks1b mice compared to wildtype, and compared to Pten, Fmr1, and Cntnap2 mice, which was consistent with proteomic analysis (Figures 3, 4). These results suggest that downregulation of Rac1 pathways may inhibit the processes that require GTP-bound Rac1, thereby potentially causing some of the manifestations of ANKS1B syndrome, including ASD. Consistent with our findings that synaptic proteins in the Rac pathway (Supplementary Figure 6) and Rac1 itself is differentially regulated in ASD mouse models (Figure 4), further evidence continues to emerge that Rac1 signaling plays an important role in the pathobiology of ASD and other neurodevelopmental disorders. Rac1 mutations associated with intellectual disability impair synaptic plasticity (Tian et al., 2018), and variants in the RhoGEF TRIO can cause ASD, intellectual disability, schizophrenia, or macrocephaly, with severe phenotypes predicted by Rac1 overactivation (Katrancha et al., 2017; Sadybekov et al., 2017; Barbosa et al., 2020). Both up- and down-regulation of Rac1 in mice causes social deficits, an important symptom of ASD (Ma et al., 2022). Downstream of Rac1 in actin polymerization, mutations in PAKs and WASF1 can cause macrocephaly, seizures, intellectual disability, or ASD (Ito et al., 2018; Horn et al., 2019). Overall, Rac1 pathways are commonly dysregulated in ASD and other neurodevelopmental disorders and are therefore attractive targets for pharmacotherapy (Zamboni et al., 2018; Guo et al., 2020).

Caveats to our work include comparisons at a single developmental timepoint and single brain region. Models of ASD show behavioral and biological phenotypes that differ based on the spatiotemporal targeting of the gene (Del Pino et al., 2018). A proteomic study of cortical synapses noted smaller differences in Fmr1 KO mice after 3 weeks of age (Tang et al., 2015), and both Shank3 and Syngap1 show changes in interaction partners throughout development (Li et al., 2016, 2017). Moreover, we focused on hippocampal synapses, but there are important roles for the neocortex, striatum, and cerebellum in the pathophysiology of ASD animal models (Golden et al., 2018). Fractionation of the PSD limits our findings to synaptic profiles in glutamatergic neurons, but ASD risk genes also influence interneuron development (Cntnap2; Peñagarikano et al., 2011) and oligodendrocyte maturation (Pten; Lee et al., 2019). The number of isobaric tags available in the TMT set limited the number of simultaneous comparisons possible by mass spectrometry. We therefore had to analyze the biological replicates as three independent experiments, which increases variability. To minimize this variability, fold-ratios were calculated only between samples in the same MS run. Future experiments using increased isobaric tags such as the new TMT16-plex system could be used to compare proteomes across cell types and developmental stages, and additional ASD models (Stessman et al., 2016; Sestan and State, 2018; Iakoucheva et al., 2019).

Understanding the molecular mechanisms underlying ASDs is critical for the development of novel therapies. Our proteomic approach overcomes critical confounds associated with gene-based studies of ASD etiology that improperly equate transcript levels, epigenetic modifications, single-nucleotide polymorphisms (SNPs), or copy number variations (CNVs) to changes in protein abundance. This work shows that synaptic proteomes, as identifiable and quantifiable phenotypes of diverse ASD models, can lead to the identification of molecular convergence. We propose that this can lead to important insights into ASD etiology and yield high-value targets to pursue for future therapies.
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Background: Growing evidence suggests that the non-receptor tyrosine kinase, c-Abl, plays a significant role in the pathogenesis of Alzheimer’s disease (AD). Here, we analyzed the effect of c-Abl on the cognitive performance decline of APPSwe/PSEN1ΔE9 (APP/PS1) mouse model for AD.

Methods: We used the conditional genetic ablation of c-Abl in the brain (c-Abl-KO) and pharmacological treatment with neurotinib, a novel allosteric c-Abl inhibitor with high brain penetrance, imbued in rodent’s chow.

Results: We found that APP/PS1/c-Abl-KO mice and APP/PS1 neurotinib-fed mice had improved performance in hippocampus-dependent tasks. In the object location and Barnes-maze tests, they recognized the displaced object and learned the location of the escape hole faster than APP/PS1 mice. Also, APP/PS1 neurotinib-fed mice required fewer trials to reach the learning criterion in the memory flexibility test. Accordingly, c-Abl absence and inhibition caused fewer amyloid plaques, reduced astrogliosis, and preserved neurons in the hippocampus.

Discussion: Our results further validate c-Abl as a target for AD, and the neurotinib, a novel c-Abl inhibitor, as a suitable preclinical candidate for AD therapies.
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 c-Abl inhibitors, tyrosine kinases, Alzheimer’s disease, memory, Hippocampi


1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by cognitive decline primarily affecting memory (Lane et al., 2018; Knopman et al., 2021) being the leading form of dementia with a contribution in 60–70% of worldwide cases.

AD patient’s brains have a loss of neuronal populations in regions related to memory and cognition, such as the hippocampus, amygdala, and frontal regions (Gomez-Isla et al., 2008; Viola and Klein, 2015), and are characterized by extracellular aggregates of the Amyloid-β peptide (Aβ) and intracellular neurofibrillary tangles aggregates form by hyper-phosphorylated cytoskeletal Tau protein (Walsh and Selkoe, 2004). The earliest changes in AD are associated with the accumulation of oligomeric forms of the Aβ peptide (AβOs), leading to progressive reduction in connectivity and loss of plasticity followed by synaptic loss, neurotransmitter depletion, cytoskeletal alterations, abnormal protein phosphorylation, and finally, neuronal death (Davies et al., 1987; Hsia et al., 1999; Atwood and Bowen, 2015). AD typically presents with prominent amnestic cognitive impairment and short-term memory difficulty, but impairment in expressive speech, visuospatial processing, and executive functions also occurs. Most AD cases are not dominantly inherited and have a complex relationship to genetics.

The c-Abl protein has been involved in the pathogenesis of many neurodegenerative diseases. It belongs to the ABL family of non-receptor tyrosine kinases that comprises c-Abl (ABL1) and Arg (ABL2). c-Abl can regulate the actin cytoskeleton in dendrites (Jones et al., 2004; Chandía-Cristi et al., 2023) and interact with p73 to promote neuronal death (Wang, 2014; Khatri et al., 2016; Gutiérrez et al., 2023). Neurons treated with AβOs or fibrils show c-Abl activation, and this activation correlates with AD pathology in patients’ brains (Alvarez et al., 2004; Jing et al., 2009). Inhibition of c-Abl with imatinib (ATP binding site orthosteric inhibitor) prevented tau phosphorylation, the blockade of LTP induction, dendritic spine reduction, and neuronal apoptosis caused by Aβ (Cancino et al., 2011; Vargas et al., 2014). c-Abl inhibition increased the expression of several synaptic genes in AD models through HDAC2 stabilization (González-Zuñiga et al., 2014), while c-Abl null neurons showed reduced susceptibility to synaptic contacts elimination caused by AβOs (Gutiérrez et al., 2019). González-Martín and colleagues have published the effect of c-Abl ablation in cognitive training as c-Abl KO mice had improved performance when subjected to learning tasks such as the Morris water maze test (González-Martin et al., 2021).

Chronic intraperitoneal administration of imatinib in the AD mouse model APPSwe/PSEN1ΔE9 (APP/PS1) reduced behavioral deficits and decreased AβOs accumulation in the APP/PS1 mice brain and blood (Cancino et al., 2008; Estrada et al., 2016). Therefore, c-Abl inhibition can modulate mice’s cognitive performance. However, one of the limitations of using current FDA-approved c-Abl inhibitors is that they have a poor blood–brain barrier (BBB) permeability and target other kinases (Greuber et al., 2013; Aghel et al., 2017; Zukas and Schiff, 2018). In AD, a nilotinib (c-Abl orthosteric inhibitor) trial of 37 patients using the maximal daily tolerated dose of 300 mg showed that after 6–12 months of treatment, the group had reduced Aβ40 and Aβ42 cerebrospinal fluid levels compared to the placebo group, displaying also reduced Tau phosphorylation (Turner et al., 2020). Although the pathological biomarkers were reduced, the severity and progression of cognitive impairment did not change. However, patients only reached 2–4 nM CSF levels of nilotinib, 10–20 times less than its IC50 against cAbl. These low levels of exposure in CNS might be the cause behind the discrepancies regarding observed cognitive improvement in animal models and human clinical trials. Recently, our group has designed and characterized neurotinib, a new c-Abl allosteric inhibitor binding at the myristoyl pocket of the kinase with excellent BBB permeability and brain pharmacokinetics, and showed that neurotinib decreases cognitive decline in Niemann-Pick A mice (Marin et al., 2022).

Here, we have ultimately confirmed the role of c-Abl in the pathogenesis of AD by generating a new AD transgenic mice strain with genetic ablation of c-Abl in neurons. The APPswe/PSEN1ΔE9/c-Abl-KO (APP/PS1/c-Abl KO) mice had improved performance in hippocampus-dependent tasks than the APP/PS1 mice. Interestingly, APP/PS1/c-Abl KO mice null for c-Abl or APP/PS1 mice fed with neurotinib showed better performance in hippocampus-dependent tasks and reduced brain amyloid burden.

Altogether, our results suggest that c-Abl exerts an important role in the loss of hippocampal-dependent memory in AD. Moreover, we show that c-Abl is a relevant player in AD pathology and that its absence is beneficial for AD, strengthening the use of c-Abl inhibitors as potential disease-modifying drugs for this neurodegenerative disorder and validating neurotinib as a suitable preclinical development candidate for the treatment of AD.



2. Materials and methods


2.1. Animals

Animals were housed in a temperature and humidity-controlled room (22 ± 2°C) with food and water ad libitum. c-Abl-KO mice (AblloxP/loxP/Nestin-CRE) mice were bred from AblloxP/loxP (these floxed mutant mice possess loxP sites flanking exon 5 of the Abl1 gene) mice with Nestin-CRE+ mice (Jackson Laboratory), resulting in a brain-specific c-Abl conditional knock-out mouse. This strain originated and was maintained on a mixed B6.129S4, C57BL/6 background and did not display any gross physical or behavioral abnormalities. The APPswe/PSEN1ΔE9 mice were purchased from Jackson Laboratory (Bar Harbor, ME, United States), number 34829-JAX. The trade name B6;C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax and genetic background is C57BL/6;C3H (Finnie et al., 2017).

To obtain the four genotypes used in this work, we initially crossed APPswe/PSEN1ΔE9 mice with AblloxP/loxP mice, resulting in APPswe/PSEN1ΔE9/AblloxP/loxP mice. Then the APPswe/PSEN1ΔE9/AblloxP/loxP mice were bred with AblloxP/loxP/Nestin-CRE mice, resulting in the four genotypes of interest: APPswe/PSEN1ΔE9/AblloxP/loxP mice (APP/PS), APPswe/PSEN1ΔE9/AblloxP/loxP/Nestin-CRE mice (APP/PS1/Abl-KO), AblloxP/loxP mice (WT), and AblloxP/loxP/Nestin-CRE mice (c-Abl-KO). PCR was used to confirm the genotypes of all animals. The animal study protocol #170616008 was approved by the Bioethics and Care of Laboratory Animals Committee of the Pontificia Universidad Católica de Chile and CIBEM.



2.2. Neurotinib diet administration

16-month-old WT and APP/PS1 mice began being fed a control diet or diet containing 67 ppm of neurotinib. At 20-month-old the animals started sequential cognitive tests with resting periods between tests, during which the respective diets were maintained until mice were sacrificed and tissues collected for immunofluorescence. The mice were fed with control or neurotinib (patent number WO2019/173761 A1) containing diet ad libitum. The rodent diet was manufactured by Envigo/Teklad (Madison, Wisconsin) by incorporation of neurotinib ppm at 67 ppm into the NIH-31 Open Formula Mouse/Rat Sterilizabile Diet (7017), followed by irradiation handling of the final product.



2.3. Behavioral testing

Before behavioral testing, all animals were familiarized with the testing room, and the tests were performed from less anxiogenic to most anxiogenic (Open Field, Novel Object Recognition, Object Location Memory, Barnes maze, Memory Flexibility, Morris water maze), between 3 days from each other to let the animals rest.


2.3.1. Open field, novel object recognition, and object location memory tests

The task procedure consisted of three sessions: habituation, sample, and test. The habituation session was repeated on two consecutive days. On the first habituation day, we recorded animals’ performance in the Open Field, an empty space in which mice are allowed to freely move for 10 min while being recorded, used to evaluate the general activity levels, such as exploration habits and locomotor activity (Seibenhener and Wooten, 2015). The identical to-be-familiarized objects were placed in the apparatus during the sample session. The animal was positioned at the wall’s midpoint opposite the sample objects. After the sample-object exposure time (10 min), the animal was removed and returned to its home cage. The test session was performed 24 h after the sample day. One familiar object and a novel object were placed in the apparatus (Figure 1B). The testing session lasted for 5 min. The exploration time of both objects was measured, and the recognition index (RI) was calculated as the time spent exploring the novel object relative to the total time spent exploring both objects. RI above 0.5 means that the animal can differentiate the novel object from de familiar one. On the other hand, RI below 0.5 means that the animal cannot distinguish between objects.
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FIGURE 1
 c-Abl absence improves behavioral performance in hippocampus-dependent tasks. 10-month-old wild-type (WT), c-Abl conditional knock-out mice (c-Abl KO), and AD mice either WT for c-Abl (APP/PS1) or knock-out for c-Abl (APP/PS1/c-Abl KO) were sequentially subjected to learning tasks as indicated by each cartoon. (A) Object Location Memory test. The graph shows the time spent on the relocated object compared to the total exploration time. APP/PS1 vs. APP/PS1/c-Abl KO p = 0.0506 Tukey’s post-hoc test. Two-way ANOVA p** = 0.0024 genotype effect, Tukey’s multiple comparison test @ p < 0.05 vs. chance level (0.5). (B) Novel Object Recognition test. Graph shows the time spent smelling the new object, compared with total exploration time. APP/PS1 vs. APP/PS1/c-Abl KO p = 0.4407 Tukey’s post-hoc multiple comparison test. Two-way ANOVA p = 0.0552 genotype (Continued)FIGURE 1 (Continued)and APP condition effect; @ p < 0.05 vs. chance level (0.5). (C) Graph shows the time spent finding the target hole each day of the Barnes maze test. Two-way ANOVA p** = 0.0054 genotype effect, p*** < 0.0001 acquisition day effect, Tukey’s post-hoc multiple comparison test. (D) Open Field tests. In each case, the bar shows the percent of time spent exploring the center zone (Anxiety-like behavior, p = 0.7625) and the distance traveled during the whole exploratory time (basal locomotor activity, p = 0.7690). Two-way ANOVA, Tukey’s post-hoc multiple comparison test. Same n = 10 WT, 10 APP/PS1, 8 APP/PS1/c-Abl KO, and 11 c-Abl KO animals on each test. (E) Memory flexibility test of 10-month-old mice. Left: graph show the number of mice attempts to find the platform in each position at different training days. Asterisks indicate WT vs. APP/PS1 significance through training days (1st day p = 0.0419, 3rd day p = 0.0242, 4th day p = 0.0419; APP vs. APP/PS1/c-Abl KO 1st day p = 0.089, 3rd day p = 0.4904, 4th day p = 0.7607). Two-way ANOVA, p = 0.0063 training day’s effect, p < 0.0001 genotype effect, Tukey’s multiple comparison test. Right: graph shows the total number of trials to reach the learning criterion for each group. Two-way ANOVA genotype and trials needed effect: p = 0.0164. n = 8 WT, 6 APP/PS1, 8 APP/PS1/c-Abl KO, and 6 c-Abl KO animals. Data are presented as mean ± SEM. p* < 0.05.


The task procedure of the OLM is like the NOR procedure. The difference is that one object is displaced to a new position in the test session (Figure 1A). In the OLM, the RI is interpreted as the animal’s capacity to recognize the displaced object. Another difference with the NOR is that the OLM task has intra-maze visual cues. The maze used to perform Open Field, NOR, and OLM tests was a gray acrylic rectangular box (46°×°27 cm). Objects used in the NOR and OLM tests were previously equilibrated (to avoid innate preference) and were distinct in each test.



2.3.2. Barnes maze

In this test, animals should learn and remember the location of an escape hole in an anxiogenic, elevated, and illuminated circular open field (Barnes, 1979; Toledo and Inestrosa, 2010). The maze is a white circular platform of 70 cm diameter elevated at 70 cm from the floor with 20 equally spaced holes along the perimeter (7 cm diameter each) located at 2 cm from the platform’s edge. The platform has 20 equally spaced holes along the perimeter. Visual cues were located on the walls of the room. A black plexiglass escape box (17 × 13 × 7 cm) was located under one of the holes. The maze was illuminated with two incandescent lights to yield a light level of ∼600 lux impinging on the circular platform. The location of the escape box was consistent for a given mouse but randomized across mice (Figure 1C). Each mouse was given four daily trials with an intertrial interval (ITI) of 15 min for four consecutive days. The mouse was placed in the start box for every training trial for 10 s, with the room lights turned off. After time had elapsed, the chamber was lifted, the lights turned on, and the mouse was free to explore the maze. The session ended when the mouse found the hole and entered the escape box or after 3 min. When the mouse entered the escape box, the lights were turned off, and the mouse remained in the dark for 1 min before the next trial began. If the mouse did not find the escape box within 3 min, the experimenter guided the mouse to the escape. We measured latency to enter the escape box (Negrón-Oyarzo et al., 2015).



2.3.3. Morris water maze, memory flexibility, and open field tests

MWM (Morris, 1984) consisted of a round pool made of white plastic of 100 cm diameter, filled to 16 cm depth with water maintained at 19–21°C and colored with white dye to hide the platform. The platform was transparent acrylic (9 cm diameter) in the corresponding quadrant center. Briefly, mice were trained to find the platform three times at different quadrants for 8 days. Animals that found the platform within 60 s were allowed to remain on the platform for 30 s. Those that did not were manually placed on the platform for 30 s.

The MF was performed as described by Toledo and Inestrosa (2010). Each animal was trained in a circular water maze for 4 days. Each day, the platform was changed to the next subsequent quadrant. The animal was considered to finish the training when reaching the criterion: three consecutive trials with an escape latency of 20 s on each training day, up to 15 trials. Once finished testing, the animal was removed from the maze, dried, and returned to its cage.



2.3.4. Data collection

The BM, OLM, and NOR behavioral tests were carried out in the Behavioral Room at the Animal Care facility of the Centro de Investigaciones Médicas (CIM) Each mouse was recorded with a video camera (ImageLab, model CB3200) fixed above the behavioral apparatus. Videos were acquired by Lab View software and analyzed offline using the idTracker video-tracking software (Pérez-Escudero et al., 2014) and Matlab for the analyses. The MWM and MF tests were performed in the Behavioral Room at the Departamento de Biología Celular y Molecular, PUC. The videos were acquired and analyzed using the ANY-maze video tracking system.




2.4. Immunofluorescence staining

Mice were anesthetized with a mix of xylazine, ketamine, and acepromazine (4:4:1), then perfused with a peristaltic bomb (Velp Scientifica SP311) with 100 mL of ice-cold PBS and later with 50 mL of PFA 4%. Brains were removed and post-fixed with PFA 4% at 4°C O/N, followed by Sucrose 30% in PBS at 4°C O/N. Brains were cut into a cryostat (Leica CM1850) with 25 μm coronal sections.

Immunofluorescence was done on floating sections. Sections from different brain areas were selected, mainly the hippocampus and prefrontal cortex, and washed with PBS 1X for 10 min. Sections were permeabilized with Triton X-100 0.4% for 30 min. Then, incubated with Glycine 0.15 M for 15 min and fresh NaBH4 10 mg/mL for 15 min, washed with PBS 1X for 10 min, and incubated with NH4Cl 50 mM for 10 min. Sections were incubated with blocking solution (Triton X-100 0.4% + BSA 3%) for 1 h, and O/N with primary antibody anti-WO2 (Millipore, MABN10), NeuN (ab177487, Abcam), Sox2 (Cell Signaling, 3728S), Doublecortin (Santa Cruz Biotechnology, sc-271,390) or GFAP (GA5, Cell Signaling, 3670S) (all 1:1000 dilution) at 4°C. The next day, sections were washed 3×10 min, and incubated with anti-mouse 488, the AlexaFluor-conjugated secondary antibody (1:1,000 dilution) for 2 h RT, and Hoechst staining for nuclei visualization. Once finished, the sections were washed 3°×°15 min per time and mounted on a slide.

Fluorescence images were captured under a Zeiss Axioscope 5 microscope. Images were always acquired using the same settings and quantified using ImageJ (Fiji).



2.5. Statistics

Data sets were tested for normality using the Kolmogorov–Smirnov test and then compared with the appropriate test. All statistical tests were performed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, United States). When corresponding, the behavior, plaque’s area, and number were analyzed using one-way ANOVA, two-way ANOVA, three-way ANOVA, Tukey’s post-hoc test, and one-sample t-test, as indicated in each figure. All statistical assessments were considered significant when p < 0.05. All data are expressed as mean ± SEM.




3. Results

We have shown that the absence of c-Abl (c-Abl KO) in the brain improves the performance of mice in learning tasks involving spatial memory (González-Martin et al., 2021). To assess the effect of brain-specific genetic ablation of c-Abl on the cognitive performance of 10-month-old AD mice, we carried on a battery of behavioral tests mainly depending on hippocampal activity. Tests were performed sequentially, first Open Field to control locomotor activity and anxiety, followed by Object Location Memory (OLM) and Novel Object Recognition (NOR) which are less stressful tests, and then the Barnes Maze (BM).

We used the OLM task to evaluate spatial memory (Murai et al., 2007). Here, we used the factor Recognition Index (RI) to evaluate the mice’s capacity to recognize the displaced object. As expected, 10-month-old APP/PS1 mice cannot recognize the displaced object (RI: 0.49). Unexpectedly, aged WT mice neither recognized the displaced object (RI: 0.49). Indeed, 4-month-old WT mice recognized the displaced object (Supplementary Figure S1A, RI: 0.60). Thus, this cognitive impairment was associated with mice aging. Interestingly, both aged c-Abl KO and APP/PS1/c-Abl KO mice were able to identify the displaced object (RI: 0.59 and 0.64, respectively). Moreover, there is a significant difference between APP/PS1/c-Abl KO and APP/PS1 groups (Figure 1A).

Literature suggests that adult neurogenesis is reduced in AD in both humans and mice (Babcock et al., 2021), and that the generation of new adult neurons in the dentate gyrus (DG) of the hippocampus specifically, in the subgranular zone (SGZ), affects rat’s performance in behavioral tasks like the NOR (Jessberger et al., 2009). Indeed, it has been described that adult neurogenesis is important for learning and memory (Cancino et al., 2013; Toda et al., 2019). During aging, recognition memory is affected as young, middle-aged and senile rats have compromised object location and recognition-associated memory with marked decrease of adult-born immature neurons in the DG (Canatelli-Mallat et al., 2022). Thus, we addressed adult neurogenesis in brain slices by immunofluorescence for the neural stem cell marker Sox2, and the newly-born neuronal marker DCX (doublecortin) (Supplementary Figure S2), and found no positive cells in aged groups (10 and 22-month-old mice). We also used 3-month-old WT mice as a positive control for neurogenesis, and, as expected, found Sox2+ or DCX+ cells in the SGZ, that were consistently lost in AD mice; further suggesting that the behavioral improvement observed during conditional ablation or pharmacological inhibition of c-Abl is independent of adult neurogenesis.

Therefore, the absence of c-Abl improves a subset of spatial memory: remembering objects and their position in space. Even healthy mice conditionally knock-out for c-Abl in the brain had improved performance (González-Martin et al., 2021). These data indicate that c-Abl absence improves spatial learning and memory performance in AD mice.

To dissect if c-Abl affects hippocampal-associated learning, we also carried out the NOR test, a hippocampus-independent test that evaluates rodents’ recognition memory where the factor RI means the recognition of a novel object (Antunes and Biala, 2012). We found that WT mice could recognize the novel object (RI: 0.62). However, APP/PS1, c-Abl KO (RI: 0.53), and APP/ PS1/c-Abl KO (RI: 0.55) mice did not recognize novelty (Figure 1B). According to previous reports, WT vs. APP/PS1 (RI: 0.44) groups were significantly different, indicating that AD mice had a deficit in the NOR tests (p = 0.0315) (Zhang et al., 2012). Our data indicate that c-Abl absence does not improve recognition memory in APP/c-Abl KO-aged animals.

Interestingly, when we evaluated mice behavior in the BM we found that c-Abl absence in APP/PS1 mice reduced the memory decline (Sunyer et al., 2007). The BM is a hippocampus-dependent task assessing rodents’ spatial learning and memory; in which the latency to the escape hole was measured for 4 days. A significant difference between the first and the next 3 days is a learning indicator. Here, we found that WT mice effectively learned the location of the escape hole, showing a significant reduction in latency between the first and the fourth day (149.6 and 78.2 s, respectively, p** = 0.0047). In contrast, APP/PS1 mice were unable to learn (1st day: 134.1 s, 4th day: 89.3 s, p = 0.1110) (Figure 1C, Supplementary Figure S1B). Interestingly, c-Abl KO mice showed a marked reduction in latency since day two (1st day: 147.2 s, 2nd day: 75.5 s, p*** = 0.0006, 4th day: 50.9 s, p*** < 0.0001) (Figure 1C). APP/PS1/c-Abl KO mice also showed a significantly reduced latency between the first day and day four (1st day: 124.4 s, 4th day: 56.8 s, p** = 0.0044). The APP/PS1/c-Abl KO and c-Abl KO group presented a better learning performance and showed lower latency than the WT group in the whole test regardless of the acquisition day (Figure 1C).

Finally, the mice’s general motor activity was assessed as control using an Open Field test (Seibenhener and Wooten, 2015), where the animal explored an empty arena. We did not find any differences between groups in locomotor activity measured as traveled distance (p = 0.7625) or the time spent in the center zone as an indicator for anxiety-like behavior (p = 0.7690), discarding any motor disability or basal stress (Figure 1D). Thus, the differences shown here are just the product of cognitive processes.

To confirm that c-Abl genetic ablation reduces the hippocampal-dependent memory deficits in AD mice we used a new set of mice and applied the Memory Flexibility (MF) test, which is a variation of the Morris Water Maze (MWM) as it has been seen to be more sensitive to hippocampal dysfunction in older mice (Chen et al., 2000). We measured the number of trials to reach the learning criterion over 4 days. As expected, APP/PS1/c-Abl KO mice performed better than APP/PS1 mice, which took more trials to learn the platform’s position on a single experimental day (Figure 1E, left). We found that WT mice needed fewer trials (5.38 ± 0.63 trials from 15 daily trials), while APP/PS1 mice needed almost all attempts (9.71 ± 0.66 trials per day) to reach the criterion. Similar to the WT group, c-Abl KO mice needed a few trials to reach the criterion (5.42 ± 0.86 trials per day). More importantly, the APP/PS1/c-Abl KO mice needed almost half of the total trials to reach the criterion (6.91 ± 0.52 trials per day) and were no different from WT (Figure 1E, right). With this more sensitive test, we observed a clear effect of c-Abl absence in AD preventing cognitive decline.

Altogether, our results suggest that the effect of c-Abl absence on cognition is selective, mostly impacting memories that depend on the hippocampus.


3.1. A neurotinib diet improves hippocampal-dependent memory in AD, the same as c-Abl absence in AD

To continue our investigation, we assessed spatial learning and memory in AD mice, both conditional knock-out for c-Abl in the brain or fed with neurotinib, a recently designed and disclosed allosteric c-Abl inhibitor with improved CNS permeability (Marin et al., 2022), to perform additional hippocampus-dependent tests.

In mice, neurotinib has preferential distribution toward CNS reaching single-digit micromolar levels in the brain and a t½ in the range of 8 h upon oral gavage administration at 12.5 mg/kg. Similar single-digit micromolar levels are constantly maintained in the brain after supplementing the molecule in the chaw diet at 67 ppm for 2 weeks, equivalent to daily ingestion of 12.5 mg/kg of neurotinib (Marin et al., 2022, Supplementary Figure S5). Therefore, to approximate our study to the AD clinical testing and pharmaceutical approach, we evaluated “elder” mice as considered by JAX laboratory around 18–24 months old, similar to 56–69 years human (Flurkey et al., 2007), after feeding them for a total of 6 months with a neurotinib-containing diet.

As before, we sequentially performed the learning tasks: Open Field to control locomotor activity and anxiety, followed by NOR, less stressful tests. Then the MWM, a task broadly used to evaluate spatial memory, and finally the more sensitive MF test (Figure 2A). As for the genetic ablation of c-Abl in AD mice, we found no significant difference among groups in animals fed with neurotinib when we evaluated recognition memory in the NOR test (Figure 2B). Like APP/PS1/c-Abl KO animals (Figure 1B), we found no changes in the time spent recognizing novelty in neurotinib-fed WT or APP/PS1-aged fed mice (RI: 0.59 and 0.54, respectively, p = 0.9129). Therefore, neither c-Abl ablation nor neurotinib improves mice’s performance in hippocampus-independent tasks.
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FIGURE 2
 c-Abl absence and neurotinib-diet improve the cognitive performance of AD mice in hippocampus-dependent tasks. (A) WT and APP/PS1 mice were fed for 4 months with a control diet or diet containing 67 ppm of neurotinib before starting the cognitive tests. At 20-month-old, mice were subjected to learning tasks with resting periods between them, and maintenance of ad libitum respective diets until tissues were collected. (B) Novel Object Recognition test. Graph shows the time spent around the new object, compared to the total exploration time. The dotted line represents the chance. Two-way ANOVA genotype effect: p = 0.9573, treatment effect: p = 0.5689. (C) Morris Water Maze test. Graph shows the time to find the platform during 8-training days (escape latency) @ mean significantly different from 0.5. α: days in which APP/PS1 is different in comparison to another group. Three-way ANOVA, Tukey post-hoc multiple comparison test, genotype effect: p < 0.0001, treatment effect: p = 0.0361, day: p < 0.0001, days × treatment: p = 0.0237. (D) Graphs show the memory flexibility task results as the number of attempts to find the platform in each position at different training days (left), and the number of trials to reach the learning criterion for each group (right, treatment and acquisition day effect p = 0.1195, neurotinib effect p < 0.0001). Significance was annotated for APP/PS1 vs. WT mice (1st day p** = 0.0016, 2nd day p** = 0.016, 3rd day p** = 0.0033, 4th day p** = 0.0033). @ mean significant different between APP/PS1 vs. APP/PS1-neurotinib fed mice p** = 0.0027. Two-way ANOVA, Tukey’s post-hoc multiple comparison test. (E) Open field test for anxiety-like behavior (left, p = 0.8962) and locomotor activity evaluation (right, p = 0.7167) of neurotinib-fed mice. Bar shows the percent of time spent exploring the center zone, and the distance traveled during the whole exploratory time. Two-way ANOVA, Tukey post-hoc multiple comparison test: WT-neurotinib vs. APP/PS1-neurotinib: p* = 0.0378. Same n = 10 WT-control diet, 12 APP-control diet, 11 WT-neurotinib diet, and 10 APP-neurotinib fed animals for each test. Data are shown as mean ± SEM.


We then performed the MWM, a task broadly used to evaluate spatial memory (Morris, 1984; Vorhees and Williams, 2006), in which amyloid pathology causes impaired performance in 12-month-old mice (Lalonde et al., 2005), and found that WT mice had significantly reduced escape latency across training days than APP/PS1 (5th day 12.21 ± 2.0 s vs. 34.77 ± 5.0 s, p* = 0.0104; 8th day 8.23 ± 2.6 s vs. 31.61 ± 5.9 s, respectively, p* = 0.0217) (Figure 2C). APP/PS1 mice displayed poor performance, while neurotinib-fed APP/PS1 mice significantly reduced escape latency across training days (5th day 16.15 ± 3.8 s, p* = 0.0477; 8th day 14.78 ± 1.8 s, p = 0.0958). No differences were found among WT, WT-neurotinib, and APP/PS1-neurotinb groups since day 3 of the MWM test. Interestingly, WT-neurotinib mice had no differences from WT mice (5th day 12.20 ± 1.6 s, p > 0.9999; 8th day 11.34 ± 1.3 s, p = 0.7241), meaning that the neurotinib diet did not modify basal performance in WT mice (Figure 2C).

Importantly, the MF analysis for APP/PS1-neurotinib-fed mice showed the same trend as the MF for APP/PS1/c-Abl KO (Figure 1E). Interestingly, in the MF mice had to find the hidden platform in a different location each day. Thus, at day 4, APP/PS1-neurotinib fed mice showed short-term memory improvements (1st vs. 4th-day trial p* = 0.0353), and behaved significant different from APP/PS1 mice (p** = 0.0027) (Figure 1D, left). We also found that WT-neurotinib-fed mice and WT mice needed fewer trials to reach the criterion (5.5 ± 0.3 and 5.1 ± 0.3 trials, respectively), while APP/PS1 mice needed 2-times more trials (10.9 ± 0.6 trials) to reach the criterion (Figure 2D, right). More interestingly, APP/PS1-neurotinib-fed mice needed significantly fewer trials to reach the hidden platform than APP/PS1 mice to reach the criterion (8.1 ± 0.6 trials) (Figure 2D, right). As in BM and OLM tests, the MF data suggest that c-Abl absence or its inhibition improves hippocampus-dependent memory.

As before, we used the Open Field test for mice’s general motor activity assessment and found no differences in their anxiety-like behavior (p = 0.1385, Figure 2E, left). Overall, mice’s locomotor activity was not affected by the neurotinib diet (p = 0.7167). The APP/PS1 model showed hyperactivity as animals were prone to walk around and away from the center; a characteristic described for APP animals with the APP Swedish and PSEN1 mutation (Lalonde et al., 2005). Similarly, APP/PS1-neurotinib fed mice traveled longer distances (34.67 ± 2.2 m) (Figure 2E, right). However, WT-neurotinib fed mice traveled a few meters of the empty arena in the same amount of time (23.82 ± 1.6 m, p* = 0.0378), in correlation with their reduced walking speed (Supplementary Figure S3). Further suggesting increased hyperactivity for the APP/PS1-neurotinib fed mice instead of motor affections with the chow.

Altogether, the data presented here indicate that treating an animal model of AD with high brain penetrant c-Abl inhibitor neurotinib improves memory performance in a hippocampus-dependent task, replicating the same pattern observed in the AD mice model knock-out for c-Abl.



3.2. APP/PS1/Abl-KO mice and neurotinib-fed mice have reduced accumulation of Aβ plaques in the brain

It has been shown that c-Abl overexpression in the mouse brain is responsible for gliosis and neuronal loss (Schlatterer et al., 2011), which can be further detrimental in AD. Thus, we analyzed the pathological hallmarks of AD: Aβ aggregation, astrogliosis, and neuronal loss in relation to the genetic ablation of c-Abl and neurotinib-diet. As expected, 10-month-old APP/PS1 mice brain sections involving the brain cortex and hippocampus showed widespread Aβ accumulation as WO2-positive amyloid plaques (Figure 3A, p < 0.0001) compared with WT and c-Abl KO control animals. Also, APP/PS1 mice had important astrogliosis followed by GFAP-positive cells (Figure 3C, p*** < 0.0001). Interestingly, APP/PS1/c-Abl KO mice display significantly less number of WO2-positive amyloid plaques, with reduced area in the brain (APP/PS1: 224 ± 40.6 mm2 vs. APP/PS1/c-Abl KO: 107.5 ± 16.2 mm2, p** = 0.0048) (Figure 3A, left). Also, less astrocytosis, at similar basal levels of c-Abl KO and WT mice (c-Abl KO: 68 ± 5.0 astrocytes/ mm2; APP/PS1: 100 ± 3.2 vs. APP/PS1/c-Abl KO: 76.25 ± 2.1 astrocytes/mm2, p** = 0.0031) (Figure 3C). Thus, data suggest that the absence of c-Abl could reduce the Aβ burden in the AD mice model.
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FIGURE 3
 c-Abl absence and inhibition reduced amyloid-beta burden, neuroinflammation, and reduced neuronal loss in the APP/PS1 mice model of AD. (A,B) Representative immunofluorescences from coronal brain sections stained with WO2 antibody for amyloid-beta plaques in green. Graph shows the number of amyloid-beta plaques per mm2 and the percentage area of each plaque in relation to the cortex and hippocampus brain area. n = 4 animals, 2 slices per genotype or treatment. Scale bar = 1 mm. (A) 10-month-old APP/PS1 and APP/PS1/c-Abl KO mice, n = 3–4 animals per genotype. Two-way ANOVA, post-hoc Tukey’s multiple comparison test, p** = 0.0073 for plaques/mm2, left; p*** = 0.0005 for plaques area (%), right. (B) 22-month-old APP/PS1 mice fed with control or neurotinib diet. Non-parametric Mann–Whitney t-test p* = 0.0350 for plaques/mm2, left; p** = 0.0040 for plaques area (%), right. (C,D) Representative immunofluorescences from coronal brain sections for the astrocyte marker GFAP (green), NeuN marker for neurons in the hippocampus (red), and the nucleus (Hoechst, blue). Graphs show the number of astrocytes per mm2. n = 3–4 animals per genotype or treatment. Scale bar = 200 μm. (C) 10-month-old WT, c-Abl KO, APP/PS1, and APP/PS1/c-Abl KO mice. Two-way ANOVA, post-hoc Tukey’s multiple comparison test, c-Abl absence effect p = 0.0651. c-Abl KO vs. APP/PS1/c-Abl KO p = 0.3509. (D) 22-month-old APP/PS1 mice fed with control or neurotinib diet. Non-parametric Mann–Whitney t-test p = 0.4. (E) Same immunofluorescences for the neuronal marker in (D), NeuN, of 22-month-old mice fed with control or neurotinib diet are presented in grayscale. Red arrows indicate the discontinuities found in the CA3 and CA1 areas of the hippocampus augmented from the coronal brain sections shown in (D) (dotted white square). n = 3–5 animals per condition. Scale bar = 10 μm. (F) Graph shows the number of discontinuities in the CA3 or CA1 hippocampi. Two-way ANOVA, post-hoc Tukey’s multiple comparison test, p*** = 0.0001 treatment effect. (G) Graph shows the total number of NeuN+ positive cells counted and normalized per CA3 or CA1 areas (μm2). Two-way ANOVA, post-hoc Tukey’s multiple comparison test, p = 0.1335 treatment effect. Data are presented as mean ± SEM. p*** < 0.0001.


Studies in APP/PS1 mice and AD patients treated with c-Abl inhibitors like imatinib and nilotinib diminished Aβ deposits in the brain and blood (Cancino et al., 2008; Estrada et al., 2016; Turner et al., 2020). As before, we analyzed similar brain sections of APP/PS1 control and neurotinib-fed mice and found a significant reduction in the amount and area of WO2-positive amyloid plaques (APP/PS1: 288 ± 33 mm2 vs. APP/PS1 + neurotinib: 205.7 ± 15.9 mm2, p* = 0.0350) (Figure 3B). Although no differences were found in the amount of GFAP-positive cells (Figure 3D, p = 0.4), APP/PS1 seem to have more GFAP-positive cells when compared with WT controls, but again, non-significant in the reduced sample analyzed (Supplementary Figure S4, p = 0.0571).

Finally, we analyzed the neuronal loss using the NeuN marker for mature neurons in APP/PS1 mice fed with the control or neurotinib-supplemented chow (Figure 3E). No differences were found in the dentate gyrus of the hippocampus (Supplementary Figure S5). As expected, the hippocampi of APP/PS1 animals showed an increased number of discontinuities in CA1–CA3 areas (CA1: WT: 4 ± 1.2 vs. APP/PS1: 11 ± 1.5, p** = 0.0046) (Figures 3E,F). Interestingly, APP/PS1-neurotinib fed mice had reduced neuronal loss, similar to WT levels (CA1: 4 ± 1, p** = 0.0065). In accordance, the number of NeuN+ cells per CA1 area was maintained (CA1: APP/PS1: 3.3 ± 0.1 vs. APP/PS1 + neurotinib: 4.03 ± 0.3 cells/μm2, p* = 0.0442) (Figures 3E–G). The number of NeuN+ cells was not altered in the hippocampi CA3 area (p = 0.9621).

Altogether, our results have shown a positive effect of the allosteric inhibitor for c-Abl, neurotinib, over the AD pathology displayed by aged 22-month-old APP/PS1 mice, further validating c-Abl as a key player in the development of AD pathology and cognitive impairment of AD.




4. Discussion

Herein we have found that the genetic ablation and inhibition of c-Abl improves the cognitive performance in hippocampus-dependent tasks of AD and healthy mice. The hippocampus plays a crucial role in learning, memory, and spatial navigation and is the first structure to show senile plaques and tau tangles, parameters correlated with AD patients’ cognitive decline (Lane et al., 2018). Thus, our work encourages research of c-Abl as a feasible candidate for memory improvement in AD.

Previous reports have shown that deficiency of some proteins activated in the AD brain that are linked with the progression of AD pathology can reduce the memory alterations characteristic of transgenic mouse models of AD. Active caspase-6 is associated with AD pathological lesions and is present at the early stages of tangle formation. Behavioral examinations of the 5xFAD mouse AD model with caspase-6-KO showed improved spatial learning, memory, and anxiety/risk assessment behavior (Angel et al., 2020). The p75 neurotrophin receptor (p75NTR) has been increasingly co-localized with hyperphosphorylated tau in AD brains, and one report shows that p75NTR-KO diminished the MWM latency in AD mice (Mañucat-Tan et al., 2019). The PLD1 ablation and chronic inhibition using a well-tolerated PLD1-specific small molecule inhibitor prevent the progression of synaptic dysfunction during early stages in the 3xTg-AD mouse model (Bourne et al., 2019).

As widely reported in the literature, the APP/PS1 model displayed a notorious deficiency in recognition memory and different components of spatial memory (Figure 1, Sierksma et al., 2014; Cheng et al., 2019; Li et al., 2019). Nevertheless, the new model, APP/PS1/c-Abl KO mice, has significantly improved performance in all spatial memory tests, indicating that c-Abl absence attenuates AD-associated memory impairment.

When c-Abl was inhibited with neurotinib in a daily diet, none of our groups showed differences in the NOR test nor APP/PS1/c-Abl KO mice. All groups displayed similar values near the chance. WTs spent 11 s on average in the familiar object and 13 s in the novel object. APP/PS1 spent 16 s on average in the familiar object and 23 s in the novel object. Further suggesting that their natural curiosity behavior is unexpected at 22 months old. As seen by Yang et al. (2019), aging severely impacts working memory recognition in 19–21 months old mice. This result was not unpredictable since the NOR test evaluates recognition and working memory and the central brain region involved in the perirhinal cortex (Antunes and Biala, 2012). Microinjections of anisomycin, a protein synthesis inhibitor, in the perirhinal cortex impaired the NOR test. However, the same injection on the hippocampus does not alter recognition memory (Balderas et al., 2008). On another hand, BM is a well-known hippocampus-dependent task that evaluates spatial learning and memory (Barnes, 1979) as well as the MF test (Chen et al., 2000). Therefore, it is very interesting that in the absence of c-Abl, prominently expressed in the hippocampus and cerebellum (Experiment Detail: Allen Brain Atlas: Mouse Brain, n.d.), APP/PS1 mice overcome the characteristic memory impairment of AD. On the 4th day of the BM, WT vs. APP/PS1 latency was 78.2 vs. 89.3 s; with mice behaving differently among both groups. When we dissected their behavioral response to the BM, we found that the 8 WTs behave evenly in a range of 119.5–36.3 s. Only one did not learn the location of the escape hole (Supplementary Figure S1B, gray). While APP/PS1 mice were divided into two populations: 4 mice from 179.3–114 s, a group that did not learn the location of the escape hole; and one population of 4 mice that indeed learned the location of the escape hole with a latency of 71 to 34 s. However, we have considered one mouse that started well but did not learn (Supplementary Figure S1B, light blue), as behavior followed Gaussian distribution. APP/PS1 mice showed variable responses that suggest adding new animals, as we cannot also discard that 10-month-old APP/PS1 mice could be at different stages of the pathology; effect that might cause the differences observed in APP/PS1 population.

c-Abl-KO 4-month-old young mice displayed improved memory performance in the MWM and BM (González-Martin et al., 2021). Similarly, 10-month-old c-Abl KO mice still performed better than WT mice, even in the APP/PS1 model. Interestingly, we show that old WT mice do not recognize the displaced object in the OLM test, but c-Abl KO does. It has been described that hippocampal function declines age-dependently, and WT-aged mice performed worse than WT-young in the OLM test (Murai et al., 2007; Wimmer et al., 2012). Since the c-Abl KO mice recognized the displaced object, not like the age-matched group, it suggests that c-Abl absence reverts the impairment associated with aging, but its absence or kinase activity did not alter adult neurogenesis as a factor for memory improvement. Further, the impairment presented in aged WT mice in the OLM test could be related to task characteristics. The OLM relies on an animal’s innate preference for novelty without additional external reinforcement (Denninger et al., 2018). BM and MF tests use negative external reinforcement to promote spatial learning. In each case, rodents seek an escape from an aversive situation, exposed on a brightly-lit platform or immersed in water, respectively (Denninger et al., 2018). Thus, the cognitive decline observed in the WT group performing the OLM is a typical feature of aged WT mice, abolished in more challenging tasks.

Studies with c-Abl inhibitors have shown improvement in the cognitive status of animal models of AD (Cancino et al., 2008; Estrada et al., 2016; La Barbera et al., 2021). Our laboratory previously showed that treatment with the c-Abl inhibitor, imatinib, reduces path length and escape latency in the MWM of Aβ fibrils injected in rat’s hippocampi and APP/PS1 mice (Cancino et al., 2008). Also, imatinib prevented LTP impairment induced by Aβ oligomers in hippocampal slices (Vargas et al., 2014). Other authors have also shown amelioration of the AD phenotype with nilotinib, which is perceived to be the most CNS penetrating c-Abl inhibitor among the FDA-approved drugs (Turner et al., 2020; La Barbera et al., 2021). However, while animal evaluation of FDA-approved c-Abl inhibitors can be carried out at high doses, clinically observed on-target and off-target toxicities limit the maximal human-tolerated doses for these drugs. Cerebrospinal fluid data upon 6-month administration of nilotinib at its maximal daily tolerated dose during the clinical evaluation with AD patients indicated that this drug is only able to achieve CNS levels 10–20 times below its IC50 against c-Abl, pointing toward severe limitations for the use of FDA-approved c-Abl inhibitors to treat neurodegenerative disorders (Turner et al., 2020). To address this liability, here we evaluate a novel allosteric c-Abl inhibitor, neurotinib, with high brain penetration at a low dose and found that AD mice fed with this inhibitor had reduced escape latency and required fewer trials to reach the learning criterion, improving the cognitive decline impairments seen in AD mice (Figure 2).

The extracellular accumulation of Aβ plaques is a significant histopathological marker of AD (Atwood and Bowen, 2015) as the increased neuroinflammation and astrogliosis are presented in AD mouse models and patients (Schlatterer et al., 2011). In correlation with memory improvements, we have found that APP/PS1/c-Abl KO mice had significantly fewer amyloid plaques and astrogliosis than APP/PS1 in the brain cortex and hippocampus. The same was observed in neurotinib-fed mice (Figures 3A–D). Since c-Abl activity regulates the APP proteolytic processing (Yáñez et al., 2016), and its inhibition has been correlated with the decrease of amyloid burden in in vivo models of AD (Cancino et al., 2008; Estrada et al., 2016), a reduction of Aβ toxic species could underlie the reduction in memory impairments of AD mice. On the other hand, Aβ oligomeric species are the first to produce synaptic dysfunction by damaging dendritic spines and removing synaptic contacts (Gomez-Isla et al., 2008; Viola and Klein, 2015). In this context, we have seen that c-Abl participates in synaptic contact removal, increasing susceptibility to AβOs damage (Vargas et al., 2014; Gutiérrez et al., 2019). The resilience given by c-Abl absence might be present in aging and AD as 10-month-old mice showed differences (Supplementary Figure S1). However, it remains to be addressed. Also, it has been recently reported that the inhibition of ABL family leads to increased synaptic strength, especially since Aβ1-42 species reduce spontaneous synaptic activity (Reichenstein et al., 2021). Moreover, the expression of active c-Abl in adult mouse forebrain neurons leads to neuronal loss, neuroinflammation, and interferon signaling pathways activation, especially, in the CA1 region of the hippocampus (Schlatterer et al., 2011, 2012). Interestingly, our results showed that inhibiting c-Abl with neurotinib protects neurons from damage, maintaining levels of NeuN+ cells similar to WTs, in correlation with fewer discontinuities in the CA1–CA3 regions of the hippocampus (Figures 3E–G).

These results fully support c-Abl as a feasible therapeutic target for AD and validate neurotinib as a preclinical development candidate.
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Genotype (G)
Treatment (Tr)
GxTr

Time (T)
TxG

TxTr
TxGxTr

6 months of age

Df

1,21

1,21

1,21
7,147
7,147
7,147
7,147

F

5,845
0,004
0252
9910
7,446
0924
0477

P

0,0248
09517
0,6209

<0,0001
<0,0001

0,495
0,8500

12 months of age

df

1,18

1,18

1,18
7,126
7,126
7,126
7,126

I3

13,244
2,666
1,353

19,526
5,446
0.433
0.943

P

0,0019
0.1199
0,2599

<0,0001
<0,0001
0,8802
0,4761

Stetistical differences were assessed by three-way ANOVA for repeated measures with
genotype (G) (3xTg-AD vs. non-Tg) and treatment (T7) (um-PEA vs. vehicke) as the
between variable and time (T) as the within variable. Dunnett’s and Tukey's post-ho tests
were used where appropriate to perform multile comparisons. Bold values are statistical

significance.
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